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Disclaimer 
This report was prepared as an account of work sponsored by an agency of the United States 
Government.  Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights.  
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof.  The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Abstract 
The objective of this work is to improve the process for CO2 capture by alkanolamine 
absorption/stripping by developing an alternative solvent, aqueous K2CO3 promoted by 
piperazine (PZ).  Pilot plant testing was performed in a 16.8-inch ID absorber and stripper with 
recirculation of air and CO2.  Three solvents (7 m MEA, 5 m K+/2.5 m PZ, and 6.4 m K+/1.6 m 
PZ) were tested in four campaigns with three different absorber packings.  Pilot plant testing 
established that 5 m K+/2.5 m PZ requires two times less packing than 7 m MEA and three times 
less packing than 6.4 m K+/1.6 m PZ.  A rigorous model of the thermodynamics and mass 
transfer was developed in the RateSepTM block of AspenPlus®.  The double matrix stripper 
reduces energy consumption by 5 to 15%.  The best K+/PZ solvent, 4 m K+/4 m PZ, and the best 
process configuration, double matrix stripper with a double intercooled absorber, requires 
equivalent work of 40 kJ/mole CO2 to produce CO2 at 10 MPa.  Inhibitor A is effective at 
reducing oxidative degradation over a wide range of metal concentrations and solvent types.  
Piperazine is resistant to oxidative degradation catalyzed by dissolved iron, but it oxidizes at 
rates comparable to monoethanolamine (MEA) in the presence of dissolved copper.  The thermal 
degradation of MEA becomes significant at 120ºC, but loaded piperazine solutions appear to be 
resistant to thermal degradation up to 135ºC.  The vapor pressure of PZ over typical lean solution 
at 40ºC will be less than 25 ppm, which is less than the 40 ppm expected for MEA.  Significant 
problems with foaming were encountered and alleviated by antifoamants in the pilot plant 
campaigns with K+/PZ.  Potassium sulfate is not very soluble in 4 m K+/4 m PZ, so SO2 
absorption and oxidation to sulfate in the bottom of the absorber may require operation with a 
slurry of potassium sulfate solids. 
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Summary 

Introduction 
The objective of this work was to improve the process for CO2 capture by alkanolamine 
absorption/stripping by developing an alternative solvent, aqueous K2CO3 promoted by 
piperazine.  This work expands on parallel bench-scale work with system modeling and pilot 
plant measurements to demonstrate and quantify the solvent process concepts.  Additional tasks 
have been added to address solvent management.  

Gary Rochelle supervised ten graduate students in the bench-scale and modeling work.  Most of 
these students also received support from the Luminant Carbon Management Program and the 
Industrial Associates Program for CO2 Capture by Aqueous Absorption.  Frank Seibert 
supervised additional professionals in pilot plant modifications and operations.   Subcontract 
work on corrosion was performed by Manjula Nainar at the University of Regina under the 
supervision of Amy Veawab. 

Methods 

Experiments 
CO2 solubility and amine volatility was measured with hot gas recirculation around an FTIR.  
Solutions were speciated by Nuclear Magnetic Resonance with H1 and C13.  Solution heat 
capacity was measured in a differential scanning calorimeter. 

Gaseous degradation products and degradation rates were measured in hot gas FTIR.  Liquid 
degradation products at 55oC with oxygen and 100-150oC without oxygen were determined by 
cation and anion chromatography, acid/base titration, and nuclear magnetic resonance.  The 
solubility of potassium sulfate was measured by ionic conductivity. 

Pilot plant testing was performed in a 16.8-inch ID absorber and stripper with recirculation of air 
and CO2.  Three solvents (7 m MEA, 5 m K+/2.5 m PZ, and 6.4 m K+/1.6 m PZ) were tested in 
four campaigns with three different absorber packings. 

Modeling 
A rate-based model of absorber performance was developed in AspenPlus® with the RateSepTM 
block.  The thermodynamics were represented by the electrolyte NRTL model of Hilliard (2005).   
The kinetics were represented by the reaction model of Cullinane (2005).  The absorber model 
was used to interpret pilot plant data and predict performance at design conditions with and 
without intercooling. 

Three stripper models were developed: one in Aspen Custom Modeler (ACM) based on 
equilibrium stages, one rate-based model in ACM, and one equilibrium model in AspenPlus®.  
The stripper models were used to estimate energy performance of alternative solvents and 
process configurations. 
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Conclusions 

Alternative solvents 
1.  4 m K+/4 m PZ is the most attractive solvent formulation resulting from this work.  Its 
effective working capacity is 60% greater than 7 m MEA and its heat of absorption is about the 
same as MEA.  The rate of CO2 absorption in 4 m K+/4 m PZ will be 20 to 50% faster than in 7 
m MEA.  Piperazine has no significant rate of thermal degradation.  Its rate of oxidative 
degradation is small in the absence of dissolved copper.   

2.  K+/PZ solvents may have significant difficulties with potassium sulfate precipitation in the 
bottom of the absorber.  Potassium sulfate is not very soluble in 4 m K+/4 m PZ, so SO2 
absorption and oxidation to sulfate in the bottom of the absorber may require operation with a 
slurry of potassium sulfate solids. 

3.  Significant problems with foaming were encountered in the pilot plant campaigns with K+/PZ.  
These problems were mostly alleviated by continuous addition of antifoamants. 

4.  Pilot plant results established that 5 m K+/2.5 m PZ requires two times less packing than 7 m 
MEA and three times less packing than 6.4 m K+/1.6 m PZ to get equivalent absorber 
performance. 

5.  Solvent formulations with low heats of CO2 absorption, such as 6.4 m K+/1.6 m PZ, always 
give significantly more equivalent work for stripping and CO2 compression than 7 m MEA.  
Therefore, K+/PZ formulations with greater piperazine always give better energy performance, 
because greater piperazine gives greater heat of absorption. 

6.  Hindered amines, such as KS-1, and methyldiethanolamine promoted by piperazine 
(MDEA/PZ) may have better energy performance than 4 m K+/4 m PZ.  These systems offer 
exceptionally high capacities, but at a somewhat lower heat of absorption. 

7.  7 m MEA/2 m PZ may have equivalent energy performance to 4 m K+/4 m PZ.  However, it 
is more subject to thermal and oxidative degradation.  Nevertheless it can be reclaimed by 
evaporation and should not have to deal with a potassium sulfate slurry.  Thermal degradation 
can be avoided by operating the stripper near atmospheric pressure. 

Process configurations 
8.  The double matrix stripper is a superior configuration for solvent regeneration.  It does not 
require unusual equipment and provides better performance by producing some of the CO2 at 
greater pressure. 

9.  With a 5ºC cold side approach on the cross-exchanger, all of the solvents and stripper 
configurations optimize to give a high lean loading, approaching that required to avoid a lean end 
pinch in the absorber with 90% removal.  Absorber performance may be a limiting factor at these 
conditions.  The trade-off of exchanger capital cost and energy performance may result in a 
different optimum condition. 

10.  Absorber intercooling is effective at enhancing system performance when the temperature 
bulge is in the middle or lower end of the column, at moderate liquid-to-gas ratios, typically with 
higher capacity solvents. 
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11.  Other stripper configurations can offer energy savings that approach those of the double 
matrix.  These include “multipressure,” “internal exchange,” and “flashing feed.” 

12.  Vacuum stripping is generally not attractive with a solvent that has a high heat of absorption.   

Packing Selection 
13.  A structured packing such as Flexipak AQ Style 20 with 213 m2/m3 will provide an adequate 
balance of capacity, pressure drop, and effective wetted area. 

14.  Pilot plant measurements suggest that the effective wetted area of Flexipak AQ Style 20 is 
50 to 60% of that measured by CO2 absorption from air by 0.1 N NaOH. 

15. Pilot plant measurements suggest that the effective wetted area of Flexipak 1Y (410 m2/m3 
dry area) is 80% of that measured by CO2 absorption from air by 0.1 N NaOH.  

16.  The optimum gas velocity for CO2 absorption by amine solvents will be less than that for 
other applications with packed columns.  Because CO2 absorption is limited by wetted area, not 
the overall gas film coefficient (kga), lower gas velocity will create large savings in pressure drop 
with little additional expense in the total volume of packing. 

Thermodynamics 
17. The vapor pressure of piperazine over aqueous solutions is substantially less than expected 
by Raoult’s law.  Even though piperazine has a lower boiling point than MEA, its volatility over 
unloaded amine solutions is comparable to MEA.  In K+/PZ formulations and loaded solutions of 
piperazine, the piperazine volatility is further reduced by conversion of free piperazine to 
protonated and carbamated species that are nonvolatile. 

18.  The solubility of potassium sulfate in unloaded amine solutions is significantly less than in 
water.  Both MEA and piperazine salt out the potassium sulfate.  The solubility increases with 
CO2 loading. 

Degradation 
19.  Piperazine oxidation is catalyzed by dissolved copper, but not to a significant extent by 
dissolved iron or vanadium. 

20.  Piperazine oxidizes to ethylenediamine, formate and other organic acids, nitrite, nitrate, and 
ammonia.  

21.  Inhibitor A further reduces piperazine oxidation.  

22.  Piperazine loaded with CO2 shows less than 3% loss of piperazine when heated at 135oC for 
8 weeks, compared to 60% loss of 11 m MEA at the same conditions. 

Recommendations 
1.  If 4 m K+/4 m PZ is pursued as solvent, effective means of handling sulfate and of reclaiming 
the solvent must be developed. 

2.  The double matrix stripper configuration should be tested in a pilot plant with an appropriate 
solvent. 
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3.  Future development of solvents should start work sooner on solvent degradation and solvent 
reclaiming. 

16



  17

1.0  Introduction 

1.1  Absorption/stripping for CO2 capture 
Existing coal-fired power plants release greater than 40% of the carbon dioxide emissions in the 
United States.  The capture and storage of these emissions is one of several important parallel 
strategies to address global climate change.  CO2 capture by aqueous absorption/stripping will be 
critical for existing coal-fired power plants and new power plants built with conventional boilers.  
Because it is tail-end technology, it can be developed, demonstrated, and retrofitted with greater 
ease than the alternatives of oxycombustion or IGCC. 

CO2 removal from natural gas and hydrogen by aqueous absorption/stripping has been 
commercially practiced for a number of years with a number of reactive solvents.  Aqueous 
methyldiethanolamine promoted by piperazine (PZ) and hot potassium carbonate (K2CO3) 
promoted by amines are among the most attractive solvents for CO2 removal from hydrogen.   

Two specific solvents, 30% monoethanolamine (MEA) and KS-1 (a proprietary amine), have 
been commercialized in the removal of CO2 from combustion gases.  Design studies with 30% 
MEA indicate that its use will reduce power output by 30%.  This solvent will use 30 to 60 feet 
of packing to achieve 90% CO2 removal.  Oxygen, SO2, and other impurities combine with other 
degradation mechanisms to require solvent reclaiming with production of environmentally 
significant gaseous and liquid wastes. 

Bishnoi (2000) and others have quantified the kinetics and thermodynamics of piperazine as a 
promoter in methyldiethanolamine.  Piperazine reacts with CO2 thirty times faster than MEA.  Its 
heat of reaction with MEA is comparable to that of MEA. 

Hot potassium carbonate promoted by an amine has been used commercially, primarily to 
remove CO2 from hydrogen. This solvent offers a lower heat of absorption than MEA.  
Potassium carbonate should be immune to oxidative and thermal degradation.  The use of 
piperazine as a promoter should provide rates of absorption competitive with 30% MEA. 

1.2  Scope of this Work 
This report is of a five year project to quantify the potential of aqueous potassium carbonate 
promoted by piperazine for CO2 capture from coal-fired power plants.  A full range of K+/PZ 
ratios was investigated, from 6.4 m K+/1.6 m PZ to 4 m K+/4 m PZ.  The results of bench- and 
pilot-scale experimentation, fundamental modeling, and process modeling are summarized in the 
body of this report and detailed in attachments to this report, mostly dissertations and theses.       

Thermodynamic properties were measured in a wetted wall column, an equilibrium cell with hot 
gas FTIR, a nuclear magnetic spectrometer, and differential scanning calorimeter (Cullinane, 
2005; Hilliard, 2004; McLees 2005; Hilliard, 2007).  Reaction kinetics and mass transfer rates 
were measured in a wetted wall column (Cullinane, 2005).  Cullinane (2005) and Hilliard (2004, 
2008) represented the thermodynamics with the electrolyte-NRTL model.  Cullinane (2005) 
developed a rigorous model of diffusion with reaction in the boundary layer.   

Four pilot plant campaigns were performed with a 16.8-inch absorber/16.8-inch stripper.  Chen 
(2007) presents the detailed results of three campaigns with 5 m K+/2.5 m PZ and 6.4 m K+/1.6 
m PZ.  Dugas (2006) presents the results of one campaign with 30 wt % (7 m) MEA. 
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The fundamental models of thermodynamics and mass transfer were integrated to predict process 
performance.  Chen (2007) and Plaza (Attachment L), developed an absorber model with 
RateSepTM in AspenPlus® to simulate pilot plant data and predict the effectiveness of 
intercooling.  Oyenekan (2007) used Aspen Custom Modeler to prepare equilibrium rate models 
of the stripper and alternative stripper configurations.  Van Wagener (attachment M) prepared a 
stripper model with RateSepTM in AspenPlus® and combined that with the absorber model to 
predict the performance of 4 m K+/4 m PZ. 

Degradation mechanisms and reclaiming methods have been investigated to quantify the issues 
of solvent management.   Goff (2005) measured the oxidative degradation rates of MEA.  Sexton 
(attachment J) measured the rates and products of the oxidative degradation of MEA and 
piperazine.  Davis measured the rates and products of the thermal degradation of MEA and 
piperazine.  Xu (attachment K) measured the solubility of potassium sulfate in MEA and 
piperazine solutions. 

 In a subcontract with the University of Regina, Nainar (2007) measured corrosion rates of 
carbon steel in solutions of MEA and PZ.   

The work was organized into five tasks and a number of subtasks reported as follows: 

   
No. Description Location in Report 

1 Modeling 3.0 
1.1 Modify VLE model 3.3.1 

1.2 Modify point rate model 3.3.2 

1.3 Integrate and debug 3.3.3 

1.4 Predict pilot results 2.2.1 

1.5 Simulate base case pilot 2.2.2 

1.6 Sim & Opt P/Vg effects 2.2.1 

1.7 Simulate & Opt packing  2.2.1 

1.8 Predict flowsht options 3.2 

1.9 Economic Analysis 3.2.3 

1.10 Simulate MEA Baseline 2.2.2.4 

2 Pilot Plant 2.0 
2.1 Test Plan 2.1 

2.2 Order equip. & packing 2.1 

2.3 Install & modify equip 2.1 

2.4 Campaign 1 - Troubleshoot, 
base case 

2.2.1 

2.5 Campaign 2 -Optimize Vg and 
P 

2.2.1 

2.6 Campaign 4 -Structured 
packing 

2.2.1 

2.7 Campaign 3 -MEA Baseline 
Testing 

2.2.1 
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3 Solvent Losses 4.0 
3.1 Analytical Methods 4.1 

3.2 Oxidative degradation 4.2 

3.3 Thermal degradation 4.3 

3.4 Volatility 4.4 

4 Solvent Reclaiming 4.5 
4.1 Precipitation 4.5.1 

5 Corrosion Base Case 5.0 
5.1 Corrosion Base Case 5.2 

5.3    +oxidation inhibitor 5.4 

5.4    +corrosion inhibitor 5.3 

 

1.3  Financial support 
This is the final report for DOE Cooperative Agreement DE-FC26-02NT41440.  This report also 
includes additional effort funded by Texas Advanced Technology Program, the Luminant 
Carbon Management Program, the Industrial Associates Program for CO2 Absorption by 
Aqueous Solution, and the Separations Research Program. 

19



  20

2.0  Pilot Plant – Task 2 

2.1  Pilot Plant Description and Modifications – Tasks 2.1, 2.2 and 2.3 
The experiments for this work were conducted at the pilot plant facility operated by the 
Separations Research Program (SRP) of The University of Texas at Austin (UT).  The facility is 
located at the J.J. Pickle Research Center, 20 minutes north of the main UT campus.  SRP 
typically uses the facility to conduct distillation and extraction experiments for industrial 
companies and also aids UT graduate students with pilot-scale work.  The facility is set up such 
that just one side of the columns can be operated. 

As a major part of this work, the existing pilot plant facility was extensively modified and 
converted to an absorber/stripper system prior to the startup of the first CO2 capture campaign.  
New analytical equipment, process instrumentation, process equipment and piping were added as 
part of the modification.  A total of four pilot plant campaigns were conducted; 3 pilot plant 
campaigns that used the aqueous piperazine-promoted potassium carbonate and one campaign 
with monoethanolamine (MEA) to establish a base case for comparison.  The four campaigns 
were completed over a period of 3.5 years.  When the pilot plant was not being used for this 
work, it was reconfigured back to the original setup and used to run distillation and extraction 
experiments.  

Incremental improvements and modifications to the pilot absorber/stripper system were made 
over the course of the four campaigns.  An overview of the four campaigns is given in Table 2.1. 

Table 2.1. Summary of the 4 Pilot Plant Campaigns 

Campaign Solvent Absorber Packing Stripper Packing 

1 5 m K+/2.5 m PZ Flexipac 1Y Sieve Trays 

2 5 m K+/2.5 m PZ Flexipac 1Y IMTP#40 

3 7 m MEA Flexipac 1Y IMTP#40 

 7 m MEA IMTP#40 Flexipac 1Y 

4 5 m K+/2.5 m PZ Flexipac AQ Style 20 Flexipac AQ Style 20 

 6.4 m K+/1.6 m PZ Flexipac AQ Style 20 Flexipac AQ Style 20 

2.1.1 Campaign 1 – Pilot Plant Setup and Troubleshooting 
The main objective of the first campaign was the design, modification, startup, and 
troubleshooting of the pilot absorber/stripper system.  The existing distillation and extraction 
pilot plant was converted into an absorber and stripper system.  The modifications were made 
such that the pilot plant could be easily converted between the two modes of operation.  The 
second objective was to obtain characterization data for the absorber and stripper with 
FLEXIPAC® 1Y structured packing and sieve trays, respectively. 
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2.1.1.1 Existing Major Equipment 
The pilot plant facility was constructed in 1985 and originally designed for distillation and 
extraction experiments.  The pilot plant consists of two columns, each with an internal diameter 
of 0.43 m and constructed from 18-inch schedule 40 carbon steel pipe.  Both columns have a 
number of penetration points, manholes, and sight glass windows along the entire length of the 
vessel.  The height of each column is approximately 13.3 meters.  The column that is used 
typically for distillation experiments is insulated while the extraction column is not insulated.  In 
the CO2 absorption campaigns, the distillation column was used as the stripper and the extraction 
column was used as the absorber.  Each column is packed with 6.1 m of packing, which is 
divided into two beds of 3.05 m.  In between each packed bed, there is a spool piece that swings 
out to facilitate packing change-outs.  Also, within each spool piece, there is a chimney tray and 
a redistributor just below.  There is no water wash section above the top of the absorber packing, 
as in conventional plants.  When trays are used, it is installed as one continuous section from the 
top of the column to bottom.  A picture of the pilot plant facility is shown in Figure 2.1. 

The majority of the existing equipment was retained, which included a blower, 6 centrifugal 
pumps, several feed tanks, a reboiler, condenser, and vacuum pump (Table 2.2).  The blower (C-
103) is normally operated as a standalone unit and used to provide ambient air to an air-water 
column.  During the operation of the CO2 capture campaigns, the blower was used to recycle the 
gas from the top of the absorber back to the inlet.  The silencer of the blower was removed and 
new piping was installed to connect the blower inlet to the outlet of the water knockout.  The 
blower is equipped with a variable speed drive. 
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Figure 2.1. Picture of UT SRP Pilot Plant Facility 

In the first campaign, only 4 of the centrifugal pumps were used.  The pumps have capacities that 
range from 3.4 to 22.7 m3/hr (15 to 100 gpm).  The impellers of the pumps are made of carbon 
steel.  During the course of the campaigns, it was discovered that the pump seals needed to be 
made out of Ethylene-Propylene-Diene Monomer (EDPM) rubber.  Other types of rubber seals 
eventually resulted in leaks.  There are two pumps associated with the absorber, one that pumps 
lean solvent from the absorber feed tank to the top of the absorber (P-106) and one that pumps 
rich solvent from the bottom of the absorber to the stripper (P-104).  There are two pumps 
associated with the stripper.  One pump is used to pump liquid solvent from the bottom stripper 
reboiler to the solvent cooler (P-102).  The other is used to pump the reflux from the overhead 
liquid condenser back to the stripper feed (P-103).  Most of the pumps have variable speed 
drives, which eliminates the need for control valves and dramatically improves flow control. 

In the existing facility, there are two identical liquid feed tanks, one for each of the columns.  For 
the CO2 capture campaigns, only the absorber feed tank was used (V-105).  The feed tank is 
constructed out of carbon steel and has a volume of 3.6 m3.  The top of the feed tank is vented to 
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the atmosphere to prevent a vapor lock.  In addition, a portion of the solvent in the absorber feed 
tank is continuously re-circulated.  There is also another large feed tank, the overhead gas 
accumulator, which is used to store the CO2 gas from the condenser (V-103).  The overhead gas 
accumulator has a volume of 2.4 m3 and is made of carbon steel.  A control valve was installed 
downstream of the gas accumulator to regulate the pressure in the stripper column.  There is also 
a vent on the gas accumulator which is regulated by a control valve.  Water from condenser is 
stored in the overhead liquid accumulator (V-106) before it is pumped back to the stripper feed 
as reflux.  The overhead liquid accumulator has a volume of 0.2 m3 and is made of carbon steel. 
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Table 2.2. Pilot Plant Equipment Specifications 

Equipment Function Status Equipment Specification MOC TDSGN (°C) PDSGN (kPag) Phase 

Vessels   Vol (m3) ID (cm) No. Bed Bed Ht (m)          

V-102 Stripper Existing - 42.7 2 3.05  CS 200 520 G/L 

V-104 Absorber Existing - 42.7 2 3.05  CS 180 520 G/L 

V-103 OVHD Horiz. Acc. Existing 2.4 - - -  CS 200 520 G 

V-105 Absorber Feed Tank Existing 3.6 - - -  CS 230 520 L 

V-106 OVHD Liq. Acc. Existing 0.2 - - -  CS 150 520 L 

                

Heat Exchangers  Type Duty (MJ/hr) Area (m2) Passes  Shell Tube Shell Tube Shell Tube Shell Tube 

H-101A Feed Heater New Hairpin 840 9.9 1-1  CS 316 340 200 3450 3450 STM L 

H-101B Feed Heater New Hairpin 840 9.9 1-1  CS 316 340 200 3450 3450 STM L 

H-107 Solvent Cooler New Fixed 1800 13.4 1-2  316 316 230 230 1550 1030 L CW 

H-111 Condenser Preheater Existing Fixed 230 1.5 1-4  316 316 230 230 1550 1030 STM L 

H-112 Air Cooler New Fixed 490 19.8 -  316 316 - - - - G CW 

                

Condensers/Reboilers  Type Duty (MJ/hr) Area (m2) Passes  Shell Tube Shell Tube Shell Tube Shell Tube 

H-102 Reboiler Existing Fixed 2500 18.6 1-2  CS CS 200 200 690 1210 G/L STM 

H-104 Condenser Existing Fixed 2480 14.3 1-1  CS CS 150 180 1030 1030 G/L CW 

                

Pumps   Cap (m3/hr) Diff Hd (m) Eff. (%) Type Power (kW)         

P-102-DI Stripper Bottoms Pump Existing 6.8 59.4 27 Centrifugal 5.6 CS 180 1310 L 

P-103-DI OVHD Acc Pump Existing 3.4 61.0 15 Centrifugal 5.6 CS 180 1310 L 

P-104-DI Absorber Pump Existing 22.7 36.6 59 Centrifugal 5.6 CS 180 1660 L 

P-105-DI Absorber Pump Existing 3.4 36.6 16 Centrifugal 3.7 CS 180 1660 L 

P-106-DI Absorber Feed Pump Existing 11.4 41.1 42.5 Centrifugal 3.7 CS 180 1660 L 
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Blower/Vacuum Pump  Cap (m3/hr) DP (kPa)   Power (kW)         

C-102A Vacuum Pump Existing 730 100   11.2 CS - 70 G 

C-103 Blower Existing 2550 20   29.8 CS 650 35 G 

Notes: 

DSGN = Design 

ID = Inner Diameter 

MOC = Material of Construction 

OVHD = Overhead 
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The carbon steel reboiler (H-102) on the stripper is a kettle-type boiler and has a surface area of 
18.6 m2.  Liquid is circulated from the bottom of the stripper to the bottom of the reboiler.  
Liquid is pumped from the bottom of the reboiler, on the opposite end of the feed nozzle.  Vapor 
generated by the reboiler is fed through a nozzle on the side of the stripper, just above the liquid 
level in the sump.  The reboiler and associated piping are all insulated.  Low pressure steam from 
the university boiler at 930 kPa (135 psi) is used to heat the reboiler.  The reboiler is located 
adjacent to the stripper and the reboiler level varied from 14 to 37 cm (5.4-15 in.).   

The two phase condenser (H-104) for the stripper is located on the top level of the pilot plant 
structure.  The 1-1 single pass condenser has a surface area of 14.3 m2 and is constructed of 
carbon steel.  In the condenser, water and CO2 from the overhead vapor of the stripper are 
separated.  Water is condensed as liquid and fed to the overhead liquid accumulator from the 
bottom of the condenser.  The non-condensable CO2 vapor is sent to the overhead gas 
accumulator, before being recycled back to the feed gas. 

The vacuum pump (C-102A) was used when the stripper was configured for vacuum operation.  
The vacuum pump was connected to a 2.5 cm (1 in.) nozzle on the CO2 vapor outlet of the 
condenser.  Due to the size of the nozzle, there was a limitation on the amount of CO2 that could 
be stripped, which dictated certain flow ranges for vacuum operation of the pilot plant.  During 
the operation of the vacuum pump, the CO2 vapor comes into intimate contact with the 
lubricating oil.  An oil separator was installed downstream to minimize the amount of 
entrainment.  The vacuum pump is made of carbon steel. 

A reflux heater (H-111) was available, but was not used.  The condensed water from the 
overhead liquid accumulator was pumped through the reflux before being mixed with the 
stripper feed stream. 

The cooling water system consists of a feed tank (T-101-CW), a heat exchanger (H-101-CW), 
and two pumps (P-101-CW and P-102-CW).  The cooling water system is designed so that it is 
isolated from the university cooling water system.  The pilot plant cooling water is cross-
exchanged with the cooling water from the university and then stored in the cooling water feed 
tank.  Cooling water from the feed tank is then pumped through the pilot plant system, in this 
case to the condenser of the stripper and/or the air cooler.  If there is ever a leak in one of the 
process exchangers, only the pilot plant cooling water system becomes contaminated. 

2.1.1.2 New Major Equipment 
In a typical industrial application, the rich solvent from the absorber is preheated by the lean 
stream leaving the stripper bottom through a plate and frame cross-exchanger.  The exchanger is 
typically designed to achieve a temperature approach of 5 to 10°C with the temperature of the 
reboiler.  Preheating the rich solvent minimizes the reboiler heat duty.  Due to the constraints of 
the pilot plant being a multi-use facility, the solvent preheater and cooler were kept as separate 
pieces of equipment.  As part of this work, the existing solvent cooler and preheater was replaced 
and a new air cooler was purchased.   

The existing solvent preheater was undersized and was replaced with two Brown Fintube heat 
exchangers (H-101A and H-101B) that were installed in parallel (Figure 2.2).  The hairpin 
exchangers were donated by Huntsman Chemical from an existing facility nearby.  The U-tube 
heat exchangers each have a surface area of 9.9 m2, 2.5 cm OD tubes, 7.6 cm shells, and 2.4 cm 
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longitudinal fins.  Exchanger drawings obtained from a local distributor showed that the tube 
side was constructed of stainless steel and the shell side was constructed of carbon steel.  
Therefore, in all of the CO2 capture campaigns, the preheater exchangers were operated with the 
process stream on the tube side and 930 kPa (135 psi) low pressure steam was used on the shell 
side. 

 
Figure 2.2. Picture of Solvent Preheater (H-101A & B) as Installed on Support Rack, along 

with Micro Motion™ Flowmeters, and Control Valves 
An ITT standard model 08084 SSCFC heat exchanger was purchased for use as the new solvent 
cooler (H-107).  The BEM type heat exchanger is constructed from type 316 stainless steel and 
has an area of 144 ft2 (Figure 2.3).  The exchanger has a total of 210 tubes and is designed as a 
single pass on the shell side and 2 passes on the tube side.  In the solvent cooler, the process 
stream was flowed on the shell side and cooling water at 10°C flowed on the tube side.  The lean 
solvent from the stripper bottoms was cooled to approximately 40°C before being pumped into 
the lean solvent feed tank.  The solvent cooler and solvent heaters were mounted on custom built 
support racks to centralize operational procedures and to minimize the footprint.  The support 
racks were fabricated by the welding shop at the PRC campus. 
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Figure 2.3. Picture of Solvent Cooler (H-107) as Installed on Support Rack.  Cooling Water 

Piping is Painted Green and Flows Tubeside  
The water in the saturated gas leaving the top of the absorber column needed to be removed in 
order to protect the downstream blower and CO2 analyzer.  A new air cooler (H-112) was 
purchased from Super Radiator Coils, model number 27x27-12R-58/156.  The air cooler was 
sized to remove approximately 490 MJ/hr and has an area of 19.8 m2.  The cooler is constructed 
much like a radiator with a large number of coils, which are made out of 1.6 cm (5/8 in.) OD 
316L stainless steel tubing.  The rest of the structure is constructed from type 316 stainless steel.  
Cooling water at 10°C was used to cool the process gas.  Water condensed from the air cooler 
was drained back to the absorber feed tank. 

Downstream of the air cooler, a new water knockout was purchased and installed.  The water 
knockout was used to remove entrained water that may have bypassed the air cooler and to 
prevent water droplets from damaging the impeller of the blower that was located downstream.  
The water knockout works as centrifugal-type separator.  Gas enters the vessel tangentially near 
the bottom and exits out the top.  The condensed liquid drains from the bottom of the knockout 
and to the lean feed tank.  

Rosedale bagged filters were used to remove rust and debris in order to protect the Micro 
Motion™ flowmeters downstream of the filters.  The filter housing is made of type 316 stainless 
steel and bagged filters made of cotton were used.  There is another bagged filter that is located 
on the stripper, used to filter the solvent from the reboiler.  It was discovered through trial and 
error that only the filter bag made of cotton could withstand the high temperature and 
corrosiveness of the piperazine and potassium carbonate solvent.  The bag filters made of 

28



 29

polypropylene eventually dissolved in the system.  It is also important to point out that while the 
bag filter is made of cotton, the manufacturer may use stitching made of synthetic material.  This 
also resulted in failure of the bagged filters.  Therefore, cotton filter with cotton stitching was 
requested for all of the bagged filters used in the campaigns. 

2.1.1.3 Piping Modification 
Due to the corrosive nature of the aqueous piperazine-promoted potassium carbonate solvent, all 
of the carbon steel piping was replaced with type 304L stainless steel pipe.  As part of this work, 
demolition of a portion of the carbon steel piping was performed as well installation of the new 
stainless piping.  The personnel at SRP performed the layout of the new piping and also 
purchased the new stainless steel pipe, flanges, and gaskets.  Schedule 10 304L stainless steel 
pipe, 150# flanges, and Garlock gaskets were used for construction.  The majority of the new 
stainless steel piping was welded by an outside contractor and took approximately 6 months to 
complete.  

2.1.1.4 CO2 Delivery System 
A carbon dioxide delivery system was required to initially charge the liquid solvent with CO2 
prior to startup and also for CO2 makeup during the operation of the pilot plant.  As part of this 
work, a steam heated CO2 pressure regulator was purchased from Andon Specialties, model 
number H2-1A55Q5G114, and a storage rack was constructed out of unistrut to house up to three 
large CO2 cylinders.  The capacity of the cylinders varied from 150, 200, and up to 300 L.  The 
CO2 delivery system was housed indoors.   

The steam heated regulator was later found to be inadequate.  As the liquid carbon dioxide from 
the cylinder was being released, over time the lines would begin to freeze and eventually stop 
flowing.  A simple shell and tube heat exchanger was built using 1.3 cm and 1.9 cm OD type 316 
stainless steel tubing and stainless steel fitting from Swagelok.  University steam was used to 
vaporize the liquid carbon dioxide from the shell side.  A steam trap was also installed.  The 
preheater worked adequately for makeup, but the initial charging of the liquid solvent required 
patience.  Stainless steel tubing (1.3 cm OD) was run from the steam regulator to a control valve 
located outside.  Initially, the makeup CO2 was discharged directly into the blower discharge.  
Later, better control was obtained when the CO2 makeup was discharged into the overhead gas 
accumulator. 

2.1.1.5 Process Flowsheet 
The pilot plant was operated as a closed-loop system, where both the gas and solvent was 
continuously recycled.  The aqueous piperazine and potassium carbonate solvent was stored in 
the absorber feed tank.  The feed tank was used to maintain a constant lean loading and minimize 
any flow interruptions in the system.  The residence time in the feed tank varied from 0.5 hr to 
1.5 hr depending on the liquid flow rate.  Lean solvent from the feed tank was pumped through a 
filter and then through a Micro Motion® flowmeter before being pumped to the top of the 
absorber column. 

The liquid is evenly distributed on the top of the packing by a distributor.  The solvent flows 
downward by gravity along the surface of the first section of packing, promoting gas liquid 
contact area.  Carbon dioxide from the upwardly flowing gas is absorbed by the liquid solvent at 
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the gas-liquid interface of the wetted packing surface.  At the middle of the column there is a 
chimney tray to recollect the liquid and a redistributor for spreading the liquid over the second 
section of packing. 

The solvent rich in CO2 exits out the bottom of the absorber and is then pumped to another filter 
before passing through a second Micro Motion® flowmeter.  After the flowmeter, the solvent 
flow is split and passes through the two solvent preheaters.  Near the top of the column, the 
preheated stripper feed is mixed with the reflux and then fed at the top of the stripper column to a 
distributor.  In the first campaign, sieve trays were used in the stripper.  In later campaigns, 
random and structured packing were used.  A chimney tray and distributor similar to the one in 
the absorber was used only when there was packing in the stripper.  The rich solvent flows 
downward and the CO2 is stripped by the steam generated from the solvent by the reboiler. 

The lean liquid at the bottom of the stripper is circulated through the reboiler before being 
pumped to the solvent cooler.  Instead of passing through the cooler, a portion of the lean solvent 
is diverted and pumped to the stripper sump.  The solvent is cooled to approximately 40°C and 
flows back into the absorber feed tank where the entire process is repeated. 

The gas consists of ambient air with the addition of CO2 from large compressed gas cylinders.  
The CO2 concentration in the gas was varied from 3 to 17 mole percent.  The CO2 laden rich gas 
enters the bottom of the absorber and counter-currently contacts the liquid solvent.  The absorber 
column contains structured packing to maximize the amount of effective interfacial area and 
minimize pressure drop.  Carbon dioxide is absorbed by the liquid solvent at the gas-liquid 
interface.  The “clean” gas then exits out the top of the absorber and passes through the air 
cooler, where it is chilled to approximately 10°C and most of the moisture is removed to protect 
the CO2 analyzers and the blower located downstream. 

The cooled gas then passes through the water knockout drum where any residual water that may 
have been entrained is finally removed.  The gas is then mixed with the CO2 from the overhead 
gas accumulator and recycled back to the blower, where the gas in the process is repeated.  
During the operation of the pilot plant, makeup CO2 was added into the overhead gas 
accumulator.  The overhead gas accumulator has a split vent valve.  When the vent is 0-50%, the 
accumulator is vented where the vent is fully open at 0%.  For 50-100%, nitrogen is added to the 
system, where at 100% the vent is fully open for nitrogen addition.  When the vent is 50%, both 
the vent and nitrogen valves are closed.  In all of the campaigns, although the vent was at 100%, 
the gate valve for the nitrogen was closed, which resulted in zero nitrogen addition.  There is a 
vent on the impeller housing of the blower; the casing around the hub has an opening that is 
approximately 2.5 cm in width.  The absorber feed tank is vented to the absorber in order to 
equalize the pressure.  During the steady state operation of the pilot plant, it was assumed that 
there was no leakage.  Only when the process conditions were changed, was there expected to be 
any leakage through the blower vent. 

The vapor exiting the top of stripper contains carbon dioxide and water and flows to a two phase 
condenser.  The water is condensed out as liquid and flows into the overhead liquid accumulator.  
The water is then pumped through the reflux heater and mixed with the stripper feed.  The reflux 
heater was not used in any of the campaigns and therefore the reflux was cooler than the stripper 
feed.  The CO2 gas exits the top of the condenser and then flows to the overhead gas 
accumulator.  The CO2 in the gas accumulator was mixed with the “clean” air that had passed 
through the absorber.  A control valve downstream of the accumulator controlled the CO2 
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concentration in the inlet gas to the absorber.  Makeup CO2 was added to the overhead gas 
accumulator.  During vacuum operation, the vacuum pump was used to draw suction from the 
gas accumulator. 
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Figure 2.4. Schematic of Pilot Plant for Campaign 1 

2.1.1.6 Online Process Instrumentation 
As part of the pilot plant modification, a number of upgrades were made to the measurements of 
gas and liquid flow, pressure, and temperature.  In addition, the capability of online pH 
measurement and gas phase CO2 analysis was added.   

Pressure measurements were performed using Ashcroft, Rosemount 1151 and Rosemount 3051 
Series pressure transmitters.  The Ashcroft pressure transmitters were used with the AN-75 
Dietrich Standard annubar for gas flow measurements in Campaign 1 and 2.  The 3051 Series 
transmitters are smart transmitters and contain a microprocessor that allows communication 
through the HART protocol.  The 3051 transmitters have an accuracy of ±0.1% of the reading 
and ranged from 0-3, 0-25, and 0-40 inches of water.  The 1151 Series transmitters are analog 
and have a 4-20 mA output.  The 1151 transmitters have an accuracy of ±0.5% of the calibrated 
span and ranged from 0-5, 0-30, and 0-150 inches of water.  The pressure transmitters were used 
to measure absolute, differential, and gauge pressure throughout the pilot plant.  The pressure 
transmitters were also used to measure liquid level in the sump of the two columns, the absorber 
feed tank, overhead liquid accumulator, and the reboiler. 

Temperature measurements of the process streams and column profiles were made using K-type 
thermocouples and Rosemount Series 68 Platinum Resistance Temperature Detector (RTD) 
sensors.  Rosemount 848T 8-Input temperature transmitters were used in conjunction with the 
RTD sensors.  The RTD sensors have an accuracy ±0.6 °C.  In the first campaign, the 
temperature measurements on the stripper side were performed with thermocouples and on the 
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absorber side, the thermocouples were replaced with RTD sensors.  In later campaigns, all of the 
thermocouples in the pilot plant were gradually replaced with the Rosemount RTD sensors.  As 
part of this work, some of the conduit and cabling associated with the RTD sensors were 
installed.  Also, in campaign 1, a thermal imaging gun was used to measure the surface 
temperature of the absorber column. 

The liquid flow rate, temperature, and density of the absorber lean and rich solvent streams were 
measured using Micro Motion® F-series coriolis flowmeters and are manufactured by Emerson 
Process Management.  The F-series flowmeters have an accuracy of ±0.20 vol% for the flow 
rate, ±2.0 kg/m3 for the density, and ±1°C for the temperature.  The Micro Motion® flowmeters 
were used to measure the flow rates of the absorber inlet, stripper inlet, stripper reflux, and 
absorber feed tank inlet.  The density measurement was used to monitor changes in the water 
balance. 

In campaign 1, the inlet gas line to the absorber was 20.3 cm and made of PVC.  The gas flow 
rate was measured using a Dietrich Standard AN-75 annubar, differential pressure transmitters 
with varying pressure ranges, and a temperature measurement.  The flowmeter has an accuracy 
of ±1% of the actual value.  The flowmeter was calibrated for air and density corrections made in 
the calculations of the actual gas rate to include CO2 and water.  The steam flow to the reboiler 
was measured using an orifice plate and Rosemount differential pressure transmitters. 

The pH of the absorber inlet and outlet solvent streams were continuously measured with 
Rosemount 389VP pH/ORP sensors and Rosemount 5081-P pH/ORP transmitters.  The 389VP 
pH sensor has a measuring range of 9-12 pH units and a linearity of 99%.  The 5081-P 
transmitters have an accuracy of ±0.01 pH units or ±1 mV at 25°C.  The connection cable is 
hardwired to the Rosemount transmitter and attached to the pH sensor on the other end via a 
quick-connect adapter.  As discovered just before the startup of the first campaign, the quick-
connect cables may not be waterproof and needed to be shielded by a shelter.  Lean loading 
measurements were correlated to bench-scale pH measurements.  The online pH measurements 
were used to monitor the lean loading and rich loading of the solution.  The lean loading of the 
solution was changed by adjusting reboiler heat duty and CO2 makeup flow rate. 

The concentration of CO2 in the gas was measured at the inlet, middle, and outlet of the absorber 
column.  The inlet and outlet concentration was measuring in situ using Vaisala GMT 221 and 
GMT 222 CO2 analyzers.  In the first campaign, the absorber inlet Vaisala probe was located 
downstream of the blower, while the absorber outlet probe was located just upstream of the air 
cooler.  In later campaigns, the absorber outlet probe was moved downstream of the water 
knockout.  The Vaisala CO2 analyzers use a new silicon based non-dispersive infrared (NDIR) 
sensor and uses single-beam dual-wavelength NDIR.  The probes are interchangeable with the 
transmitters.  The inlet CO2 concentration was measured with a 0-20 mol % probe and the outlet 
concentration was measured with either a 0-10,000 ppm or 0-5 mol% probe, depending on the 
range of the outlet gas.  The analyzers have an accuracy <±(0.02% CO2 + 2% of the reading) at 
25°C, an operating of limit of 60°C and 0-100% relative humidity.  The Vaisala analyzers have a 
temperature dependence of -0.1% of %full-scale/°C and a pressure dependence of +0.15% 
reading/hPa. 

The concentration of CO2 in the middle of the absorber column was measured with a Horiba 
PIR-2000 CO2 analyzer with a range of 0-1, 0-3, and 0-5 mol%.  The Horiba is also a NDIR 
analyzer and has an accuracy of ±1% full-scale.  Unlike the in situ Vaisala analyzers, the middle 
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gas samples use an extractive sampling system.  The gas is extracted from the space between the 
chimney tray and redistributor in the spool piece, where there is no liquid.  A diaphragm sample 
pump extracts the gas and it passes through a water knockout immediately after it exits the 
column.  The gas then flows through about 30 meters of 0.6 cm polyethylene tubing and into a 
coalescing filter that removes water.  The gas then passes through a membrane filter before it 
flows to the PIR-2000 CO2 analyzer.  A rotameter on the outlet of the analyzer was kept at a 
constant flow rate during the calibration process and online operation.  The sampled gas was then 
discharged outside. 

2.1.1.7 DeltaV Process Control System 
The DeltaV digital automation system version 7.2 was used to log all the process data and 
control the operations of the pilot absorber/stripper system.  DeltaV is a distributed control 
system (DCS) based on PlantWeb® digital plant architecture and is manufactured by Emerson 
Process Management.  HART® and FOUNDATION™ field bus process instrumentation as well 
as 4-20 mA analog signals were fully integrated into the DeltaV system.  The DeltaV consists of 
an operator interface, control hardware, and control software.  DeltaV Operate, the operator 
interface, is run directly on standard PC hardware and operating system and allows the user to 
monitor and make changes to the process.  The control hardware consists of I/O modules 
connected to a digital control computer, which are attached to a larger redundant DeltaV plant-
wide network.  The DeltaV control software can be configured to provide model predictive 
control, neural networks, fuzzy logic, and variability analysis. 

2.1.2 Campaign 2 Modifications 
Before the commencement of campaign 2, a number of issues were resolved.  The two online 
Rosemount pH meters that failed were replaced.  The original probes and transmitters were sent 
to Rosemount Analytical for examination, but it appeared that nothing was wrong.  In the 
original setup, on one end the cable is hardwired to the transmitter and on the other end, the cable 
is connected to the pH probe via a quick-connect.  Apparently, the pH probes and transmitters 
are not designed for outdoor use.  It was suspected that the heavy rains had shorted the 
connection between the probe and transmitter, causing the pH meters to malfunction.  
Rosemount Analytical sent two new pH meters with one of the probes hardwired to the 
transmitter.  Electrical tape was wrapped around the probe with the quick-connect cable in an 
attempt to prevent water intrusion. 

At 12% CO2, the 0-5% Horiba analyzer was over-ranged when taking measurements at the 
middle of the absorber.  An existing Horiba PIR-2000 CO analyzer was converted by the 
manufacturer to a 0-20% CO2 analyzer.  The new analyzer was initially used to measure the 
absorber middle CO2 gas concentration.  However, due to the new blower configuration, the 
saturated inlet gas caused the Vaisala analyzer to malfunction at the beginning of the campaign.  
The absorber middle Horiba sampling system was then used to measure absorber inlet CO2 gas 
concentration and no absorber middle gas samples were analyzed during campaign 2. 

At the conclusion of the first campaign, it was discovered that the polyethylene bag filter for the 
reboiler had completely dissolved.  The filters were replaced with bags made from cotton 
material.  The polyethylene bag filter had previously been used in a C6/C7 system with no 
adverse effects at the approximately the same temperatures (~120°C).  Therefore, temperature 
should not have been an issue.  However, it was discovered during the course of campaign 2 that 
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the while the new bags were made from cotton, the stitching was still made of a synthetic fiber, 
which resulted in the bags eventually failing.  In the third and fourth campaign, filter bags made 
and stitched with cotton were used. 

In the first campaign, the steam traps on the stripper feed heater were undersized and as a result 
the solvent was not adequately heated.  New steam traps were installed on the stripper feed 
heater to rectify the problem.  A larger orifice was installed for steam flow measurement to the 
reboiler.  In the first campaign, the steam flow rates exceeded the measuring range of the orifice.  
The cooling water to the air cooler was blinded off to permit operation at higher gas 
temperatures.  A bypass around the blower was constructed with PVC pipe.  The bypass would 
allow a portion of the gas to be recycled and thus increase the temperature of the inlet absorber 
gas to reach 40°C.  A manually adjusted butterfly valve was used to regulate the gas flow rate 
through the blower recycle. 

2.1.3 Campaign 3 Modifications 
Prior to the start of the third campaign, the additional modifications were made to the pilot plant 
to correct the problems encountered in campaign 2.  At low gas rates, the annubar in the 20 cm 
PVC gas line gave erroneous results due to the low pressure drop and poor turndown 
characteristics.  The 20.3 cm gas schedule 40 PVC line was replaced with 7.6 cm and 10.2 cm 
schedule 40 PVC gas lines.  In the new setup, the gas could flow through either line or both and 
generate enough pressure drop to produce an accurate reading.  Steam flow measurement for the 
solvent preheater was added.  In addition, a Rosemount 3095MFA Mass Probar annubar was 
added to measure the gas flow rate of the CO2 recycle stream leaving the overhead gas 
accumulator.  The annubar has an accuracy of ±1.4% of the volumetric flow rate and a flow 
turndown of 8:1.  The flowmeter was a way of verifying the gas and liquid material balance of 
the absorber and stripper when the system was at steady state.  Unfortunately, the minimum 
Reynolds number for the flowmeter is 6000, which results in a minimum flow of approximately 
63 ft3/min at 293K and 1.013 bar.  In campaign 4, this flow requirement was satisfied under only 
one run condition.  However, in the MEA campaign, it appeared that the flowmeter gave 
reasonable results above 30 scfm.  Therefore, the results from the CO2 recycle flowmeter were 
used only as a rough comparison. 

Under vacuum conditions, the amount of CO2 that could be stripped was limited by the diameter 
of the 2.5 cm gas line from the overhead condenser.  This dictated the range of lean loadings and 
gas rates for the absorber and the range of stripper pressure for vacuum operation.  To rectify this 
problem, a 5.1 cm gas line was added to the top of the overhead gas accumulator and connected 
to the overhead gas accumulator.  In the new configuration, excess CO2 from the condenser 
could exit the bottom of the condenser along with the water and flow to the overhead liquid 
accumulator.  The liquid accumulator functioned as a separator, whereby the CO2 gas could exit 
the top of the tank and flow into the overhead gas accumulator.  A constant liquid level was 
maintained in the vessel, which prevented any gas from being returned with the liquid reflux.  
However, in campaign 4, it appears that some of the condensed water became entrained with the 
CO2 recycle stream and ended up in the gas accumulator.  The overhead gas accumulator needed 
to be periodically drained of the water, which was then pumped back into the system. 

In campaign 2, the solvent preheater still did not function properly.  It was thought that the 
solvent was flashing after the control valve, which was just downstream of the heat exchangers, 
and created a something of vapor lock.  In addition, the stripper did not have a two phase 
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distributor, which may have helped with the two phase flow.  To correct this problem, a spare 
pump was connected in series to the absorber outlet pump to increase the pressure of the solvent 
stream.  The control valve was also relocated so that it was now just upstream of the stripper 
inlet nozzle. 

A new extractive CO2 sampling system was constructed for the additional Horiba analyzer.  The 
sampling system consists of a water knockout, a sampling pump, a filter, a membrane filter and a 
rotameter.  The gas flows from the sample point to a water knockout and then through the sample 
pump.  Next the gas passes through a filter that removes any condensed water and then through a 
membrane filter that removes any residual moisture.  The gas is then analyzed by the Horiba CO2 
analyzer.  The gas flow rates are regulated by a rotameter located downstream of the Horiba 
analyzer.  A large weather proof electrical cabinet was purchased and modified to fit two 
sampling pumps.  A temperature controlled fan was added to help dissipate the buildup of heat 
inside the cabinet and to prevent the sampling pump from overheating or melting the diaphragm. 

A new CO2 makeup heater was constructed and installed.  The previous heater was not sized for 
loading large amounts of CO2 into the solution.  As a result of being undersized, the heater began 
to leak due to the continuous stress resulting from differential thermal expansion.  At high flow 
rates, the CO2 was not adequately heated and the exchanger and makeup lines would freeze.  The 
new double-pipe heat exchanger was constructed out of 2.5 cm steel black pipe and 1.3 cm OD 
stainless steel tubing.  The heater consisted of two 10 foot sections and was operated in parallel.  
Steam flow was on the shell side and the liquid CO2 was on the tube side.  In the new design, 
steam flow was directed in parallel to the heat exchangers and to the CO2 regulator, whereas 
before the steam flowed in series with the heat exchanger and regulator. 

In the third campaign, the Gasmet DX-4000 FTIR from Temet Instruments was used for analysis 
of the absorber outlet gas stream. The FTIR has an accuracy of less than 2%.  The FTIR 
measured the concentration of CO2 and water, MEA volatility, and ammonia accumulation for 
the MEA campaign.  The FTIR was not connected to the DeltaV system because the Modbus 
hardware had not been purchased.  Instead, the Calmet software that came with the FTIR was 
used to record the data. 

2.1.4 Campaign 4 Modifications 
During the third campaign, even with the new modifications, the stripper feed stream was still 
pre-heated inadequately.  In campaign 4, a new plate and frame cross-exchanger was purchased 
from Alfa Laval.  The Alfa Laval M6-FG exchanger was sized for a 10°C approach and a 
pressure drop of 1.0 bar.  The exchanger has a heat transfer area of 14.8 m2, consists of 99 plates 
and is arranged for 5 pass flow.  It is constructed of type 316 stainless steel and contains EPDM 
gaskets.  The cost of the plate exchanger was approximately $5,000.  The following figure 
illustrates the new absorber/stripper configuration (Figure 2.).  The cross-exchanger takes the hot 
lean stream from the reboiler and uses it to preheat the cold rich stream from the outlet of the 
absorber.  The existing feed preheater was used as a trim heater and was installed downstream of 
the cross-exchanger to simplify the amount of flow instrumentation and reduce costs. 
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Figure 2.5. Campaign 4 Configuration with Cross-exchanger  
In the MEA campaign, the air cooler was operated to protect the Vaisala CO2 probe and the 
blower recycle was used to preheat the gas.  However, the absorber inlet gas was still not 
adequately preheated and not saturated with water, which was not representative of true plant 
operating conditions.  To remedy this problem, an existing 10.2 cm reboiler was retrofitted and 
used to generate steam and heat the inlet gas.  Distillate from the stripper condensate supplied the 
water for the reboiler.  The level in the preheat reboiler was maintained by adjusting the steam 
flow to the 10.2 cm reboiler.  Approximately 0.6 gpm of water was needed to saturate the inlet 
absorber gas to 20% water at a gas flow rate of 500 cfm.  A 2.5 cm pipe was installed from the 
reboiler to the inlet gas line.  The steam generated from the reboiler was injected into the inlet 
absorber gas downstream of the Vaisala CO2 analyzers. 

In the third campaign, the PVC pipe for the blower recycle was melted and partially destroyed 
due to the excessive heat that built up during the loading of the MEA solution.  The pipe for the 
blower recycle was replaced with stainless steel pipe.  In the fourth campaign, the remaining 20.3 
cm PVC gas lines were replaced with 20.3 cm 304 L stainless steel pipe.  In addition, the 7.6 and 
10.3 cm schedule 40 PVC pipe for the gas flow rate was replaced with a single 10.3 cm schedule 
10 stainless steel pipe.  The blower recycle was not operated during campaign 4. 

In the fourth campaign, the Dietrich Standard Diamond II GCR-15 Annubar used in the 10.3 cm 
line from campaign 3 was used to measure gas flow rate.  The annubar was originally sized for 
schedule 40, but was used in the new 10.3 cm schedule 10.  Corrections to the inner diameter 
were made in DeltaV.  In addition, three Rosemount differential pressure transmitters with 
different pressure ranges and a Rosemount RTD for temperature measurement were used.  The 
flowmeter has an accuracy of ±1% of the actual value.  Flow straighteners were installed 
upstream of the annubar to ensure the flow measurement was accurate.  The flowmeter was 

36



 37

calibrated for air.  In the interpretation of the data, density corrections were made to account for 
CO2 and water. 

The existing carbon steel reboiler for the stripper developed pinhole-sized leaks during the MEA 
campaign.  Prior to the start of the fourth campaign, a new stainless steel kettle reboiler was 
installed and insulated.  The new reboiler has the same design and specification as the carbon 
steel reboiler. 

An orifice plate was installed on the cooling water of the air cooler instead of a control valve to 
simplify plant operation.  The cooling water knocked out most of the moisture from the absorber 
outlet gas stream to protect the downstream Vaisala CO2 probe.  The condensate from the air 
cooler and the knockout filter drained to the absorber feed tank as before. 

To provide the capability of measuring multiple gas components, the Gasmet DX-4000 FTIR 
from the MEA campaign was retrofitted into the pilot plant.  Two 30.5 m heated lines were 
procured from Environmental Supply Company, one for the absorber inlet and one for the outlet.  
The heated lines consist of 0.6 and 1.0 cm OD PFA lines.  An additional sample pump and heater 
module for the FTIR was purchased from Air Quality Analytical, Inc.  Gas samples were 
simultaneously withdrawn from the absorber inlet and outlet.  The gas analysis was alternated 
between the two sample points via a three way valve located inside a heated box.  A MODBUS 
card was used to connect the FTIR computer to the DeltaV process control system.  The FTIR 
was used measure CO2 and water concentration and piperazine volatility. 

In an attempt to address the recurring foaming issues encountered during the first two 
campaigns, an activated carbon filter system was designed and installed.  Two types of filters 
from Rosedale Products, Inc. were purchased: a 4-12 filter housing with a single pass carbon 
holding basket (Part No. 4-12-SP-304), and a 4-12 bag filter housing with EPR gaskets.  Both 
filters were made of type 304 stainless steel.  The filter system was based on literature 
recommendations and was designed to filter 10-15% of the total lean solvent stream.  The design 
would allow for the removal of enough degradation products without removing the anti-foam.  
The filter that contained activated carbon was installed downstream of the absorber lean Micro 
Motion® flowmeter.  The second bag filter was installed downstream of the carbon filter to 
capture any fine charcoal particles.   

Two types of activated carbon were available.  Activated carbon from the filter manufacturer 
contained 10 x 50-mesh size activated carbon and was made of virgin coconut hulls.  In addition, 
a lignite-based 8 x 30-mesh PETRODARCO activated carbon from NORIT was purchased.  
Four different filter bag materials (nomex, cotton, viscous rayon, and nylon) were tested because 
of material compatibility issues arising from the use of polyethylene in the previous campaigns.  
The filter materials were tested in warm solvent solutions and it was found that cotton performed 
the best based on visual inspections. 
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2.2 Pilot Plant results 

2.2.1 Campaigns with K+/PZ – Tasks 2.1, 2.4, 2.5, 2.6, 1.6, 1.7, and 1.8 

2.2.1.1 Introduction 
Results of the pilot plant campaigns with 5 m K+/2.5 m PZ and 6.4mK+/1.6mPZ are presented in 
detail in the dissertation by Chen (2007), attachment G.  This section summarizes the effort on 
tasks 2.1, 2.4, 2.5, and 2.6, consisting of the test plan and results for the three pilot plant 
campaigns with K+/PZ solvent.   

Tasks 1.6, 1.7, and 1.8 were designed to simulate campaigns 2 and 4 with a rigorous model using 
AspenPlus® RateSepTM.  The details are presented in attachment F and summarized in this 
section. 

2.2.2 Summary 
Wetted wall column measurements showed that the absorption of CO2 into aqueous piperazine 
promoted potassium bicarbonate was 1-1.5 times faster than 7 m MEA (Cullinane, 2005).  Four 
pilot plant campaigns were conducted to validate the bench-scale results and evaluate the 
commercial viability of the solvent.  A distillation/extraction pilot plant was extensively 
modified and converted into an absorber/stripper system.  In the first and second campaign, the 
pilot plant was conducted with the 5 m K+/2.5 m PZ solvent and 6.1 meters of Flexipac 1Y 
structured packing in the absorber.  The stripper contained 14 sieve trays and 6.1 meters of IMTP 
#40 random packing in the first and second campaigns, respectively.  In Campaign 3, MEA (7 
m) was tested to establish a base case that could be used as comparison with the K+/PZ solvent.  
In the first half of the campaign, Flexipac 1Y and IMTP #40 were used in the absorber and 
stripper, respectively.  In the second half of the campaign, the two packings were switched.  In 
the fourth campaign, the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvents were tested with 6.1 
meters of Flexipac AQ structured packing in both the absorber and stripper.  The quality of the 
pilot plant data was evaluated and a preliminary analysis of absorber performance was 
completed. 

Absorber modeling efforts were undertaken to better characterize the pilot plant results from the 
absorber, evaluate packing performance, and develop a design and optimization tool for the 
piperazine promoted potassium carbonate system.  The absorber model was developed in Aspen 
Plus® RateSep™ and incorporated the Hilliard (2005) VLE model for K+/PZ.  The kinetics 
developed by Cullinane (2005) were converted into activity-based rates and were entered into 
RateSep™.  The heat of absorption predicted by Aspen Plus® was adjusted and made consistent 
with the Gibbs-Helmholtz equation.  Aspen Plus® parameters for liquid heat capacity, density, 
and viscosity were regressed using Aspen Plus® DRS.  Optimization of the total number of 
segments and film discretization was performed.  A sensitivity analysis was performed to 
evaluate the effects of various parameters on absorber performance and the temperature profile.  
Aspen Plus® Data-Fit was used to simultaneously regress interfacial area and heat loss 
parameters and reconcile pilot plant data.  The lean loadings from the pilot plant data were 
shifted down by 10% to account for the VLE discrepancy discovered by Hilliard for Data-Fit 
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regression analysis.  The validated absorber model was used to quantify the tradeoffs associated 
with the absorber design. 

2.2.3 Conclusions 

2.2.3.1 Pilot Plant 
The operation of an absorber/stripper pilot plant for CO2 capture using aqueous piperazine 
promoted potassium carbonate was successfully demonstrated.  The pilot plant was operated for 
three campaigns.  For the last two campaigns, the plant was operated continuously for 10 days, 
24 hours a day.  Greater than 90% CO2 removal rate was achieved with the 5 m K+/2.5 m PZ 
solvent using Flexipac 1Y and Flexipac AQ Style 20 structured packing in the absorber column. 

The effective interfacial area of Flexipac 1Y was 30% less than Flexipac AQ Style 20, while the 
specific dry area of Flexipac 1Y was approximately twice that of the Flexipac AQ packing.  
Better mass transfer performance was observed with Flexipac 1Y packing, which may due to 
higher liquid holdup from the inherent design of the packing and from bridging.  The capacity of 
the 5 m K+/2.5 m PZ solvent was also about 50% higher than the 6.4 m K+/1.6 m PZ. 

An evaluation of absorber mass transfer performance using the raw pilot plant data found that the 
5 m K+/2.5 m PZ solvent is approximately two times faster than the 7 m MEA solvent and three 
times faster than the 6.4 m K+/1.6 m PZ solvent.  For 5 m K+/2.5 m PZ and Flexipac 1Y packing, 
the average Kg was 6.9 x 10-9 gmol/Pa-cm2-s at an equilibrium partial pressure of 2000 Pa.  For 
7m MEA and Flexipac 1Y packing, the average Kg was 4.2 x 10-9 gmol/Pa-cm2-s at an 
equilibrium partial pressure of 670 Pa.  For 5 m K+/2.5 m PZ and Flexipac AQ packing, the 
average Kg was 6.3 x 10-9 gmol/Pa-cm2-s at an equilibrium partial pressure of 520 Pa.  For 6.4 m 
K+/1.6 m PZ and Flexipac 1Y packing, the average Kg was 3.6 x 10-9 gmol/Pa-cm2-s at an 
equilibrium partial pressure of 230 Pa. 

The operation of the pilot plant showed that the location of the temperature bulge moves from 
the top of the column to the bottom as the liquid to gas flow rate ratio is increased.  The pressure 
drop normalized by the gas rate was approximately 1.5-2 times higher in the Flexipac 1Y than in 
Flexipac AQ Style 20, which had steeper corrugation angle.  Lower pressure drop was observed 
with 6.4 m K+/1.6 m PZ at the lower gas rate because of a low magnitude temperature bulge.  
However, at high gas rates, the pressure bulge will be dictated only by hydraulics. 

The carbon dioxide material balance across the absorber column for campaign 1 indicates that 
gas side removal of CO2 was on average approximately 14% higher than the liquid phase.  For 
campaign 2, the absolute average deviation between and gas and liquid CO2 material balance 
was 24.1% and the maximum deviation was 60.1%.  The material balance of the fourth campaign 
found that for 5 m K+/2.5 m PZ, the absolute average deviation between and gas and liquid CO2 
material balance was 14.0% and the maximum deviation was 52.4%.  For 6.4 m K+/1.6 m PZ, 
the absolute average deviation between and gas and liquid CO2 material balance was 10.9% and 
the maximum deviation was 28.0%.  It was found that if the absorber gas flow is adjusted by 
downward by 10% or the absorber rich CO2 loading is increased by 2%, the systematic offset 
could be eliminated. 

No observable corrosion was detected with the corrosions coupons over the course of each 
campaign.  No detectable degradation products were observed with the potassium 
carbonate/piperazine solvent during the three campaigns. 
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2.2.3.2  RateSep™ Absorber Model 
Using pilot plant data for campaigns 2 and 4, the Aspen Plus® Data-Fit regression analysis found 
that the effective interfacial wetted area was less than the air-water measurements.  The average 
interfacial area of Flexipac 1Y (asp = 410 m2/m3) structured packing was 240 m2/m3, which was 
80% of the value measured by the air-water column and 59% of the specific area.  The average 
interfacial area of Flexipac AQ Style 20 (asp = 213 m2/m3) structure packing for 5 m K+/2.5 m PZ 
was 136 m2/m3, which was 56% of the air-water measurement and 52% of the specific area.  The 
average interfacial area of Flexipac AQ for 6.4 mK+/1.6 m PZ was 110 m2/m3, which was 67% 
of the air-water measurement and 64% of the specific area.  Essentially the same interfacial area 
was obtained for Flexipac AQ even when two different solvents were used, which shows that the 
Data-Fit regression analysis was consistent. 

The average heat losses regressed by Data-Fit for 5 m K+/2.5 m PZ were 27,600 and 28,700 
Watts for the Flexipac AQ Style 20 and Flexipac 1Y packing, respectively, while the regressed 
average heat loss for 6.4 m K+/1.6 m PZ was 10,400 Watts.  The heat loss results show that the 
Data-Fit regression analysis was consistent for the each of the solvents.  A simple calculation of 
the heat transfer coefficient found that the heat loss was consistent with forced convection.  Since 
it is unlikely to have occurred under the run conditions, it was concluded that the CO2 heat of 
absorption may not have been adequately predicted by the RateSep™ absorber model. 

The absorber design analysis suggests that a large energy savings associated with pressure drop 
in the absorber can be achieved by using slightly more packing and a slightly larger diameter 
column (lower gas velocity).  The absorber performance analysis showed that that at the 
inflection point of the rich loading, the temperature bulge is located at the middle of the absorber 
column, and that the magnitude of the temperature bulge decreases dramatically when the 
location moves from the middle to the bottom of the column.  At the top of the absorber column, 
the magnitude of the maximum temperature of the bulge remains relatively constant.  The 
analysis also showed that the 5 m K+/2.5 m PZ solution has a capacity that is 15-100% higher 
than 6.4 m K+/1.6 m PZ. 

The Data-Fit results implicitly show that bench-scale kinetic and vapor-liquid equilibrium and 
air-water measurements in the PVC column cannot directly be used in RateSep™ to model CO2 
capture with potassium carbonate/piperazine in an absorber column.  In this work, the kinetics 
were adjusted by a factor of 0.2 and the regressed average effective area was approximately 56-
80% of the air-water measurements.  In addition, the vapor-liquid equilibrium model (Hilliard, 
2005) used in this work was regressed based on inconsistent bench-scale data and experimental 
loading data needed to be adjusted by 10%. 

The pilot plant data was successfully reconciled by Data-Fit.  The maximum absolute average 
deviation of the inlet and outlet CO2 gas concentration was 1.45 and 0.68%, respectively.  The 
maximum deviations of the inlet and outlet CO2 gas concentration was 6.7 and 6.3%, 
respectively.  The maximum absolute average deviation for the lean and rich loadings was 5.87 
and 10.6%, respectively.  The maximum deviations of the lean and rich loadings were 13.3 and 
20.2%, respectively.  Data reconciliation by Data-Fit indicated that the experimental rich 
loadings were low by 10%.  Data-Fit adjustments to the inlet and outlet gas phase CO2 
concentration were consistent with the pilot plant measurements. 

Liquid heat capacity and CO2 heat of absorption is important for modeling the profile 
temperature of an absorber column.  If the heat capacity was incorrect, the location of the 
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temperature bulge cannot be simultaneously fitted to match the pilot plant material balance.  
Absorber performance is most sensitive to lean loading and interfacial area, which both directly 
affect the magnitude and location of the temperature bulge.  Piperazine concentration has a 
secondary affect on absorber performance.  Heat loss, liquid holdup, potassium carbonate 
concentration, inlet water vapor concentration, and inlet liquid and vapor temperatures all have a 
minor affect on absorber performance.  The magnitude and location of the temperature bulge is 
sensitive to the value of heat loss.  Inlet water vapor concentration impacts the temperature 
profile in the bottom half of the absorber column. 

The absorber design analysis showed that a tradeoff exists between column diameter, pressure 
drop, and the volume of packing.  A large energy savings associated with pressure drop in the 
absorber can be achieved by using slightly more packing and a larger diameter column.  The 
absorber performance analysis showed that at the inflection point of the rich loading, the 
temperature bulge is located at the middle of the absorber column, and that the magnitude of the 
temperature bulge decreases dramatically when the location moves from the middle to the 
bottom of the column.  At the top of the absorber column, the magnitude of the maximum 
temperature of the bulge remains relatively constant.  The analysis also showed that the 5 m 
K+/2.5 m PZ solution has a capacity that is 15-100% higher than 6.4 m K+/1.6 m PZ. 

Heat capacity and heat of formation for the four piperazine ions (PZCOO¯, H+PZCOO¯, 
PZ(COO¯)2, PZH+) were calculated from the derivative of the corresponding equilibrium 
reactions.  This was used to reconcile the Aspen Plus® heat duty derived from a flash calculation 
with the heat of absorption calculated by the Gibbs-Helmholtz equation using vapor-liquid 
equilibrium data. 

Finally, this work has shown that all of the predictions by Aspen Plus® must be verified with 
experimental data.  While the Aspen Plus® models are comprehensive and allow for custom 
tuning, more often than not the default parameters are incorrect and give erroneous results.  The 
correct predictions for physical and transport properties are just as important as thermodynamic 
and kinetic properties.  In many cases, the calculation of the latter properties depends upon the 
former. 

2.2.3.3 K+/PZ and MEA as Solvents for CO2 Capture 
The selection of a solvent for CO2 capture should not depend solely on absorber and stripper 
performance, but also on solvent operability.  The bench- and pilot-scale work for the aqueous 
piperazine promoted potassium carbonate has shown that the 5 m K+/2.5 m PZ solvent has a CO2 
absorption rate that is 1-1.5 times faster than 7 m MEA.  However, the pilot plant experiments 
show that the heat duty requirement for desorption of CO2 from the stripper may be slightly 
higher than MEA.  From an operational viewpoint, the MEA pilot plant campaign went much 
more smoothly than the K+/PZ campaigns.  Solubility issues with the potassium 
carbonate/piperazine campaigns resulted in periodic losses of critical instrumentation such 
reboiler level and column sump level due to lines being plugged with solids.  Complete 
shutdown of the pilot plant occurred on several occasions.  The cost of piperazine is also 
approximately 5 times higher than MEA.  However, the K+/PZ system has ability to be “tuned” 
and further optimization of solvent and process configuration may show that it can be 
competitive with MEA. 
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2.2.2.  Baseline MEA – Task 2.7 

2.2.2.1  Introduction 
A pilot plant campaign with 32.5 wt % monoethanolamine was conducted as a baseline to 
compare CO2 absorption and stripping performance with an experimental potassium 
carbonate/piperazine solvent.  The methods and results for this campaign are detailed in the 
theses by Dugas (2006), attachment E.  This paper serves to validate the accuracy of the data 
from the MEA campaign, and show performance data for the MEA campaign.  Absorber 
temperature profiles, as well as absorber and stripper mass transfer performance have been 
evaluated. 

2.2.2.2  Pilot Plant Operation 
The MEA campaign utilized 32.5 wt % monoethanolamine (MEA) in 48 runs at 24 operating 
conditions.  An approximately 17% CO2 flue gas was fed to the absorber.  Both the absorber and 
stripper have an inside diameter of 42.7 cm and contained approximately 6.1 meters of packing 
(split into 2 beds).  Two samples, spaced by one hour, were taken at most operating conditions.  
Runs 1-24 used Flexipac 1Y, a structured metal packing, in the absorber with IMTP #40, a 
random metal packing, in the stripper.  Runs 25-48 used IMTP #40 in the absorber and Flexipac 
1Y in the stripper.  All runs used chimney tray collector plates and orifice-riser liquid 
distributors.  Using a DeltaV control system, approximately 65 parameters were measured and 
recorded every minute.  A simple diagram of the closed-loop pilot plant is shown in Figure 2.6. 

 
Figure 2.6.  Diagram of the CO2 capture pilot plant configuration for the MEA campaign 
Flooding was observed in the top bed of the absorber during runs 15, 16, and 17 at a high liquid 
flow rate.  The collector plate was partially clogged and was replaced with a higher capacity 
chimney tray collector plate during the packing change.  Absorber mass transfer data was not 
attainable for this operating condition. 

The gas temperature entering the absorber was not controlled effectively due to the design of the 
system.  The gas temperature was controlled by an upstream valve and a recycle loop around the 
blower.  Gas temperatures were typically lower than the desired 55˚C.  The gas entering the 
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absorber was also unsaturated.  The gas had to be unsaturated for the Vaisala CO2 analyzers to 
work properly.  Effectively, the cool, unsaturated gas caused the temperature at the bottom of the 
absorber to be somewhat lower than would be observed industrially.   

The stripper feed heater was undersized.  The temperature approach averaged 32˚C and never 
reached the target value of 10˚C, even with low liquid flows.  This resulted in cooler solutions 
entering the stripper and in some cases absorption occurring at the top of the stripper.  The 
sensible heat duty of the solution accounted for a very large portion of the total heat duty and 
prevented representative measurement of energy requirement.   

A high and low lean loading was attempted for each packing configuration.  At each loading, 2 
gas rates were run.  At each gas rate, 3 liquid rates were run to vary the CO2 removal.  The 
operating conditions from the pilot plant are shown in Table 2.3. 

Table 2.3.  Operating conditions of the MEA campaign 

Sample
Packings

(Absorber/Stripper)
Lean Loading

(molCO2/molMEA)
Inlet CO2

(mol%)
Gas Rate

(Actual m3/min)
Liquid Rate

(L/min)
CO2 Removal

(%)
1.2 Flexipac 1Y / IMTP #40 0.18 16.9 6.88 18.8 99
3,4 Flexipac 1Y / IMTP #40 0.16 16.4 6.87 13.2 99
5,6 Flexipac 1Y / IMTP #40 0.18 17.4 13.74 29.4 61
7,8 Flexipac 1Y / IMTP #40 0.17 16.5 13.75 37.7 96
9,10 Flexipac 1Y / IMTP #40 0.15 16.7 13.75 29.4 87
11,12 Flexipac 1Y / IMTP #40 0.15 16.8 13.75 25.9 75
13,14 Flexipac 1Y / IMTP #40 0.33 16.8 12.37 56.8 62
16,17 Flexipac 1Y / IMTP #40 0.37 17.8 9.75 80.4 94
18,19 Flexipac 1Y / IMTP #40 0.27 17.0 5.50 28.4 95
20,21 Flexipac 1Y / IMTP #40 0.27 17.0 5.50 23.1 87
22,23 Flexipac 1Y / IMTP #40 0.28 17.3 5.49 20.4 72

24 Flexipac 1Y / IMTP #40 0.28 15.2 8.74 39.5 92

25,26 IMTP #40 / Flexipac 1Y 0.28 16.6 11.00 104.1 93
27,28 IMTP #40 / Flexipac 1Y 0.29 16.7 11.00 82.1 86
29,30 IMTP #40 / Flexipac 1Y 0.28 16.6 11.00 54.9 70
31,32 IMTP #40 / Flexipac 1Y 0.28 17.5 5.50 40.7 95
33,34 IMTP #40 / Flexipac 1Y 0.28 17.9 5.50 42.6 80
35,36 IMTP #40 / Flexipac 1Y 0.28 17.0 5.62 42.8 95
39,40 IMTP #40 / Flexipac 1Y 0.23 16.8 11.00 83.1 94
41,42 IMTP #40 / Flexipac 1Y 0.23 17.1 10.97 56.8 87
43,44 IMTP #40 / Flexipac 1Y 0.23 17.0 11.00 39.4 72
45,46 IMTP #40 / Flexipac 1Y 0.29 16.9 8.25 60.8 96
47,48 IMTP #40 / Flexipac 1Y 0.28 18.0 8.23 30.1 69  

2.2.2.3  CO2 Material and Heat Balances 
The CO2 material balance for the pilot plant was calculated a total of 4 ways.  The calculation 
methods “absorber liquid 1” and “stripper CO2 flow” had the best agreement.  These values were 
averaged to establish the CO2 mass transfer rate for each set of operating conditions.  The 
absorber liquid 1 calculation basically subtracts the mass of CO2 entering the absorber from the 
mass of CO2 exiting the absorber.  The stripper CO2 flow calculation uses an annubar pressure 
drop flowmeter that gives the volumetric flow rate of the gas leaving the condenser.  The 
annubar did show some inaccuracies at lower flow rates.  These low flow rates bordered near the 
minimum flow requirement of the annubar.  At one operating condition, the annubar reported 
zero flow due to inadequate flow rates. 
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Figure 2.7.  CO2 mass transfer rates for the “absorber liquid 1” and “stripper CO2 flow” 
calculation methods. 
The heat balance around the stripper was analyzed by comparing the measured reboiler duty to a 
reboiler duty calculated from four other heat requirements.  The first and almost always the 
largest was the sensible heat duty associated with heating the solution from the inlet to the outlet 
temperature.  For the 48 runs, the sensible heat duty averaged 42% of the total required heat 
duty.  The heat of desorption was the next largest component averaging 24% of the total duty.  
The heat removed by the cooling water in the condenser and the heat loss from the 
stripper/reboiler system averaged 20 and 14%, respectively.  The heat loss was calculated from 
Equation 2.1 previously developed with distillation testing using the same equipment.  In 
Equation 2.1, heat loss is in terms of MMBTU/hr while temperatures are in ˚F.  A comparison of 
the measured reboiler duty and the calculated heat duty from these four heat requirements is 
shown in Figure 2.8. 

 ( )ambientreboiler TTHeatLoss −= 650                         (2.1) 
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Figure 2.8.  Comparison of calculated and measured heat duties for the 48 pilot plant runs 

2.2.2.4  Analysis 
The uninsulated absorber contains 7 resistance temperature detectors (RTD).  The locations of 
the sensors are defined by the height from the bottom of the lower bed of packing.  Between the 
two 3.05 meter beds of packing, there is a liquid redistribution and packing change-out area 
which occupies 1.68 meters of the column.  Figure 2.9 shows the locations of the temperature 
sensors with respect to the packing. 

 
Figure 2.9.  Absorber temperature measurement locations 
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The heat of reaction of CO2 with MEA produces a temperature bulge in the column.  This 
temperature bulge can drastically affect the absorption rates in the column since the kinetics of 
the absorption reaction and the equilibrium of the reaction depend on temperature. 

The maximum temperature bulge was defined at the sensor location which had the largest 
temperature difference between the measured temperature and the linear temperature.  The linear 
temperature profile was defined by the known inlet and outlet liquid temperatures and a constant 
temperature gradient in the packing. 
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Figure 2.10.  Absorber temperature bulge location with 17% inlet CO2 
The maximum temperature bulge ranged from 2 to 45°C depending on the operating conditions.  
In most of the conditions with the Flexipac 1Y packing, the temperature bulge was observed at 
the top of the column.  However, the temperature bulge was typically at the bottom of the 
column when the IMPT #40 packing was present in the absorber.  The difference in the bulge 
location is linked to the L/G that was used for each packing.  Since Flexipac 1Y has 
approximately 3 times more surface area than IMTP #40, lower L/G was used for similar CO2 
removal.  This low L/G effectively causes the majority of the reaction to occur at the top of the 
column.  Figure 2.10 shows the relationship between the temperature bulge location and the L/G. 

The use of a structured metal packing and a random metal packing in the same pilot plant 
allowed the packings to be directly compared.  The structured metal packing was Flexipac 1Y 
which had a specific area of 420 m2/m3.  The random metal packing was IMTP #40 with a 
specific area of 145 m2/m3. 

Mass transfer coefficients were calculated using the CO2 driving forces at the top and bottom of 
the column.  Equilibrium CO2 concentrations were obtained using the Aspen Plus® model 
modified by Freguia.  The system did not exhibit any lean end pinches.  However, two 
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conditions using Flexipac 1Y and one with IMTP #40 exhibited rich end pinching and were 
excluded from the mass transfer analysis.  The mass transfer performance was calculated from 
Equation 2.2 where KGa has units of mol/m3s.Pa. 

PackinglmCO
G VolumeP

AbsorbedCOaK
⋅Δ

=
,2

2                                        (2.2) 

Higher CO2 loading should result in lower mass transfer performance because reactive free MEA 
is reduced.  This trend is evident in the IMTP #40 data.  Figure 2.11 shows how the mass transfer 
performance varies with loading for Flexipac 1Y and IMTP #40. 

0.0

0.5

1.0

1.5

2.0

2.5

0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42

Flexipac 1Y
IMTP #40

Average Flexipac 1Y
Average IMTP #40

K
G
a 

(m
ol

/m
3 s. P

a)
 *

10
4

Average Loading (mol/mol)  
Figure 2.11.  Absorber mass transfer results for Flexipac 1Y and IMTP #40 packings 
Although there is some scatter in the mass transfer performance, the trends indicate that Flexipac 
1Y achieves approximately 50-100% more mass transfer than IMTP #40 at similar CO2 loadings. 

This increased effectiveness is due to an increased wetted area.  Using nearly identical 
equipment Seibert measured the wetted area of IMTP #40 with 0.1N NaOH and air/CO2.  The 
wetted area of Flexipac 1Y was measured with 0.1N KOH and air/CO2 in the pilot plant 
absorber.  With the known kinetics for hydroxide and measured performance, effective areas 
were calculated at various liquid and gas rates.  Using data collected by Seibert [2], Equations 
2.3 and 2.4 were regressed for Flexipac 1Y and IMTP #40, respectively.  Areas have units m2/m3 
while liquid and gas rates are in terms of kg/m2s. 

079.0174.0)03.5exp( LGaeff =                                           (2.3) 
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148.0121.0)54.4exp( LGaeff =                                          (2.4) 

Figure 2.12 shows the mass transfer coefficients obtained after removing the area contributions 
from the obtained KGa values.  As expected, mass transfer coefficients for both packings collapse 
into a common curve.  The Flexipac 1Y data points generally have lower mass transfer 
coefficients due to the higher average loadings of the runs. 
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Figure 2.12.  Absorber mass transfer coefficients for Flexipac 1Y and IMTP #40 

Mass transfer coefficients obtained in the absorber are compared to results using a 5 m 
potassium/2.5 m piperazine solvent with a different structured packing.  The two curves on the 
graph represent bench-scale results for the potassium/piperazine and MEA solvents.  The MEA 
curve is the result of 2 data points.  The K/PZ curve is from Cullinane’s model, incorporating 
many data points [5].  Both solvent systems exhibited similar trends to the bench-scale results, 
but have mass transfer coefficients which are significantly below the expected values. 
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Figure 2.13.  Average absorber mass transfer coefficients for MEA and K2CO3/piperazine  
using Flexipac 1Y packing.  Wetted wall column data obtained from Dang [4] data and 
Cullinane prediction. 
The mass transfer performance of the stripper was calculated similar to the absorber and is 
shown in Equation 2.5. 

PackinglmCO
G VolumeP

DesorbedCOaK
⋅Δ

=
,2

2                                        (2.5) 

Some IMTP #40 runs and all the Flexipac 1Y runs with a stripper operating pressure of 1.6 atm 
showed some absorption at the top of the stripper due to the inadequate stripper preheating.  This 
happened primarily to the Flexipac 1Y runs since the IMTP #40 was in the absorber during these 
runs, resulting in higher liquid flow rates and cooler solutions due to the inadequate preheating.  
Since these runs have a negative stripping driving force at the top of the stripper, the runs were 
represented with zero driving force, giving an infinite KGa.  Runs which did produce a mass 
transfer performance showed a decreasing KGa with rich loading.  The outlier points for IMTP 
#40 are most likely erroneous since these were two of the first 4 runs of the campaign and have 
shown other questionable behavior. 
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Figure 2.14.  Stripper mass transfer performance for Flexipac 1Y and IMTP #40 

2.2.2.5  Conclusions 
The CO2 material and heat balances showed very good agreement with errors of 6.5 and 6.9%, 
respectively.  The temperature bulge for the absorber ranged from 2-45˚C for the 48 runs of the 
campaign. It occurred at the top of the absorber with L/G less than 5 kg/kg and at the bottom 
with greater L/G.  At similar CO2 loadings Flexipac 1Y achieved 50-100% more mass transfer 
than IMTP #40 due an increased wetted area.  Mass transfer coefficients for the two packings 
showed good agreement with decreasing coefficients at higher CO2 loadings.  However, the 
measured mass transfer coefficients were lower than those previously measured in a wetted wall 
column.  
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3.0  Modeling – Task 1 

3.1  Model Development and Description 

3.1.1  Equilibrium Data and Model –Task 1.1 
The objective of Task 1.1 was to develop a thermodynamic model in AspenPlus® based on the 
data of Cullinane (2005) to represent the system, K2CO3/piperazine/CO2/water, for process 
modeling.  A previous stand-alone model was previously developed by Cullinane (2005) and 
reported in Cullinane and Rochelle (2005 thermo).  The Electrolyte Non Random Two-Liquid 
(E-NRTL) Activity Coefficient model within Aspen Plus® v12.1 was used to develop a rigorous 
thermodynamic representation of an aqueous piperazine (PZ) and potassium carbonate (K2CO3) 
mixed-solvent electrolyte system for the application of carbon dioxide (CO2) 
absorption/stripping from power plant flue gas.  This work is reported in detail in the master’s 
thesis by Hilliard (2005), Attachment C.  The thermodynamic model is used the modeling work 
that is reported in chapters 3-5 of Attachment C. 

The model predicts the speciation and carbon dioxide solubility as a function of solvent 
composition, temperature, and pressure.   These results provide the capacity of the solvent, the 
heat of absorption, and the concentration of reactive species (e.g. piperazine and piperazine 
carbamate (PZCOO-)).  Binary interaction parameters for the potassium carbonate/piperazine 
mixed-solvent electrolyte system were obtained through the regression of water vapor pressure 
and calorimetry over potassium carbonate and potassium bicarbonate (KHCO3) solutions, CO2 
solubility in potassium carbonate/piperazine, and proton nuclear magnetic resonance (NMR) of 
potassium carbonate/piperazine speciation.  Speciation data for determining binary interaction 
parameters is included as a key feature of this work since it enhances the predictive capabilities 
of Aspen Plus® to accurately predict liquid phase compositions.  As a result, the model 
satisfactorily correlates the experimental data of this mixed-solvent electrolyte system over a 
wide range of temperature, mixed-solvent concentration, and CO2 loading. 

Additional thermodynamic data have been collected and modeling in later work to be reported in 
the Ph.D. dissertation by Hilliard (2008).  The CO2 solubility and heat of absorption are 
significantly different in the later results, especially at stripper conditions. 

3.1.2  CO2 Rate Model – Task 1.2  
The purpose of Task 1.2 was to modify the existing models of the absorption rate for use in the 
process model.  Cullinane (2005) (attachment A) developed a comprehensive kinetic model for 
piperazine reactions with CO2.  Cullinane and Rochelle (2006) reported this work in a journal 
publication.   

The absorption rate of CO2 was measured in a wetted-wall column in 0.45 to 3.6 m piperazine 
(PZ) and 0.0 to 3.1 m potassium carbonate (K2CO3) at 25 to 110oC.  A rigorous kinetic model 
was used to model the data and interpret diffusivities and rate constants.  The rate approaches 
second-order behavior with PZ and is highly dependent on other strong bases.  In 1 M PZ, the 
overall rate constant is 102,000 s-1, 20 times higher than in monoethanolamine.  The activation 
energy is 35 kJ/mol, similar to other amine-CO2 reactions.  Rate constants for contributions of 
carbonate, PZ carbamate, and water to the rate were determined according to base catalysis 
theory.  The addition of neutral salts to aqueous PZ increases the apparent rate constant.  In 2.7 
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M NaCl/0.6 M PZ, the overall rate constant is increased by a factor of 7.  Ionic strength effects 
were accounted for within the rigorous model of K+/PZ mixtures. 

The absorption rate in concentrated K+/PZ mixtures is up to 3 times faster than in 30 wt % 
monoethanolamine.  At low temperatures and low CO2 loadings, a pseudo-first order 
approximation adequately represents the absorption rate.  At high loadings, the reaction 
approaches instantaneous behavior, but is still influenced by reaction kinetics.  Under industrial 
conditions, gas film resistance may account for >80% of the total mass transfer resistance at low 
loadings. 

3.1.3 Task 1.3 – Integrated Process Models 
The objective of Task 1.3 was to develop an integrated process model in AspenPlus® to 
represent the performance of the potassium carbonate/piperazine solvent.  Separate models were 
developed for the stripper and absorber, then integrated to predict system performance. 

3.1.3.1  Stripper Models 
Three parallel models have been developed to represent stripper behavior.  Oyenekan (2007) 
(attachment F) used the AspenTech tool, Aspen Custom Modeler, to prepare an equibrium model 
and a rate model.  Van Wagener (attachment M) developed a model using RateSepTM in 
AspenPlus®. 

3.1.3.1.1 ACM Equilibrium Model 
Aspen Custom Modeler (ACM) was used to develop an equilibrium stripper model for aqueous 
solvents.  This model was used as a baseline evaluation of the various proposed stripper 
configurations and solvent solutions.  This stripper model used equilibrium calculations for 12 
sections: a flash region, ten segments with 40% Murphree efficiency assigned to CO2, and a 
reboiler with 100% CO2 efficiency.  A code was written by Oyenekan to perform the calculations 
under the following assumptions: 

1. The sections are well mixed in the liquid and vapor phases. 

2. The reboiler is in vapor/liquid equilibrium. 

3. There is negligible vaporization of the amine. 

4. The pressure drop across the column is negligible. 

The base equations for this equilibrium model were the MESH calculations: material balance, 
equilibrium expressions, summation equations, and enthalpy balance.  The equilibrium 
expressions used came from several sources.  For a given temperature and concentration 
(expressed as loading), it was necessary to calculate the partial pressures of water and CO2 in 
equilibrium with the liquid phase.  The partial pressure of water was calculated from an equation 
obtained from the DIPPR database: 

2
exp ln /1000E

H O
BP A C T DT
T

⎡ ⎤⎛ ⎞= + +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
   (3.1) 

The partial pressure of CO2 was calculated using a combination of applying the Murphree 
efficiency and using a VLE regression.  The VLE expression could be obtained by regressing 
points calculated from equilibrium flash models.  This task was completed initially for MEA 
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utilizing the Electrolyte Non Random Two-Liquid (E-NRTL) model in AspenPlus® developed 
by Freguia (2002) from data of Jou et al. (Jou, Mather, et al. 1995).  In later trials the VLE 
expression was obtained from data points calculated by the Fortran flash calculation model 
developed by Cullinane (2005).  For both methods the equilibrium partial pressure of CO2 was fit 
to a six term expression, and the actual partial pressure of CO2 was calculated: 

2

2
*

2 2ln CO
cP a b d e f
T T T T

γ γ γγ= + + + + +    (3.2) 

( )*
1 1n mv n n nP E P P P− −= − +     (3.3) 

Additionally, the heat of desorption was calculated by differentiating the VLE expression with 
respect to 1/T: 

2

2 2H c d e f
R T T

γ γ γΔ
− = + + +    (3.4) 

These equilibrium equations, along with the other three types of fundamental equations, were 
used to calculate the performance of the simple stripper configuration.  The inputs for the model 
were the rich loading, the rich liquid rate, the hot side temperature approach, and the column 
pressure.  Convergence of the model required initial guesses for the column conditions.  The 
model calculated temperature and composition profiles as well as reboiler duty and equivalent 
work.  In this case, equivalent work was defined as: 

reb
eq comp

reb

(T 10) 313W 0.75Q W
(T 10)

⎡ ⎤+ −
= +⎢ ⎥+⎣ ⎦

  (3.5) 

The first term calculated the lost work from using steam to heat the reboiler.  It used a 75% 
Carnot efficiency and assumed condensing steam in the reboiler at 313K.  The second term 
calculated the work required to compress the overhead vapor to a final pressure of 330 kPa in a 
five stage compressor with intercooling to 313K and 75% adiabatic efficiency. 

The equilibrium ACM model was used to evaluate the potential performance of various stripper 
configurations in addition to the simple stripper base case.  The benefits of the following 
configurations were explored: matrix stripper, internal exchange stripper, multipressure stripper 
with split feed, and flashing feed stripper.  The model had low convergence times and was ideal 
for investigating multiple stripper configurations and operating conditions. 

3.1.3.1.2 ACM Rate Model  
A second model was developed in ACM to evaluate CO2 desorption from 5 m K+/2.5 m PZ in a 
simple stripper configuration using rate-based calculations.  In addition to the conventional 
MESH equations used in the equilibrium model, the heat and mass transfer rate equations were 
solved.  Using additional equations to integrate more physical properties and parameters allowed 
the rate-based modeling approach to better describe a real process.  The rate-based model 
included calculations of the mass transfer with reaction in the liquid boundary layer and diffusion 
of products and reactants, which is a highly rigorous approach to model mass transfer and 
chemical reactions. 
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The stripper model for 5 m K+/2.5 m PZ was developed in Aspen Custom Modeler.  The model 
divided the stripper into three regions: a flash region with the height of a normal mass transfer 
segment, a region with 10 packed segments, and a region with an equilibrium reboiler.  The 
assumptions of the model were as follows: 

1. The sections are well mixed in the liquid and vapor phases. 

2. The reaction takes place in the liquid phase. 

3. The reboiler is in vapor/liquid equilibrium. 

4. There is negligible vaporization of the amine. 

The calculations in the rate model included the same VLE calculations as in the equilibrium 
model.  Similar to the development of the VLE expression in the equilibrium model, data from a 
model developed by Cullinane was regressed to predict the liquid phase mass transfer coefficient 
with a partial pressure driving force, kg', as a function of several variables.  The 11 term 
expression for kg' used was the following: 

( ) ( ) l
l CO2,i

g 2 2
CO2,i

2 2

kCA (B ) D k E P F G 
T T T
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The value of kg' was used along with the gas phase mass transfer coefficient, kg, to calculate the 
overall mass transfer coefficient with a partial pressure driving force, Kg: 
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The hydraulic parameters (kg, kl, aw) for the IMTP #40 packing were obtained from correlations 
by Onda and Wilson.  Another inclusion in this model which made it more realistic was the 
calculation of pressure drop in the column.  The model calculated the reboiler duty and 
equivalent work for each case.  In this model the equivalent work was defined as: 
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 (3.8) 

The first term calculated the work of the pumps in the cross exchange to pump the liquid to the 
pressure of the stripper at the feed height.  The pumps had a 65% efficiency. The second term 
calculated the lost work from using steam to heat the reboiler.  It used a 75% Carnot efficiency, 
assumed the condensing steam in the reboiler was at a temperature 10K higher than the reboiler 
fluid, and the condensing steam in the turbines was at 313K.  The third term calculated the work 
required to compress the overhead vapor to a final pressure of 1000 kPa in an isotropic five stage 
compressor with intercooling to 313K and 75% adiabatic efficiency.   

The impacts of several variables were investigated using the rate model: 

1. Approach to flood (liquid velocity). 

2. Temperature approach in cross exchange. 
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3. Volume of packing. 

4. Normal pressure vs. vacuum stripping. 

3.1.3.1.3 AspenPlus® Model 
A stripper model was developed in AspenPlus® to integrate with the absorber model.  Since it 
had the greatest performance in previous studies, the stripper designed in AspenPlus® was a 
double matrix stripper, with a design identical to the equilibrium ACM model.  The 
configuration in the ACM model was proposed by Oyenekan.  The design incorporated two 
separate strippers with different pressures and a split feed.  The pressure in the first stripper was 
higher than the pressure in the second stripper.  This configuration was advantageous because it 
realized the benefits of high pressure stripping.  Additionally, "free stripping" was accomplished 
by feeding the cool, minor feed stream to the top of the low-pressure absorber to contact the 
rising vapor stream, which had a high water mole fraction.  The cool liquid exchanged water in 
the vapor phase for CO2 from the liquid phase.  Lastly, the overall irreversibility of the process 
was reduced by utilizing two strippers to decrease the pressure from stripper operation to 
absorber operation more gradually. 

The previous equilibrium ACM model experimented with 4.5 m K+/4.5 m PZ; however, at the 
time this model was created in AspenPlus®, there was uncertainty in the physical solubility of 
potassium carbonate and piperazine to such a high concentration.  For this reason, the solvent for 
the AspenPlus® stripper model was changed to 4 m K+/4 m PZ, believed to be a more practical 
concentration at all conditions in the absorber and stripper.  Similar to the ACM model, the new 
model in AspenPlus® used equilibrium stages for its calculations.  The first, high-pressure 
stripper was modeled with two 100% efficient equilibrium stages: a flash stage and a reboiler 
stage.  The second, low-pressure stripper contains two sections.  The top section was modeled 
with three 40% efficient equilibrium stages.  The bottom section was modeled identically to the 
first stripper: a 100% efficient flash stage and a 100% efficient reboiler stage. 

The stripper section had two feed streams.  The main feed entered the top of the high-pressure 
stripper, and continued through the bottom section of the low-pressure stripper where it exited as 
a lean stream.  The minor feed entered the top of the low-pressure stripper and exited halfway 
down as a semi-lean stream.  The lean and semi-lean streams leave the stripper section to be 
recycled through the cross exchange section into the absorber. 

The compression section consisted of a multistage compression train with intercooling to 313K.  
The gas from the low-pressure stripper was fed to the first stage and compressed to the pressure 
in the high-pressure stripper.  After cooling, the gas from the first compressor was combined 
with the gas from the high-pressure stripper, and the mixture was compressed to the final 
pressure.  The products from this section included the compressed CO2 product and the water 
knockout to recycle back to the system. 

The stripper and compression sections were constructed with several design specifications.  The 
reboiler duties of the strippers were specified in order to achieve the desired lean stream loading 
and equal reboiler temperatures.  Additionally, five degree cold-side approaches were specified 
for the two cross heat exchangers.  A five degree approach for each liquid flow was 
accomplished in Aspen by varying the temperature of the respective feed stream to the stripper 
until the inlet and outlet streams had a five degree differential. Initial guesses of the steam 
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temperatures were drawn from the ACM model results, and the Aspen model was evaluated 
using flows and loadings equal to those in the ACM model. 

3.1.3.2  Absorber Model – Plaza 

3.1.3.2.1 Introduction 
Cullinane measured the thermodynamics and kinetics of potassium carbonate, piperazine, and 
carbon dioxide using a wetted wall column (Cullinane, 2005), and  developed a rigorous 
thermodynamic model in Fortran using the Electrolyte Non Random Two-Liquid (E-NRTL) 
theory.  The model predicted vapor liquid equilibrium (VLE) and speciation for the H2O-K2CO3-
PZ-CO2 system.  The equilibrium constants and interaction parameters were regressed using 
experimental data and inputted into the Fortran model.  Cullinane developed a rigorous kinetic 
model that determined the rate constants and diffusion coefficients based on experimental data.  

Hilliard translated the thermodynamic work developed by Cullinane into Aspen Plus® using the 
built-in E-NRTL model (2005).  The Data Regression System® (DRS) in Aspen Plus® was used 
to simultaneously regress the interaction parameters and equilibrium constants to predict 
equilibrium and speciation.   

Later, Chen (2007) (attachment G) developed a rate-based model using Aspen Plus® RateSep®.  
It incorporates the Hilliard VLE model to predict equilibrium and speciation, and the rate 
constants developed by Cullinane to predict kinetics.  Additionally, the model calculates heat and 
mass transfer and physical properties using correlations specified by the user within the Aspen 
Plus® framework.  Furthermore, Chen carried out pilot plant experiments to validate the 
developed absorber model (Chen 2007)  

The model developed by Chen was used as basis for work to determine the effects of different 
solvent compositions and rates, and absorber packing height and configuration in the 
performance of the absorber.  Results are presented in later sections and in attachment L (Plaza). 

3.1.3.2.2 Heat of absorption reconciliation 
Initial absorber modeling by Chen showed that model results presented an unexpected 
temperature profile indicating that the heat of absorption for CO2 was not being correctly 
predicted by Aspen Plus®.  This was in part due to the fact that the simultaneous regression of 
the interactions parameters by Hilliard did not incorporate heat capacity data for the K2CO3-PZ-
CO2-H2O system.  Therefore, the temperature dependence of the regressed binary interaction and 
enthalpy parameters may not have been adequately captured.   

The heat of absorption calculated by Aspen Plus® is derived from an enthalpy balance using the 
heats of formation, heat capacities, and heats of vaporization of the various species.  However, it 
appears that Aspen Plus® does not check whether it is consistent with other thermodynamic data 
such as equilibrium constants and CO2 vapor pressure.  An initial approach to assess this issue 
was to carry out an adjustment on the heats of formation of the piperazine species (PZH+, 
PZCOO-, PZ(COO-)2, and H+PZCOO-).  The heats of formation (liquid) at 298.15K were 
calculated using the parameters from the equilibrium constants and the Van’t Hoff equation.  The 
equilibrium equations and results obtained for the four piperazine species can be found in Chen 
(2005). 
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Since the Hilliard VLE model does not contain heat capacity parameters for the piperazine 
species (PZH+, PZCOO-, PZ(COO-)2, H+PZCOO-),  regressed entropy reference values for the 
four PZ species were used to calculate heat capacities.  Multi-parameter heat capacity 
correlations were developed using the equilibrium constants (Chen, 2007). 

Moreover, Aspen Plus® does not account for the existence of net-neutrally charged zwitterions 
which were included in the Hillard K+/PZ VLE model (the H+PZCOO- ion was given a net 
charge of 0 and was thus treated as a molecule).  As a result, this created a number of issues such 
as the one associated with the skewed predictions of the heats of absorption.  During the early 
stages of the reconciliation process, when the charge for the H+PZCOO- ion was changed to 
0.0001, the heat duties generated by the Aspen Plus® flash calculation gave reasonable trends.  
According to Aspen Plus®, when the charge for the H+PZCOO- ion is set to zero, the ion is 
treated as a solvent.  When the charge is changed to 0.0001, the ion is treated is as ionic solute.  
Therefore, with a near zero charge, the H+PZCOO- zwitterion is treated effectively as a 
“molecular solute.”   

3.1.3.2.3 Conversion to Activity-Based Kinetics 
The kinetics for the absorption of carbon dioxide into aqueous potassium carbonate and 
piperazine were measured in a wetted wall column (Cullinane, 2005).  Experiments were 
conducted with 0.45-3.6 m piperazine and 0-3.1 m potassium carbonate at 25-110°C.  The 
absorption rate of CO2 was determined using the eddy diffusivity model developed by Bishnoi 
and Rochelle (2002) and rate constants were regressed from the experimental data using the 
model.  The reaction of CO2 with piperazine was modeled using the “zwitterion” mechanism 
(Caplow, 1968).  Carbon dioxide reacts with the amine to form a neutrally charged intermediate 
species, followed by the extraction of the proton by a base as follows: 
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The following amine reactions were used in the Cullinane model (2005):  
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All of the buffering reactions were considered to be in equilibrium and reversible rate 
expressions for CO2 with PZ and PZCOO- were developed. 

The catalysis of the formation of bicarbonate ion by hydroxide, piperazine, and piperazine 
carbamate was also included in the Cullinane model (2005).  The reactions to form bicarbonate 
ion were included to properly model equilibrium in the boundary layer and do not affect the CO2 
absorption rate.  The three reversible reactions are: 
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All equilibrium constants were activity-based while the rate constants developed by Cullinane 
(2005) utilized concentration-based units.  Thus, since the new version of RateSepTM in Aspen 
Plus® 2006 has the capability to enter activities in terms of mole gamma using the power law 
kinetic expression, it made sense to implement activity-based kinetics within the model.  A 
simple algebraic manipulation was performed using the following equation: 
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where ka is the activity-based rate constant, kc is the concentration-based rate constant, [i] is the 
concentration of species i in units of mol/L, and xi is the mole fraction and γi is the activity 
coefficient.  The last term in the denominator represents the total molar concentration per liter of 
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solvent and will be specific for a particular solvent composition and loading.  Therefore, a 
representative total molar concentration was selected and assumed to be constant across the 
column. 

Kinetics developed by Cullinane (2005) also contain a correction for ionic strength.  However, in 
Aspen Plus®, this correction cannot be directly implemented.  Therefore, a representative ionic 
strength at 50°C and 0.5 loading (mol CO2/Total Alkalinity) was selected and assumed to be 
constant over the various temperature and loading ranges.   

Results for the forward and reverse activity-based rate parameters for piperazine, piperazine 
carbamate, and bicarbonate reaction as inputted into Aspen Plus® RateSep™ can be found in the 
attachments (Plaza, Attachement L) and in Chen (Attachment G) for systems with 5 m K+/2.5 m 
PZ, 6.4 m K+/1.6 m PZ and 4.5 m K+/4.5 m PZ. 

3.1.3.2.4 Rate-Based Absorber Modeling Using Aspen Plus® RateSepTM 
The absorber was modeled using a rate-based model that accounts for mass transfer resistance 
and reaction kinetics.  Kinetics, in the liquid film, were calculated by discretizing it into various 
segments, and electrolyte thermodynamics were also considered.  This approach required a full 
characterization of mass and heat transfer, hydrodynamics, vapor-liquid equilibrium, and 
physical properties of the entire system.  This model was set up in Aspen Plus® using RateSepTM.  
The previously obtained activity-based kinetics were introduced along with the VLE data 
generated by Hilliard.  Packing interfacial area was calculated using a correlation based on data 
generated at the University of Texas instead of the built-in correlations.  Details of the model 
setup are found in the attached Chen dissertation (Chen, 2007). 

The developed model was used to evaluate the effect of solvent loading, absorber packing height, 
and intercooling on the performance of the absorber.  This work was conducted using 15 m of 
packing divided into 30 calculation stages.  The liquid film was divided into 5 segments.  Results 
of this work are presented in a later section of this report. 

Additionally, Chen continued work to evaluate the model against the gathered pilot plant data.  
The packing and liquid film discretization was optimized and correlations for density and 
viscosity were introduced to match observations made by Cullinane.  Results of this work are 
presented in Chen (2007). 

3.1.3.3  System Model 

3.1.3.3.1. Integration 
The AspenPlus® double matrix stripper model was developed until it consistently converged and 
predicted system conditions as well as equivalent work estimates.  The operational stripper and 
compression sections were imported into the absorber model developed by Plaza.  The absorber 
utilized intercooling in two stages to increase the rates by maintaining lower temperatures.  The 
absorber model also included the cross exchange section.  The only alteration to the absorber 
model in this work was the addition of design specifications which defined stage temperatures of 
40°C where intercooling was present.  The new model with the stand-alone absorber and stripper 
sections was initially sensitive to linking the appropriate streams in the wrong order.  The 
successful method was determined to require connection of the semi-lean streams first because 
their flows were smaller and small changes when converging after connections had less impact 
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on the system.  Following convergence with the two minor flow streams connected, the two 
major flow streams were connected.  The only stream which was not recycled to the absorber 
after of the cross exchange was the lean stream.  The recycle was essentially balanced by 
including a design specification to replace the specification for the loading of the lean stream 
exiting the stripper.  The new specification varied the duty of the reboiler in the second stripper 
so that the total flow of CO2 in the lean stream returning to the absorber equaled total flow of 
CO2 entering the absorber in its lean stream.  This specification ensured a close on the CO2 mass 
balance, but water and solvent losses were neglected due to their calculated volatility in the 
stripper.  The complete flowsheet is shown in Figure 3.1. 

 
 

Figure 3.1. CO2 Removal Configuration with Double Matrix Stripper 

3.1.3.3.2 Debugging 
A major change made to the flowsheet was the final compression pressure for the multistage 
compressor.  Initially the compressor was designed to compress to 10 MPa, but this pressure was 
above the critical pressure for CO2, and the model often crashed while attempting to perform the 
flash calculations in this region.  The compressor was then specified to only reach 1 MPa, a 
subcritical CO2 pressure, which enhanced the stability of the simulation.  Another contributor to 
instability of the multistage compressor was the presence of piperazine in the gas.  The model 
calculated that there would be some solvent volatility, but in reality there would be no piperazine 
in the vapor phase.  Therefore, a block was added leading to the compression train to remove 
piperazine from the overhead vapors of the strippers.  Another stabilization technique used for 
the model was the replacement of cross heat exchangers.  In the process of converging the design 
specifications in the model, AspenPlus® would often guess or calculate a very low outlet 
temperature for a heat exchanger which would result in a temperature crossover.  The program 
would attempt to recover, but the errors snowballed until a fatal error occurred.  Substituting 
each heat exchanger for a heater and a cooler with a heat stream from the cooler to the heater 
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allowed for temporary temperature crossover during convergence, thus preventing errors.  The 
new flowsheet did not yield temperature crossovers in the final results.  

In addition to the configuration with the intercooled absorber and double matrix stripper, an 
alternate flowsheet was constructed using an absorber with no intercooling and a simple stripper.  
This simplified process was to be used as a "worst-case scenario" to compare to the performance 
of the more advanced configuration. 

Design Specifications and Calculations 

The lean loading, among several other variables, was an input specification for the flowsheet.  
There were also a number of design specifications to achieve the desired results for the system: 

1. Achieve 90% removal in the absorber with 15 meters of packing by varying the liquid 
flow rate into the absorber. 

2. Achieve equal CO2 flow in the stripper lean and absorber lean streams by varying the 
duty of the low-pressure stripper reboiler. 

3. Achieve equal reboiler temperatures in the two strippers by varying the reboiler duty of 
the high-pressure stripper. 

4. Achieve a cold side five degree approach in the lean exchanger by varying its cold stream 
outlet temperature, which fed to the high-pressure stripper. 

5. Achieve a cold side five degree approach in the semi-lean exchanger by varying its cold 
stream outlet temperature, which fed to the low-pressure stripper. 

After the model converged, the total equivalent work was calculated from the work requirements 
of the reboilers, pumps, and compressors: 
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Using these calculations, the equivalent work of the process was minimized by determining the 
optimal lean feed loading, split ratio, and operating pressure of the high-pressure stripper.  The 
response of the equivalent work to each of the three variables had a quadratic trend in a range 
near the optimum.  The loading and split ratio in this work were defined as: 
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In addition to optimizing the equivalent work, the sensitivity of the work requirement was 
determined with respect to changes in the normalized variables, χi, defined as: 
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where xi was defined as each of the three optimization variables: loading, split ratio, and 
maximum pressure.  The sensitivities were calculated in terms of the concavities of the 
equivalent work curves with respect to the normalized variables. 

3.2  Model Results 

3.2.1  Optimizing Solvent Selection and System Design 
The objective of Task 1.8 was to use the process model to optimize solvent selection and system 
design.  The effects of solvents and stripper configurations were studied by Oyneneken 
(Attachment F) and Van Wagener (Attachment M).  Plaza used the absorber model to explore the 
options for intercooling. 

3.2.1.1  Stripper Configurations and Equilibrium Model Results 
The performances of several stripper configurations using various solvent solutions were 
evaluated using the equilibrium ACM model developed by Oyenekan (2007).  Through the 
various trials, the configurations and solvents were varied, but the CO2 removal, temperature 
approach, and final CO2 pressure were held constant.  Four stripper configurations were tested 
and evaluated for their improvement over the baseline and improved baseline cases.  The 
baseline case was a simple stripper operating at 160 kPa with a 10K temperature approach.  The 
improved baseline had the modification of a 5K temperature approach.  The first configuration 
used was the matrix stripper, and its design can be seen in Figure 3.2.  The figure also includes 
loadings, temperatures, pressures, and heat duties of an optimized case with the MEA/PZ 
solvent.  The second configuration which was modeled was the multi-pressure stripper, and its 
design can be seen in Figure 12.  Again, this figure includes operating conditions and heat duties 
for an optimized case with MEA/PZ.  The last two configurations were the internal exchange 
stripper with split feed and the flashing feed stripper.  All stripper configurations were evaluated 
with these pressures of 160 kPa (normal pressure) and 30 kPa (vacuum pressure). 

In addition to innovative stripper configurations, new solvents were evaluated for their 
improvement upon the industry standard, 7 m MEA.  Several solvents were modeled which had a 
higher CO2 capacity.  The higher capacities were expected to reduce the work requirements.  In 
addition to the increased capacity, the proposed solvents were also anticipated to suffer less 
degradation at the high temperatures in the stripper. 
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Figure 3.2. Double Matrix (295/160) Stripper for MEA/PZ (Liquid rate = 1.88 kg solvent, 
Rich loading = 0.545 mol CO2/mol Alk, lean loading = 0.447 mol CO2/mol Alk, ΔT = 5K) 
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Figure 3.3: Multi-pressure with Split Feed Stripper (295/217/160 kPa) for MEA/PZ (Rich 
loading = 0.545 mol CO2/mol Alk, lean loading = 0.447 mol CO2/mol Alk, ΔT = 5K) 

 
The summary of the findings from the combinations of stripper configurations and solvent 
selections is displayed in Table 3.1.  The results suggest that the MDEA/PZ was the most 
advantageous, realizing a 14% savings over the industry standard using the matrix configuration.  
However, the results from this solvent should be interpreted as theoretical because the accuracy 
of the used VLE model was not certain.  The reliability of the KS-1 model was also unsure.  Of 
the remaining solvents, the 4 m K+/4 m PZ and MEA/PZ solvents yielded significant savings, but 
the stripper configuration decided which solvent was most beneficial and the magnitude of the 
savings.  MEA/PZ and 4 m K+/4 m PZ offered a 13% and 13.3% savings over the industry 
standard with the matrix configuration, respectively.   

All of the solvents performed best with the matrix configuration with the exception of 5 m 
K+/2.5 m PZ, which displayed a minimum equivalent work using the multi-pressure stripper.  7 
m MEA realized a 9% savings using the matrix configuration over the improved baseline.  
Operating the matrix stripper was more efficient overall because it recovered approximately 40% 
of the CO2 at a higher pressure than the baseline, and the matrix stripper did not have the 
inefficiencies associated with the compressors in the multi-pressure stripper. 
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Table 3.1. Predicted performance of different solvents using various stripper 
configurations (90% removal, ΔT = 5K, Pfinal = 330 kPa)  

Solvent 6.4m K+/ 

1.6m PZ 

5m K+/ 

2.5m PZ 

4m K+/ 

4m PZ 

7m 
MEA 

MEA/
PZ 

MDEA/
PZ 

KS-1 

ΔHabs (kJ/gmol CO2) 45 63 70 73 74 62 73 

Rich PCO2* (kPa) at 313K 5 5 7.5 5 7.5 7.5 5 

Capacity (mol CO2/kg H2O) 0.91 0.93 1.34 0.85 1.12 1.77 2.11 

Configuration Pressure (kPa) Equivalent Work (kJ/gmol CO2) 

Baseline 160 (ΔT=10K) 28.1 24.9 21.4 22.3 20.0 18.3 19.1 

Improved 
Baseline 

160 27.4 22.6 19.0 19.7 17.5 17.2 17.9 

Multipressure x/160 27.0 20.5 17.8 18.2 16.2 16.3 17.0 

 x 180 265 295 280 295 295 295 

Matrix x/160 24.3 21.7 15.6 18.0 15.7 15.1 16.1 

 x 250 295 295 265 295 295 295 

 Feed split (%) 120 40 20 25 25 30 30 

Internal 
Exchange 

160 25.3 19.5 17.3 17.5 16.0 15.7 16.5 

Multi P with 10% split feed 29.7 20.7 17.5 18.1 15.9 15.7 16.6 

Flashing feed 160 23.5 20.7 18.0 18.7 16.8 16.3 17.2 

 Feed split (%) 85 35 20 25 20 30 35 

Vacuum 30 23.7 23.1 21.1 22.6 21.1 19.8 21.2 

Multipressure x/30 23.7 22.5 20.2 21.6 19.9 19.2 20.7 

 x 30 42 45 45 47 45 42 

Matrix x/30 22.5 21.8 18.1 21.2 19.4 18.2 19.8 

 x 42 45 47 47 45 45 45 

 Feed split (%) 90 55 40 50 35 40 70 

Internal 
Exchange 

30 22.5 21.6 19.8 21.0 19.8 19.0 20.4 

Multi P with 10% split feed 31.3 22.6 20.2 21.6 19.7 19.9 20.7 

Flashing feed 30 22.7 22.5 20.6 22.1 20.6 19.5 20.8 

 Feed split (%) 55 35 35 35 30 35 45 

x = highest pressure in configuration 
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Additionally, all solvents performed best using the 160 kPa base pressure except 6.4 m K+/1.5 m 
PZ.  This solvent preferred vacuum stripping, which was concluded to be due to its low heat of 
absorption, as demonstrated by Figure 3.4.  This figure shows the heats of absorption which 
result in minimum values for the total equivalent work when operating under normal pressure 
and vacuum pressure.  The minimum equivalent work for vacuum stripping occurs with a lower 
heat of absorption compared to normal pressure stripping.  The total equivalent work for vacuum 
stripping was actually lower than normal pressure stripping when using a solvent with a very low 
heat of absorption (<60 kJ/gmol CO2), which was the case for 6.4 m K+/1.5 m PZ.   
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Figure 3.4. Total Equivalent Work for Generic Solvents (Rich PCO2

*= 5 kPa at 313K, ΔT = 
5K, 90% removal, Pfinal = 1000 kPa) 
The overall best performance occurred using MDEA/PZ in a matrix stripper configuration.  The 
performances of MEA/PZ and 4 m K+/4 m PZ with a matrix stripper were not significantly 
greater, but were suspected to be more realistic and reliable results due to the estimates in the 
MDEA/PZ model. 

The analysis also explored the theoretical work requirements for different separation techniques.  
Table 3.2 shows the results of this analysis.  The calculations in this section only considered the 
separation and compression works, and they did not include the smaller energy requirements for 
fans and pumps. 
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The theoretical minimum equivalent work was demonstrated by the calculation of reversible 
isothermal separation to 100 kPa and 313K and subsequent compression to 10 MPa.  This work 
was calculated to be 18.1 kJ/gmol CO2, and it constituted about 12% of the power output for a 
500 MW power plant.  If the theoretical minimum case was combined with a real, five stage, 
intercooled compressor with 75% adiabatic efficiency, the total equivalent work was 24.1 
kJ/gmol CO2, corresponding to 16% of the power plant output.  If a perfect membrane separation 
was used combined with the real, five stage, intercooled compressor with 75% adiabatic 
efficiency, the total equivalent work was significantly increased to 28.4 kJ/gmol CO2, 
corresponding to 19% of the power plant output. 

Table 3.2. Energy requirement for separation and compression to 10 MPa   

Separation Method Wsep Wcomp to 
330 kPa 

Wsep + 
Wcomp to 
330 kPa 

Wcomp 

(330 kPa to 
10 MPa) 

Total 
Weq 

 kJ/gmol CO2 

Isothermal Sep. 

(313K, 100 kPa), Ideal Comp. 

7.3 3.1 10.4 7.7 18.1 

Isothermal Sep. (313K, 100 kPa), 
75% adiabatic compression in 5 
stages 

7.3 5.7 13.0 11.1 24.1 

Isothermal Sep. (313K), 

75% adiabatic compression in 5 
stages (Membrane-like) 

11.6 5.7 17.3 11.1 28.4 

Baseline 

(7m MEA, ΔT = 10K, 160 kPa) 

19.4 2.9 22.3 11.1 33.5 

Improved Baseline 

(7m MEA, ΔT = 5K, 160 kPa) 

16.8 2.9 19.7 11.1 30.9 

Matrix 4m K+/4m PZ (295/160) 15.1 0.5 15.6 11.1 26.7 

Matrix MEA/PZ (295/160) 15.2 0.5 15.7 11.1 26.8 

Matrix MDEA/PZ (295/160) 14.6 0.5 15.1 11.1 26.2 

Matrix KS-1 (295/160) 15.6 0.5 16.1 11.1 27.2 

Matrix 4m K+/ 4m PZ (47/30) 9.6 8.5 18.1 11.1 29.1 

Matrix MEA/PZ (45/30) 10.7 8.7 19.4 11.1 30.5 

Matrix MDEA/PZ (45/30) 9.5 8.7 18.2 11.1 29.3 

Matrix KS-1 (45/30) 11.1 8.7 19.8 11.1 30.9 
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The best solvent and process configuration was MDEA/PZ using the matrix configuration.  This 
combination consumed 26.2 kJ/gmol CO2, corresponding to 18% of the power plant output.  This 
case accomplished 22% energy savings over the industrial standard (7 m MEA, ΔT = 10K, 160 
kPa simple stripper).  Additionally, the best case required only 2.1 kJ/gmol CO2 more than the 
theoretical minimum with real compressors, so there is little room for improvement. 

3.2.1.2  Rate Model Results 
The results from the rate model were an important addition to the equilibrium model results 
because the rate model was capable of determining the amount of packing required to achieve a 
desired separation of CO2.  Additionally, the model was capable of calculating the column 
pressure drop.  These calculations allow the model to more accurately predict the performance of 
a real stripper. 

The hydraulic parameters to be used in the rate model had to be specified before the model can 
be used.  IMTP #40 packing was chosen, and the hydraulic parameters were obtained from Onda 
and Wilson.  The characteristics of this packing are shown in Table 3.3. 

Table 3.3. Characteristics of IMTP #40 random packing 

Property Value 

Total dry packing area 145 m2/m3 

Packing factor 24 m-1 

Packing diameter 0.04 m 

Critical surface tension 0.075 m-1 

 

In this analysis, the relative contributions of the reboiler, pumps, and compression to the total 
equivalent work were compared for normal pressure stripping and vacuum stripping, and the 
breakdown is displayed in Table 3.4. 

Table 3.4. Relative contributions to total equivalent work for CO2 sequestration at 10 MPa 
(5 m K+/2.5 m PZ, τ = 461 s, 80% approach to flood, ΔT = 5oC, rich ldg = 0.56 mol CO2/mol 
Alk, lean ldg = 0.467 mol CO2/ mol Alk) 

Reboiler 
Pressure 

Wreboiler Wpump Wcomp Total Weq 
to 10 MPa 

kPa kJ/gmol CO2 

30 15.8 1.4 25.3 42.5 

160 21.2 1.9 14.9 38.0 

 

The difference in pump work between the high-pressure and low-pressure cases was small.  The 
reboiler equivalent work was significantly smaller for vacuum stripping due to the decreased 
temperature.  However, the compression work for the vacuum stripping case was drastically 
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larger than normal stripping.  The difference in compression work outweighed the difference in 
reboiler work, so normal pressure stripping was more beneficial. 

Several conclusions were drawn from the results of the rate model.  Evaluation of the effect of 
approach to flood in the column gave insight into the benefits of column design orientation.  
With a constant volume of packing, varying the liquid velocity changed the approach to flood, 
and thus dictated whether a column in a model was "tall and skinny" or "short and fat".  A "short 
and fat" column always led to a smaller pressure drop across the column, which meant there was 
less loss of the irreversible work.  At 30 kPa and 160 kPa, a "short and fat" column offered 15% 
savings and 7% savings, respectively, over a "tall and skinny" column.  However, the 
construction of a "short and fat" column may not be realistic because a large diameter column 
would have a higher cost than a small diameter column. 

The rate model confirmed the result from the equilibrium model that operating a cross exchanger 
temperature approach at 5°C instead of 10°C is beneficial.  For normal pressure stripping, the 
savings when using a 5°C approach is 7-9% when compared to a 10°C approach.  Another 
conclusion comes from the analysis of the effect of effective packing volume in equivalent work.  
Effective packing volume was defined as the total volume of packing normalized by the liquid 
volume rate, so it was essentially a liquid residence time.  Figure 3.5 shows the results of this 
analysis. 

The green line represents an ideal column with no pressure drop where using an infinite amount 
of packing results in a minimum value for equivalent work.  The values for equivalent works 
were normalized by the minimum equivalent work.  For this case the minimum work 
requirement was found to be 28.0 kJ/gmol CO2 for the specified loadings and operating pressure.  
The minimum value was found with a 30% approach to flood, but with no pressure drop the 
equivalent work with infinite packing would be the same for any approach to flood. 

These results demonstrated that the amount of packing required to achieve 90% removal would 
be less than anticipated.  Additionally, pressure drop had a significant effect on the work 
requirement of the system.  The 80% approach to flood represented a "tall and skinny" column, 
and increasing its amount of packing drastically increased the total pressure drop.  The greater 
pressure drop decreased the efficiency of the column; therefore, the total equivalent work 
increased.  In contrast, the "short and fat" columns with low approaches to flood had less 
significant increases in equivalent work due to increased pressure drop at large packing volumes.  
Another significant conclusion was that a "short and fat" column with a reasonable packing 
volume could have a work requirement only 2-3% greater than the theoretical minimum. 
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Figure 3.5. Performance of 160 kPa Simple Stripper (5 m K+/2.5 m PZ, rich ldg = 0.56 mol 
CO2/mol Alk, lean ldg = 0.467 mol CO2/mol Alk, IMTP #40 packing, ΔT = 5oC, Weq,min = 
28.0 kJ/gmol CO2), accounting for pressure drop 

 
Table 3.5 displays the different types of mass transfer mechanisms in the stripper as well as 
the distribution of resistances to mass transfer in the vacuum stripping and normal pressure 
stripping cases.  The rates were greater at the lean end for both cases due to the presence of more 
free amine in the liquid available for reaction.  The distribution of resistances demonstrates that 
mass transfer was controlled by kinetics in vacuum stripping, but confusion was the dominant 
resistance in normal pressure stripping.  Kinetics overpowered diffusion at 160 kPa because of 
the increased reaction rates at high temperature. 
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Table 3.5. Mass transfer mechanisms in stripper (5 m K+/2.5 m PZ, rich ldg = 0.56 mol 
CO2/mol Alk, lean ldg = 0.467 mol CO2/mol Alk, τ = 461 s, 80% flood, ΔT = 5oC) 

Mole fraction units 
(x 105) kmol/m2-s P = 30 kPa P = 160 kPa 

 Rich End Lean End Rich End Lean End 
ky’ 1.5 3.7 22.8 37.7 
Ky 1.5 3.5 19.8 28.0 
Gas resistance (%) 2 3 14 26 
Kinetic resistance (%) 88 71 3 - 
Diffusion resistance (%) 10 25 84 74 

3.2.1.3  System Model Results 
The minimum total equivalent work was found for both the double matrix case and the simple 
stripper case.  The simple stripper model was only optimized with respect to loading.  Changing 
the pressure of the simple stripper would have resulted in a meaningless comparison between the 
double matrix and simple stripper cases.  Optimizing the maximum pressure in the double matrix 
case was essentially optimizing the pressure ratio between the two strippers, but the base 
pressure of 160 kPa did not change.  Since there was no split ratio or "pressure ratio" variable in 
the simple stripper case, only the loading was optimized. 

Table 3.6 shows the optimal values of the variables for separation as well as the equivalent work 
for the subsequent compression to 1MPa and 10MPa.  The optimal loadings in both cases were 
relatively close to the lean loading used with the previous equilibrium ACM model to achieve 
90% removal, which was 0.401.  The savings from using a double matrix stripper section and 
intercooling in the absorber over a simple stripper and no intercooling in the absorber when 
compressing to 1MPa and 10MPa is 6.6% and 5.3%, respectively. 

Table 3.6. Comparison of Equivalent Work of Double Matrix Stripper with Intercooled 
Absorber and Simple Stripper with No Intercooling in Absorber 

 Matrix Simple 

Lean Loading (mol CO2/molalk) 0.385 0.397 

Pressure (kPa) 265 - 

Split 0.305 - 

Equivalent Work (kJ/gmol CO2, 
to 1MPa) 31.48 33.71 

Equivalent Work (kJ/gmol CO2, 
to 10MPa) 39.73 41.96 

The sensitivity of the total equivalent work to each of the variables was also calculated.  Table 
3.7 shows the sensitivity of each variable for both cases in the form of a dimensionless second 
derivative, where χi is the variable in question normalized by the optimum value of the variable. 
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Table 3.7. Sensitivity of Equivalent Work to Optimization Variables Expressed  

As 

2

2
i

d W
d χ  (kJ/gmol CO2) 

 Matrix Simple 

Lean Loading (mol CO2/molalk)352 430 

Pressure (kPa) 7.89 - 

Split 1.96 - 

In the double matrix case, the equivalent work is much more sensitive to relative changes in 
loading compared to the pressure and split.  Split ratio has a definite optimum, but the optimum 
is very flat.  The sensitivity of the equivalent work to the variables in the double matrix case is 
expressed visually in Figure 3.6, plotting the equivalent work as a function of the three 
normalized optimization variables.  When the loading drifts away from the optimum, the 
equivalent work increases much more drastically than the pressure and split ratio. 

31.4

31.6

31.8

32

32.2

32.4

32.6

32.8

33

0.75 0.85 0.95 1.05 1.15

  (normalized optimization variable)

 E
qu

iv
al

en
t W

or
k 

(k
J/

gm
ol

 C
O

2)

Loading
Pressure
Split

 

Figure 3.6. Comparison of Sensitivity of Equivalent Work to the Optimized Variables (4 m 
K+/4 m PZ, intercooled absorber, double matrix stripper, compression to 1MPa) 

This work also assessed the accuracy of previous simulations which only included the stripper 
section.  These simulations specified a hot side temperature approach since the heat exchangers 
were not modeled.  This fully comprehensive model quantified the difference between using hot 
side and cold side approaches.  The two cases for the main flow heat exchanger are presented in 
Table 3.8. 
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Table 3.8. Total Equivalent Work and Exchanger Profile with Five Degree Approach 
Specified on Hot Side vs. Cold Side (compression to 1MPa) 

 Cold Side Hot Side 

Equivalent Work (kJ/gmol CO2) 31.49 27.49 

Lean out (°C) 46.0 40.4 

Rich in (°C) 41.0 41.0 

ΔT1 (°C) 5.0 -0.6 

Lean in (°C) 107.4 107.4 

Rich out (°C) 97.2 102.4 

ΔT2 (°C) 10.2 5.0 
The change in flow and composition after passing through the stripper section changes the heat 
capacity of the liquid stream.  Cross exchanging the rich stream with the lean stream, therefore, 
yields unequal temperature changes in the two streams.  The five degree cold side approach is 
feasible but it corresponds to a ten degree hot side approach, previously shown to be less 
efficient than a five degree hot side approach.  The five degree hot side approach, however, is 
infeasible because a temperature crossover exists.  The equivalent work decreases with lower 
temperature approaches, but the size and cost of upgrading to an exchanger to achieve a lower 
temperature approach would raise costs dramatically. 
The base pressure of 160 kPa was suggested from previous work because non-vacuum stripping 
works better for solvents with high heats of absorption like 4 m K+/4 m PZ.  In this work, the 
base pressure in the simple stripper model was varied to determine if 160 kPa is the ideal 
condition.  This analysis is displayed in Figure 3.7. 
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Figure 3.7. Effect of Base Pressure on Equivalent Work (4 m K+/4 m PZ, non-intercooled 

absorber, simple stripper, compression to 1MPa) 
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The optimum equivalent work occurred using a base pressure of 120 kPa, but the work 
requirement only decreased by 0.44%.  There was a definite decrease in equivalent work; 
however, the change was not significant compared to the previous value using 160 kPa.  If the 
base pressure was added to the list of optimization variables for the double matrix stripper 
analysis, the work requirement could potentially decrease as in the simple stripper case, but this 
work suggests that the change would be small. 

 

3.2.2  Intercooling in CO2 Absorption Modeling Using K+/PZ 

3.2.2.1 Introduction 
Based on the absorber model developed by Chen (2007), various configurations were set up for 
4.5 m K+/ 4.5 m PZ.  Special emphasis was placed in the effect of intercooling on the 
performance of the absorber.  The effect of the position of the semilean feed was also analyzed, 
for systems using the double matrix stripper configuration, along with the use of a second 
intercooling stage.  Furthermore, the effect of intercooling on rich loading and solvent rates was 
examined. 

 

3.2.2.2 Experimental 

3.2.2.2.1. Intercooling and the double matrix system 
An absorber optimization to maximize CO2 removal was set up using a fixed packing height and 
varying the position of the semilean feed and an additional intercooling point.  Flue gas 
conditions were taken from a study case provided by Trimeric.  Table 3.9 presents the conditions 
of the flue gas used for the modeling analysis. 

Table 3.9. Flue gas conditions used for simulation cases 

Variable Value 

Flow (kmol/s) 5.4879 

Temperature (oC) 40.0 

Pressure (kPa) 111.33 

Mol fraction 

H2O 0.0670 

CO2 0.1270 

N2 0.7569 

O2 0.0491 

Results from the stripper analysis provided a loading (moles of CO2/moles of alkalinity) of 
0.4012 for the lean stream and 0.4598 for the semilean stream. The flow split between the 
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streams was 0.1850(mol semilean/mol lean).  These values correspond to 0.5 kPa partial pressure 
of CO2 in the lean stream.  Table 3.10 summarizes the design conditions for the absorber.  

Table 3.10. Absorber design conditions for all K+/PZ modeling cases 

Variable Value 

Diameter (m) 9.8 

Height (m) 15.0 

Packing Characteristics  

Type CMR 

Vendor MTL 

Material Metal 

Dimension NO-2P 

Liquid hold up (%) 5 

 

Initially, the position of the semilean feed was optimized without any type of cooling. The 
optimum was found at a third from the top of the column. (See attachments for details.) 

Intercooling was set up so the selected stage would reach 40°C, which has been established as a 
minimum temperature using cooling water.  Initially, it was considered only for the stage in 
which the semilean stream was fed into the column.  The idea was to reduce the irreversibility 
generated by the difference in temperature between the semilean feed and the liquid at the point 
of entry.  The optimum semilean feed position changed from the upper half of the column to the 
lower third.   

An additional intercooling stage was proposed to increase performance.  CO2 removal vs. 
position of the 2nd intercooling was plotted to determine the optimum placement.  The semilean 
feed was left fixed as well as the first intercooling.  Figure 16 shows the final profile obtained 
after the optimization. 

An absorber intercooling analysis was set up with additional conditions provided for the stripper 
using a higher loading lean solvent corresponding to 0.7 kPa CO2 partial pressure.  The lean 
loading was 0.4208, the semilean was 0.4743 and the split was 0.1453.  Results for each of the 
various operating conditions modeled are presented in Table 3.11.  

The initial absorber setup presented a pinch towards the bottom of the column when no 
intercooling was used.  The intercooled semilean feed breaks that pinch allowing the column to 
reach higher removal (around 9% more).  The addition of a second intercooling stage allowed the 
absorber to increase performance by delaying the approach to a pinch at the bottom of the 
column.  Thus, double intercooling improves removal of carbon dioxide by around 12%. 
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Figure 3.8. Temperature and CO2 rate profiles for absorber with intercooled semilean feed 

at 0.70 and intercooling at 0.90 column height.  Solvent 4.5 m/4.5 m K2CO3/PZ. 0.5 kPa 
CO2 lean solvent. 

By using double intercooling it is possible to reach more than 90% removal with the 0.5 kPa CO2 
lean 4.5/4.5 m K+/PZ.  Results for the 0.7 kPa lean loading case show that supplementary 
operating schemes are required to reach desirable performance.  It might be necessary to 
consider an additional intercooling stage and/or alternatives that provide higher liquid hold up, 
thus providing higher reaction times.  

Table 3.11. CO2 removal results for K2CO3/PZ absorber configurations  

CO2 Pressure in lean Solvent 0.5 kPa  0.7 kPa  

Intercooling CO2 Removal (%) 

None 81.41 71.62 

Single 91.29 82.93 

Double 92.67 84.38 

3.2.2.2.2 Effect of Intercooling on solvent capacity and rich loading 
Lean solvent loading was varied to determine the effect on solvent capacity and rich loading for 
a simple absorber system with a single feed.  Solvent capacity is defined as the kilograms of CO2 
removed per kg solvent feed.   
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Additionally, intercooling was set up in a similar matter to the previous analysis.  It was placed 
in the middle of the column and at the optimum point (minimum amount of solvent for the level 
of lean loading).  The flue gas and absorber specifications are the same as in Tables 3.9 and 3.10.  
Figure 3.9 shows the results obtained for this analysis. 
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Figure 3.9. Change in solvent capacity and rich loading vs. lean loading.  Solvent 4.5 m/4.5 
m K2CO3/PZ. 

Even though intercooling increases the capacity of the solvent, results show that it is more 
effective for lean loadings between around 0.30 to 0.40.  The capacity increase at loading points 
outside this bracket might not be significant enough to justify the use of this configuration. 

3.2.3  Economic Analysis 
In a DOE SBIR effort, Trimeric (Fisher et al., 2007) has completed an economic analysis of a 
base case with 7 m MEA and an advanced configuration using 7 m MEA/2 m PZ with a double 
matrix stripper.  As a deliverable for Task 1.8, this section develops an economic analysis using 
4 m K+/4 m PZ with a double matrix stripper and absorber intercooling. 

The Trimeric effort prepared "rigorous process simulations with mass and energy balances.  
Equipment was sized and selected, and purchased equipment costs were developed.  Finally, 
capital costs, operating costs, incremental cost of electricity, and cost of avoided CO2 emissions 
were estimated."  These costs were developed using the DOE Systems Analysis Guideline.  

"The design basis for these evaluations was a 500 MW gross conventional coal-fired power plant 
using Illinois #6 subbituminous coal.  A wet flue gas desulfurization (FGD) unit was assumed to 
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be located upstream of the CO2 capture unit.  The target CO2 removal was 90%.  Any captured 
CO2 was delivered at pipeline pressure (15.2 MPa, 2200 psia).  The entire CO2 capture system 
consisted of a single inlet gas train, multiple parallel amine units, and a single, common CO2 
compression train." 

Table 3.12 gives an expansion of the Trimeric analysis to the use of 4 m K+/4 m PZ with double 
matrix stripping and absorber intercooling.  The heat and material balance for this additional case 
was developed by Van Wagener (Attachment M) with a fully integrated AspenPlus® model.  
This solvent composition was selected because it maximizes the capacity.  No solids are 
expected to precipitate with this composition at absorber conditions.  The double matrix stripper 
has shown promise.  Absorber intercooling serves to obtain a richer solution with packing height. 

Table 3.12 compares the three cases.  The base case with 7 m MEA assumes a 5oC approach in 
the cross exchanger.  The steam requirement for 4 m K+/4 m PZ is 23% less than the base case 
and 3% less than 7 m MEA/2 m PZ.  The capital cost for the CO2 capture section of the 4 m K+/4 
m PZ plant, was also assumed to be 3% less than 7 m MEA/2 m PZ.  Therefore the total capital 
requirement for 4 m K+/4 m PZ was 10.8% less than 7 m MEA and 2.5% less than 7 m MEA/2 
m PZ. 

The annual costs for 4 m K+/4 m PZ reflect its lower energy requirement.   The value of lost 
power was assumed to be $100/MWh.  The resulting cost of CO2 captured was $55/tonne, 
compared to $56/tonne for 7 m MEA/2 m PZ and $62/tonne for 7 m MEA.  About half of the 
cost results from the loss of power production.  A cost in $/tonne CO2 avoided would require 
information on the specific power plant efficiency and would be substantially greater. 
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Table 3.12.  Economics of system alternatives, Results for 7 m MEA and 7 m MEA/2 PZ 
from Fisher et al. (2007) 

Basis: 471 net MW w/o capture, 80% capacity factor, $100/MWh power value
Solvent 7 m MEA 7 m MEA/2 m PZ 4 m K+/4 m PZ
Stripper Simple Double Matrix Double Matrix
Absorber Simple Split feed Split fd/intercool

Reboiler heat duty (MW heat) 485 385 372
Compressors (MW power) 42.6 40.5 40.5

Pump work 14.7 13.6 13
Flue gas fan 8.4 8.4 8.4
Excess turbine energy -8.9 -0.4 1.9
Reboiler equivalent work 117.8 94 90
CO2 capture derating 132 115 114

CO2 capture derating 0.32 0.28 0.27

CO2 capture 118 106 102
   Installation at 104% 123 110 106
Compression 25 24 24
   Installation at 180% 69 44 44
Total process plant cost 311 284 277
Total Plant Cost 450 412 402
Total Capital Requirement 497 455 443

Consumables 7.7 7.5 7.5
Labor 1.3 1.3 1.3
Maintenance, 2.2% of TPC 9.9 9.1 8.8
Levelized capital charge, 14% 69.6 63.7 62.1
Annual Capture revenue require 88.5 81.6 79.7
Annual Value of Power lost 92.5 80.7 79.7
Total annual cost 181.0 162.2 159.4

Cost of CO2 capture 62 56 55

Annual Costs ($million/yr)

Cost of CO2 removed ($/metric ton)

Basic Energy Requirements

Economics of System Alternatives

Derating energy requirements (MW power)

Total Derating (MWh/metric ton CO2)

Capital Costs ($million)
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4.0  Solvent Losses and Reclaiming – Tasks 3 and 4 

4.1  Analytical Methods – Task 3.1 

4.1.1 Anion Chromatography Analysis 
Anionic species produced from the oxidative degradation of amines are identified using a Dionex 
ICS-3000 Dual RFIC Ion Chromatography System.  The Dionex ICS-3000 allows for 
simultaneous and/or sequential analysis of samples using two detection methods.  Experimental 
samples are introduced from a 2 mL plastic sample vial via an injection needle in the AS 
Autosampler.  A majority of the sample is flushed through a 25 μL injection loop to ensure that 
there is no cross-contamination from a previous sample.  The remaining sample is passed 
through the injection loop and carried by the mobile phase to the inlet of the columns. 

The mobile phase is an aqueous solution of potassium hydroxide in water.  Water is provided by 
a Millipore Direct-Q 3 UV Water Purification System (Serial # F7CN14541).  The Direct-Q 3 
UV Water Purification System is an integrated reverse osmosis and polishing system designed to 
produce Type III and Type I water directly from tap water.  A SmartPak cartridge includes 
pretreatment, reducing the need for feedwater pretreatment (softener) in front of the system and 
purification which provides ultrapure water for specific applications.  The system also 
incorporates a dual-wave UV lamp designed to reduce TOCs required by organic-sensitive 
applications.  A built-in 6.5 L reservoir dispenses the water at a rate of 0.6 L/min. 

The distilled, deionized water is analytical grade water produced at 18.2 MΩ*cm.  The water is 
transferred from a 2 L plastic reservoir located on top of the DC module using an isocratic pump 
located in the DP-1 module.  Eluent is produced by mixing the water with concentrated KOH 
from an EluGen KOH Cartridge (Serial No. 070472109015).  A specific ratio of KOH is 
dispensed and mixed with the water using the interface on Chromeleon software (Version 6.80). 

The generated eluent is passed through a 4 mm Carbonate Removal Device (CRD-200).  The 
CRD is an ion-exchange membrane that scrubs any carbonate out of the eluent.  Carbonate can 
be generated if the DDI water has absorbed any CO2.  When the concentrated KOH is mixed 
with the water, the CO2 reacts with KOH to form K2CO3 in solution.  The carbonate anion 
formed has the potential to interfere with the analysis of other anions in the experimental sample. 

After the scrubbed eluent leaves the CRD, it passes through the injection port and carries the 
experimental sample through a series of two ion-exchange columns: an IonPac AG15 Guard 
Column (4 x 50 mm) and an IonPac AS15 Analytical Column (4 x 250 mm).  Both columns are 
packed with a cross-linked ethylbenzene/divinylbenzene resin affixed with quaternary 
ammonium groups.  The AG15 and AS15 columns were designed specifically for the separation 
of low molecular weight compounds.  After the anionic species have been flushed from the 
columns, they are carried by the KOH eluent to the ASRS 4 mm suppressor. 

The ASRS suppressor is a device that separates the ionic species in solution.  The suppressor is 
an enclosed unit containing anodic and cathodic plates, separated by a permeable membrane.  
The suppressor is plugged into a power supply, which provides a user-specified current to the 
suppressor.  The applied current separates the anionic and cationic species on the plates on the 
opposite sides of the membrane.  Cationic species are carried out to the waste container.  On the 
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opposite side of the membrane, a solution of weakly ionized anions in water travels to the 
conductivity cell. 

Once the weakly ionized solution of anions exits the suppressor, it passes through a 
Continuously Regenerated Anion Trap Column (CR-ATC).  The CR-ATC operates similarly to 
the CRD in that it is a selective ion exchange membrane that removes carbonate from solution.  
The source of the carbonate anion is the degraded amine sample loaded with CO2 in the form of 
amine carbamate, which is converted to carbonate in the Dionex system.   

Once the solution has been scrubbed for carbonate, it travels to a conductivity cell (Serial No. 
07030816) located downstream.  As the solution passes through the cell, any anionic species 
traveling through will produce a response (measured in microsemems, or μS) that is represented 
by a peak.  The height and area of each peak is directly proportional to the concentration of the 
each anionic species in solution.  Each anionic species will have a specific retention time in the 
system, based on its affinity for the resin in the columns.  The series of peaks for a particular 
experimental sample is displayed on a chromatogram using Chromeleon Software (Version 
6.80).  After passing through the cell, the analyzed solution travels through the CR-ATC and 
CRD, where it picks up the scrubbed carbonate anions before it is cleaned and circulated back to 
the ASRS unit.  

4.1.2. FTIR Analysis  
The gas phase portable FTIR analyzer and sample pump were purchased from Air Quality 
Analytical, Inc.  The portable FTIR analyzer, a Temet Gasmet™ Dx-4000 (Serial No. 01253), 
allows for simultaneous analysis of up to 50 components and the gas cell is temperature 
controlled at 180oC.  The high temperature analysis allows for direct sample measurement 
without having to dry or dilute the gas stream to avoid IR interference due to water absorption.   

The gas sampler has dual temperature control (for the sample pump and the heated sample line) 
as well as pressure gauges for the sample inlet and the vent line.  The heated sample line is a 15 
foot long insulated Teflon® tube with PFA tubing for the gas sample.  Both the sample pump 
and the sample line are controlled at a temperature of 180oC to avoid any liquid entrainment into 
the gas sample cell or condensation of liquid onto the gold plated mirrors.  

4.1.3 HPLC Analysis 
A Dionex dual HPLC/IC system with an evaporative light scattering detector (ELS) is being used 
to develop a HPLC method for the separation of amines from their degradation products.  A 
reverse-phased separation using a Waters T3 C18 column for separating nonpolar compounds 
was used.  The nebulizer and evaporator were both set at 50oC with a N2 flowrate of 1.6slm and a 
light source intensity of 85%.  The method started with 98% H2O/2% ACN by volume at a rate 
of 1.0 mL/min from 0-3 minutes, ramped to 80% H2O/20% ACN from 3-15 minutes, and held 
there for an additional 5 minutes.  The main issue with the ELS was that the amine response 
factor was largely dependent on the loading of the sample.  This could be overcome by adding 
0.1% trifluoroacetic acid to the eluent.   

4.1.4 pH Titration Method 
A total amine analysis was performed using a pH titration method.  Approximately 0.2-0.5g of 
sample was diluted in 40mL of deionized water and a Mettler-Toledo autotitrator was used to 
titrate the amine samples with 0.1M sulfuric acid down to a pH of 2.5 by adding 0.1mL of acid at 
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a time.  The inflection point at a pH of 4 was used to represent the amount of acid needed to fully 
titrate the amine functional groups.   

4.1.5 Cation IC Method 
A Dionex 2500 IC system with a LC25 chromatography oven, GP50 gradient pump and CD25 
conductivity detector was used with an IonPac CS17 4x250mm column from Dionex.  The 
method used varying amounts of methane sulfonic acid (MSA) to elute the piperazine from the 
column with a suppressor setting of 136 mA of current.  The method started with a 5.5 mM 
solution of methane sulfonic acid (MSA) for 7 minutes and then increased to 11mM MSA for the 
next 5 minutes and then ramped to 38.5mM MSA over the next 5 minutes and held there for the 
remaining three minutes.   

4.1.6 Solution Loading  
All of the solutions in this study were prepared gravimetrically.  Amine solutions were loaded 
with CO2 by sparging pure CO2 through the solutions inside 1000 mL LG-3675 gas washing 
bottles purchased from Wilmad Glass Laboratories.  Each unit consisted of a 1000 mL bottle and 
a 40/35 stopper with an inlet tube sealed through the center of a fritted glass disc.  The disc is 
approximately 1/2” above the bottom of the bottle.  Pure CO2 provided by Matheson Tri-Gas 
travels through the inlet tube and the fritted disc, which disperses the gas into tiny bubbles in the 
amine solution, providing more efficient solution loading. 

The CO2 gas flowrate is kept low in order to prevent heating the solution excessively (the 
reaction of amine with CO2 is exothermic).  CO2 loadings are quantified by placing the gas 
washing bottle on a scale while loading the CO2 and recording the mass difference.  CO2 
loadings were also verified by TIC (total inorganic carbon) analysis using a Model 525 Analyzer 
from Oceanography International Corporation.  Solutions were run with a loading corresponding 
to 2 volume % of CO2 partial pressure in the vapor space above the solution at 55oC.  For 
example, in 7 molal MEA solutions, this corresponds to a loading of α = 0.4 mol CO2/mol MEA. 

4.1.7 Low Gas Flow Apparatus 
Experiments performed in the low gas flow degradation apparatus achieve appreciable mass 
transfer by introducing gas into the vapor space above an agitated amine solution in a 
temperature controlled semi-batch reactor.  The agitation vortexes the reaction gas into the 
solution and transfers the oxygen needed to degrade the amine into solution.  Reaction gas, 
consisting of a mixture of CO2 and O2, is bubbled through water to pre-saturate the gas before 
being introduced into the vapor space above the amine solution in order to minimize water losses 
in the reactor. 

An Ace Glass 5196 Vacuum Adapter (250 mm, with 24/40 size joints) serves as the pre-saturator 
for both low gas flow degradation apparatus.  Reaction gas enters a glass connection on the 
adapter and flows down a ¼” tube immersed in the water.  The saturated gas bubbles through the 
water and out a glass connection on the body of the vacuum adapter.  Distilled, deionized water 
from the Millipore unit is used to refill the pre-saturators. 

Gas flowrates are controlled differently in the two low gas flow apparatuses.  In Low Gas Flow 
Apparatus #1, gas flow rate is controlled by a ColeParmer model EN-03217-06 Correlated 
Flowmeter with Valves (Aluminum/SS Flowmeter, 131 mL/min O2).  The flowmeter is a 

82



 83

rotameter with a spherical stainless steel float that illustrates how far the valve on the flowmeter 
is open.  The flowmeter is set by measuring the volume displacement of soap bubbles in a 
graduated burette as a function of time.  A displacement of 10 mL over 6 seconds correlates to a 
gas flowrate of 100 mL/min.   

Gas flowrates in Low Gas Flow Apparatus #2 are regulated using Brooks mass flow controllers 
(model 5850E) connected to a Brooks Instrument Co. 4-channel Brose control box (Model 
5878A1B1, Serial No. 8507H27518/2) with 15-pin D connectors.  The control box displays a 
digital readout corresponding to the % open of the mass flow controller.  O2 is controlled by a 
100 SCCPM flow controller (Brooks model 5850E, Serial No. 9103HCO37044/4) and CO2 is 
controlled with a 20 SCCPM flow controller (Brooks model 5850E, Serial No. 
9103HCO37044/2).   

Once the saturated gas exits the pre-saturator, it moves through the PE tubing into the vapor 
space above the reactor.  Each low gas flow reactor is an Ace Glass 600 mL jacketed reactor (7.5 
cm ID, 11 cm OD, 14 cm height).  Each reactor is sealed with a size 14 rubber stopper.  In each 
rubber stopper, three ¼” holes have been cut.  Inserted into one of the holes is a Fisher brand 
thermometer that measures the temperature of the solution in each reactor.  The thermometer is 
coated with vacuum grease and placed inside a rubber septum, which is placed into the hole.  
Inside the second hole is the Parker Perflex PE tubing carrying the reaction gas.  The tubing is 
coated with vacuum grease and threaded through a rubber septum, which is inserted into the 
hole.  The tubing should extend 1” from the top of the rubber stopper into the vapor space above 
the amine solution. 

The third hole in each septum is necessary for the agitator shafts.  In Low Gas Flow Degradation 
Apparatus #1, the shaft is powered by a StedFast™ Stirrer (model SL1200) by Fisher Scientific 
International, capable of agitation speeds up to 1450 RPM.  The stainless steel agitator is 30 cm 
long and 0.5 cm in diameter; four curved impeller blades, each measuring 1.5 cm in length and 1 
cm in width, are located at the bottom of the agitator shaft.  The agitator shaft is coated with 
vacuum grease and threaded through a rubber septum, which is inserted into the third hole.  The 
impeller blades should sit 1” from the bottom of the reactor.  The rubber tops are not meant to 
completely seal the reactors; they are merely covers to prevent any liquid entrainment or 
vortexing that may extend above the top of the reactor.  The apparatus is actually open to 
atmosphere and venting at all times. 

In Low Gas Flow Degradation Apparatus #2, the shaft is powered by a Maxima™ Stirrer by 
Fisher Scientific International, capable of agitation speeds up to 2000 RPM.  The stainless steel 
agitator is 35 cm long and 0.8 cm in diameter; four curved impeller blades, each measuring 2.2 
cm in length and 0.8 cm in width, are located at the bottom of the agitator shaft.  The agitator 
shaft is coated with vacuum grease and threaded through a rubber septum, which is inserted into 
the third hole.  The impeller blades should sit 1” from the bottom of the reactor. 

The reactor temperatures are kept constant at 55oC using Ecoline Lauda Heating Circulators with 
E-100 series controllers and 003 series stainless steel baths.  The heat transfer fluid is boiler 
feedwater from the faucet in the laboratory.  The water is circulated from the stainless steel bath 
to the glass reactor via 3/8” ID (with 1/16” wall thickness) Fisherbrand Tygon® tubing.  Covers 
are kept on the stainless steel baths in order to minimize evaporative losses from the heated 
reservoirs.    
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4.1.8 High Gas Flow Apparatus 
Experiments are performed in the high gas flow degradation apparatus by sparging gas through 
an agitated amine solution in a temperature controlled semi-batch reactor.  Reaction gas, 
consisting of a mixture of house air, nitrogen, and CO2 is bubbled through water to pre-saturate 
the gas before being sparged through the amine solution in order to minimize water losses in the 
reactor. 

A Parr 1108 Oxygen Combustion Bomb served as the water pre-saturator.  A 1/8” stainless steel 
tube on the inside of the pre-saturator carries the gas mixture into the water reservoir ¼” above 
the bottom of the pre-saturator bomb.  The gas bubbles through the heated water and out the pre-
saturator bomb.  The bomb and its contents are kept at 55oC in a water bath heated by a Lauda 
Econoline E-100 Series Heating Circulator. 

Water level in the presaturator is controlled using a series of Masterflex peristaltic pumps.  The 
inlet pump is a ColeParmer Masterflex Model 7520-50 (range 1-100 RPM).  Affixed to the pump 
is a Masterflex Model 7013-20 pump head.  Distilled, deionized water from the Millipore Direct-
Q 3 system is contained in an atmospheric reservoir located on top of the inlet pump.  The water 
is pumped into the presaturator through Masterflex 6409-13 Tygon tubing (0.03” ID) at a 
flowrate of 1 mL/min.  This exceeds the rate at which water evaporates from the pre-saturator. 

A ColeParmer Masterflex Model 7521-40 (range 6-600 RPM) with an Easy-Load II variable 
speed drive (Model 77200-50) serves as the outlet pump motor.  Affixed to the pump is a 
Masterflex Model 7016-20 pump head threaded with Masterflex Model 6409-16 Tygon tubing 
(0.123” ID).  The outlet pump is set at a flowrate of 2 mL/min; the outlet flowrate is set at twice 
the inlet flowrate to ensure that the pre-saturator does not flood and send water directly to the 
reactor. 

A ¼” stainless steel tube extends 1” down from the top of the pre-saturator into the reservoir.  If 
the water level in the pre-saturator is below the bottom of the tube, the outlet pump will only pull 
the reaction gas mixture at 2 mL/min out of the bomb.  Once the water level reaches the bottom 
of the tube, the outlet pump will begin to pull water out of the reservoir and keep the level in the 
pre-saturator bomb constant.   

The outlet pump carries the gas/water mixture into a 500 cc flash tank (16 cm OD, 30.5 cm 
height).  Any entrained water drops to the bottom of the tank through a U-tube (1/4” ID) and a 
gate valve cracked open.  Static pressure from the water level slowly forces the water through the 
U-tube and out the valve, where the water falls back into the DDI reservoir.  Reaction gas exits 
the top of the tank and flows through ¼” PE tubing (max 150oF, 120 psig) to a Swagelok tee, 
where it recombines with saturated gas exiting the pre-saturator on its way to the reactor. 

Gas flowrates are regulated using Brooks mass flow controllers (model 5850E) connected to a 
Brooks Instrument Co. 4-channel Brose control box (Model 5878A1B1, Serial No. 
8507H27518/4).  The control box displays a digital readout corresponding to the % open of the 
mass flow controller.  Air and nitrogen flowrates are controlled by a 15 SLPM flow controller 
(Brooks model 5850E) and CO2 is controlled with 1.0 SLPM flow controller (Brooks model 
5850E).   

Temperature is continuously monitored throughout each high gas flow experiment, and the 
temperature of the heat baths is adjusted to keep the reactor at a constant temperature of 55oC.  
Temperature in the jacketed reactor is kept constant using an IsoTemp 3016H temperature bath 
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manufactured by Fisher Scientific International.  The heat transfer fluid is dimethyl silicone oil 
(50 cSt viscosity) purchased from Krayden, Inc.  Temperature is controlled with ± 1oC by 
monitoring the temperature with a PT-100 immersion probe (Class B, 4x150 mm) connected to 
PicoLog Recorder software (Version 5.13.9) through a PT-104 converter.  For this system, in 
order to maintain a reactor temperature of 55oC, the temperature bath and pre-saturator bath are 
set at a temperature of approximately 63oC (depending on ambient conditions).   

The jacketed reactor, purchased from Ace Glass Inc., is a 1 L reactor with a 5 neck (threaded, 1 
large, 3 medium, 1 small) top and an 8 mm bottom drain tube, which serves as the gas inlet to the 
reactor.  The reactor is rated for a pressure of 45 psig at 100oC and has an inside diameter of 10 
cm and a depth of 15 cm.  The reactor jacket is equipped with 2 threaded “Ace-Safe” taps for 
easy connection to tubing.  All o-rings and rubber seals are made of CHEMRAZ® 
perfluorelastomer polymers in order to ensure chemical compatibility. 

The center neck of the reactor was equipped with a Maxima™ Stirrer manufactured by Fisher 
Scientific International, capable of agitation speeds of up to 2000 RPM.  The agitator uses a 
stainless steel stir shaft with a single flat-blade paddle.  The impeller blade rotates parallel to the 
axis of the drive shaft, and is 5 cm wide and 13 mm high.  The reactor is sealed by inserting the 
stir shaft through a #15 Ace Glass threaded adapter.  Both ends of the adapter are sealed using 
Teflon® connectors fitted with CHEMRAZ® o-rings. 

One of the three medium necks is used for inserting the thermocouple into the reactor, and a 
second one is used as the gas outlet.  The remaining two openings (sealed while the experiment 
is in progress) are used for periodic additions to the reactor throughout the course of the 
experiment (if necessary).  Plugs and connectors are made of either nylon or Teflon®, and both 
have proven compatible with MEA.  The plug for the gas outlet is packed with air filter media 
(NaturalAire Cut-to-fit) to serve as a mist eliminator and eliminate liquid entrainment into the 
heated sample line. 

4.1.9 Piperazine Degradation Apparatus 
5 m PZ was loaded with CO2 gravimetrically to a loading of 0.8 moles CO2/mol PZ and then 
placed into a set of 2mL sample containers constructed out of 316L SS tubing and ¼” Swagelok 
endcaps.  They were placed in Imperial V forced convection ovens at 120oC and 135oC and 
removed after 1, 2, and 3 weeks.  A second set of experiments was run using 10mL sample 
containers constructed out of ½” 316L SS tubing and Swagelok endcaps, but this time a matrix 
of 2.5 m and 5 m PZ with loadings of 0.4, 0.8 and 1.0.  

GC Methods 

An HP5890 gas chromatograph was acquired and reconditioned complete with a 7673A 
automatic sampler and equipped with FID and TCD detectors.  Based on a paper by Dawodu and 
Meisen and another paper by Supap et al., a polar column was selected for the method 
development which follows the standard practice of polarity matching of the column to the 
analyte of interest.  An HP-5 column (30m x 0.25mm ID x 25um film thickness) was selected for 
the high-temperature experiments.  The inlet and FID detector were maintained at 250oC and the 
oven temperature was increased from 80oC to 240oC at a rate of 7oC/min and held at the 
maximum temperature for 10 minutes.  The carrier gas was helium and was used to maintain the 
pressure in the column at 25psig with a split ratio of 30:1.  The split flow was determined by 
using a bubbler attached to the purge flow and measuring the column flow by injecting an 

85



 86

unretained organic solvent (hexane) and dividing the known column volume by the retention 
time. 

4.2  Oxidative degradation – Task 3.2 
Anion chromatography analysis provided some beneficial findings.  The four carboxylic acids 
have been identified as reaction products of amine degradation, confirming the finding in the 
Rooney paper.  In addition, nitrite, nitrate, and ethylenediamine have been discovered as 
significant amine degradation products.  Based on the most recent ion chromatography analysis, 
formate and an unknown anionic product (recently discovered to be oxamic acid, the partial 
amide resulting from the reaction of MEA with oxalic acid) are the most abundant products of 
the oxidative degradation of monoethanolamine.   

When inhibitor A is present in 7 m MEA in the presence of copper and iron, oxidative 
degradation is reduced greatly (by approximately 70% as compared to systems without inhibitor 
A).  From this analysis, one can conclude that inhibitor A does an excellent job at slowing down 
the rate of MEA degradation.   

With respect to 7 m MEA solutions, in the absence of inhibitor A (an oxygen scavenger), the 
metal catalysts of iron and copper produce different degradation product ratios depending on 
their presence/absence.  The combination of iron and copper has an additive effect on formate 
production.  In 7 m MEA solutions in which only Fe or Cu were present at a concentration of 0.6 
mM (60 ppm), formate was produced at a rate of 0.40 mM/hr.  However, when Fe and Cu were 
added together in two completely different ratios and total concentrations (0.6mM Fe/0.6mM Cu 
and 0.1mM Fe/5mM Cu), formate production was 0.67 and 0.66 mM/hr, respectively.  This data 
also suggests there may be a maximum concentration at which catalyst promotes degradation – 
anything beyond this concentration may be excess that has no effect on the amine degradation 
rates. 

On the other hand, the presence of metal catalysts appears to have a mean effect on nitrite and 
nitrate production.  An MEA solution with iron added produced almost double the amount of 
nitrate and nitrite than a solution with copper added.  A degraded MEA solution containing 
equimolar amounts of Fe and Cu resulted in a nitrate/nitrite formation rate that was the average 
of the Fe only and Cu only experiments.  Further proof was provided with an MEA experiment 
using a 50:1 ratio of Cu:Fe.  The nitrate/nitrite production rate was very similar to the rate for the 
copper only experiment.  This conclusion supports Goff’s findings, which showed a higher 
ammonia formation for copper-added MEA systems than for iron systems (Attachment B).   

Anion chromatography analysis has revealed some significant information regarding aqueous 
piperazine degradation.  The addition of 5 molal potassium carbonate to the aqueous piperazine 
solution (with 500 ppm vanadium) does an excellent job of inhibiting amine oxidative 
degradation.  Degradation products do exist (showing that degradation of the amine solvent is 
being detected), but the formation rate of all detected products is less than 0.01 mM/hr.  This 
phenomenon occurs because the high concentration of potassium ion in the solution greatly 
reduces the oxygen solubility in the amine solution. 

The oxygen scavenger, inhibitor A, also proved to be an excellent oxidative degradation inhibitor 
for an aqueous piperazine solution containing 500 ppm V.  The addition of 100 mM of inhibitor 
A reduced the formation of detectable ionic degradation products by 50%.  While the 
effectiveness of A is not as great as it was for a solution of 7 m MEA with copper and iron added 
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(a 70% reduction in oxidative degradation product formation), it is still significant.  However, if 
ethylenediamine (which is not formed from MEA degradation) is removed from the analysis, 
then the overall reduction in degradation product formation is approximately 70%.  It may purely 
coincidence, but it is possible the mechanism for degradation inhibition has no effect on 
ethylenediamine production, but reduces the formation of the carboxylic acids and nitrite/nitrate. 

Ammonium has been discovered to be a product of piperazine degradation.  It is very likely that 
it is a product of monoethanolamine oxidative degradation as well; however, current analytical 
methods cannot detect trace concentration of ammonium in concentrated monoethanolamine 
solution.  A column that separates ammonium and monoethanolamine in a manner different from 
the CS17 column would have to be purchased to perform this analysis. 

When inhibitor A is not present, the rate of piperazine oxidative degradation is much slower than 
the rate of MEA degradation.  Ethylenediamine is a degradation product specific to piperazine.  
There is also a shift in the type of degradation products.  When MEA is degraded, the carboxylic 
acid degradation products appear in greater quantities than nitrogen-containing products (nitrite, 
nitrate, and EDA).  On the other hand when piperazine is degraded, the opposite is true.   

Aqueous piperazine, in the presence of low iron and high copper catalyst, degrades on the same 
order of magnitude as 7 m MEA.  Although formate production is at a lower rate and 
nitrate/nitrite exists at trace concentrations, high ethylenediamine concentration places the 
carbon degradation on par with MEA degradation, and nitrogen degradation twice that of MEA.  
This finding is preliminary, however, because there may be other non-ionic degradation products 
(both liquid and vapor-phase) that may be formed from piperazine degradation.  Furthermore, 
piperazine solutions have not yet been degraded in the high gas flow apparatus. 

The oxidative degradation of aqueous piperazine can be significantly reduced in two ways: 
keeping iron catalyst concentration low in solution in the absence of copper, or adding inhibitor 
A to the system.  Liquid-phase degradation product concentrations were 93% lower in an 
aqueous PZ system containing only 0.1mM Fe (as compared to a system with 0.1mM Fe and 
5mM Cu).  Likewise, the addition of 100 mM of inhibitor A to an aqueous PZ/0.1mM Fe/5mM 
Cu system reduced degradation by 91%.  As compared to 7 m MEA, these results are very 
favorable.  The percentage reduction is greater with the addition of A, and the absolute product 
formation rates are lower as well.  Aqueous piperazine solution also offers the advantage of a 
simpler solution: continually remove the iron from the absorber/stripper system to keep the 
concentration low, and the same results are achieved as in a more complex system when copper 
and A must be added to the system to combat the corrosion and degradation effects from the 
iron. 

Liquid-phase analysis of a degraded MEA/PZ solution from the low gas flow degradation 
apparatus revealed the presence of EDA in the solution.  From this, it is concluded that in 
MEA/PZ solutions, the PZ degrades in addition to the MEA.  Unfortunately, it is still not clear 
which of the two amines degrades faster.  Cation IC revealed that piperazine does in fact degrade 
in MEA/PZ solutions, from the presence of a small concentration of EDA in the end sample.  
Gas phase analysis agrees with this conclusion; when MEA is replaced with PZ on a 30 wt % 
total amine basis, the steady-state ammonia rate is reduced. 

Re-evaluation of the 7 m MEA/2 m PZ experiment (with 0.1 mM iron and 5 mM copper added) 
shows that the addition of piperazine to MEA solutions does not have a positive impact on 
degradation.  In fact, it appears that the addition of piperazine to MEA may actually accelerate 
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the degradation product formation rate, which was not expected.  A comparison of the 7 m 
MEA/2 m PZ solution to a 7 m MEA solution, both at high copper concentration (5 mM), reveals 
that with the exception of formate, all degradation product formation rates are similar.  If formate 
followed this trend as well, it would be reasonable to conclude that the MEA was protecting the 
piperazine from degrading.  However, the formate production rate for the 7 m MEA/2 m PZ 
solution is almost 6 times the formate rate for 7 m MEA.  From this striking discrepancy, I 
theorize that MEA/PZ blends degrade just as fast, if not faster, than MEA solutions. 

Inhibitor A proved to be very effective in reducing degradation for 7 m MEA/2 m PZ solutions.  
The addition of A to a MEA/PZ solution with low Fe and high Cu reduced the formation of 
detectable degradation products by 81%.  Most of this can be attributed to the reduction in 
formate production, which decreased by almost an entire order of magnitude from 2.35 mM/hr to 
0.30 mM/hr.  The removal of 5mM Cu from an MEA/PZ solution containing Fe and inhibitor A 
reduced degradation by another 50%.  In all of the MEA/PZ experiments, EDA production was 
minimal.  This leads me to believe that MEA may be oxidizing faster than the piperazine, 
preventing the PZ from degrading.  An accurate total amine analysis method may help in 
determining if this hypothesis is accurate. 

A fair comparison of all three amine systems is shown in Table 4.1.  Three amine systems are 
compared at similar conditions: 0.1mM Fe, 5mM Cu and 100mM A.  This composition 
represents an industrial aqueous absorption/stripping system utilizing copper and inhibitor A to 
control corrosion and degradation.  The aqueous PZ and 7 m MEA systems have product 
formation rates about 75% lower than the 7 m MEA/2 m PZ.  Almost all of the difference can be 
attributed to formate.  In the case of aqueous PZ, the major degradation product is EDA; with 7 
m MEA, it is formate, nitrate, and nitrite.  Overall rates are almost identical.  However, none of 
these systems compares to an AMP system at moderate iron concentration (1mM Fe).  
Degradation in an AMP system is 83-87% lower than in the inhibited MEA and PZ systems.  
The steric hindrance from the structure of AMP makes it an attractive option as solvent for CO2 
removal. 

Data from the high gas flow experiments shows that a combination of copper and iron produces 
more formate than copper by itself; it also shows a shift in degradation product formation from a 
lower CO2 loading to a higher CO2 loading.  The amount of acetate and glycolate relative to 
formate increases, and the overall degradation product formation rate decreases significantly.  A 
similar trend is observed in the low gas flow degradation apparatus; more formate is produced 
when iron and copper are both present than when only copper is present.  Moreover, analysis 
suggests that chemistry shifts away from glycolate when copper is present.  The presence of 
copper may also shift degradation production from nitrite and nitrate. 

Nitrate and nitrite concentrations are very low in the high gas flow degradation apparatus.  This 
lends to the hypothesis that nitrate and nitrite are formed through an initial NOx degradation 
product, which is stripped out in the high gas flow apparatus.   

While the addition of inhibitor A appears to lower ammonia evolution rates, it may be possible 
that inhibitors that reduced ammonia might not have reduced degradation rates; the inhibitor may 
have altered chemistry to form other nitrogen-containing degradation products.  Extensive liquid-
phase analysis will assist in determining this. 

Total amine concentration analysis yielded inconclusive results.  Cation IC analysis for 
piperazine did not yield positive results because about halfway through the sample batch, 
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piperazine stopped appearing on the IC scans.  Cross-contamination during sample preparation 
may have occurred, or piperazine became bound to the column and stopped eluting properly.  I 
am unsure which of the two occurred. 

Titration analysis was not completely flawless, either.  Hilliard (Attachments C & I) designed the 
titration analysis methods for undegraded amine MEA, PZ, or MEA/PZ solutions.  Samples that 
contained inhibitor D and potassium ion interfered with the analysis.  Furthermore, some titration 
curves revealed that the amine concentration actually went up as the solution degraded.  Unless a 
large amount of water evaporated during the experiment, this is physically impossible.   

After removing all of the data that was suspected to be incorrect, an absolute error between the 
two analytical methods was calculated.  For all the high gas flow experiments, the difference in 
MEA concentration ranged from 1.6% to 33.0%, while piperazine absolute error ranged from 
18.0% to 52.9%.  With respect to the low gas flow experiments, MEA concentrations differed 
from 5.1% to 19.5%, while PZ error could not be calculated.  Where data was believed to be 
correct, and initial and final samples had been preserved, amine degradation percentages were 
calculated using the titration analysis numbers.  In 5 of the 6 cases, MEA degradation ranged 
from 4% to 20% of the total MEA; in 3 of the 4 cases for PZ, degradation ranged from 4% to 
23%.  

Two things need to be stated with regards to this analysis: 
1.  It is not known how the presence of degradation products affects the titration curves. 
2. Most of the samples were over 6 months old.  It is impossible to know how much of 

the total amine degradation was from the experiment and how much of the 
degradation was from sample aging. 

The two other analytical techniques yielded limited results.  The pH analysis of the degraded 
samples revealed that as the oxidative degradation experiment progresses, the pH of the solution 
decreases by half a unit from beginning to end.  This is due to the formation of acidic 
degradation products in solution.  This trend held true for MEA, PZ, and MEA/PZ solutions.    

NMR analysis shows that all major organic acid degradation products can be identified using 1H 
and/or 13C analysis.  However, it is still not completely clear which peaks represent each of the 
organic acids.  Moreover, the addition of formaldehyde to MEA solutions seems to produce a 
series of unknown compounds; a list of compounds that could represent these unknowns needs to 
be hypothesized and tested via NMR analysis.    

There is also an ongoing issue with the presence of Fe and/or Cu in the samples.  As stated 
previously, these magnetic metals tend to broaden and distort peaks on the NMR scans.  Adding 
a compound that would precipitate out these metals so that they could be removed from solution 
prior to NMR analysis would allow for clean peaks on the NMR scans.  If the peaks were clean, 
the locations of the peaks would be more exact and their areas could be quantified.  Degradation 
rates could be calculated from these areas and compared to IC results. 

I plan to continue my work on the oxidative degradation of various amine systems (under 
varying catalyst and inhibitor conditions) using the low gas flow apparatus and ion 
chromatography.  In addition, prolonged experiments will be conducted on MEA, PZ, and AMP 
solutions in an effort to collect simultaneous gas-phase and liquid-phase product analysis in the 
high gas flow experimental apparatus. 
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Titration analysis will be conducted from now on for all degraded amine samples immediately 
after the samples are withdrawn to prevent the effects of sample aging.  Furthermore, titration 
analysis will be conducted again on all the samples reported in this report to confirm the 
findings.  A method has been developed to determine total amine concentration using 
condumetric titration instead of pH titration.  These results will be compared to total amine as 
determined by cation IC.  Kjeldahl nitrogen analysis is another method that may be utilized. 

I am also working on developing a robust method for amino acid detection in degraded amine 
solutions using Dionex electrochemical detection.  A literature review has been conducted that 
revealed a method of analyzing for aldehydes in aqueous solution using HPLC and UV detection 
at 365 nm.  The degraded amine solutions must be treated with DNPH (2,4-
dinitrophenylhydrazine), which derivatizes the aldehydes into dinitrophenylhydrazone 
compounds that can be detected at the specified wavelength. 

Additionally, the recent discovery of oxamic acid reveals another important piece of liquid-phase 
analysis that has been ignored to this point.  Amides are a class of compounds formed from the 
reaction of an amine with a carboxylic acid.  Oxamic acid is a partial amide formed from the 
reaction of MEA with oxalic acid; it can be identified using ion chromatography because it still 
retains carboxylic acid functionality on one end.  If oxamic acid is present in degraded solutions, 
it is very likely that the complete amides of oxalic acid, formic acid, acetic acid, and glycolic 
acid are present as well in appreciable quantities. 

Another literature review produced a simple method for quantifying carboxylic acids in the form 
of amides.  A 1:1 mass addition of 5 M NaOH to the degraded amine solution will reverse the 
amide reaction to the amine and carboxylic acid.  Degraded amine solutions will be run pre-
addition and post-addition of NaOH to determine amide concentrations in solution. 

There are three major blocks of unfinished work that need to be completed.  A lot of data has 
been collected, but it lacks cohesion.  The first block involves oxidative degradation under mass-
transfer controlled conditions.  More specifically, what are the effects of Fe only, Cu only, and 
Fe/Cu combined on MEA systems, PZ systems, and PZ/K systems?  Furthermore, what are the 
effects of V on MEA systems and PZ/K systems? 

Another major block of work involves competitive degradation.  In other words, when solutions 
of MEA/PZ are degraded, which one degrades faster?  Is piperazine degradation protected by the 
MEA? How do rates compare to MEA-only solutions under similar conditions?  The last block 
of work involves the addition of degradation inhibitors.  Is EDTA or sodium sulfite as effective 
as inhibitor A? 

Blocks of experiments in the modified high gas flow experimental apparatus have been created 
to answer these questions.  Modifying the high gas flow apparatus to identify liquid-phase and 
gas-phase products will allow us to account for all major degradation products and “close” the 
material balance so that we can account for everything.  Some of these experiments will be run in 
parallel in the low gas flow degradation apparatus. 
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4.3  Thermal degradation – Task 3.3 

4.3.1 Introduction 
This subtask will be used to identify and measure thermal degradation of piperazine and 
piperazine blend solutions under potential absorber/stripper conditions.  Piperazine (PZ) is a 
cyclic diamine that is being evaluated as an alternative to MEA.  Currently, there is no literature 
on thermal degradation of PZ, but this subtask will be used to define possible degradation 
mechanisms and to show the rate of piperazine degradation, if any, under stripper conditions. 

4.3.2 Theory 

4.3.2.1 Monoethanolamine 

Traditional thermal degradation in amine systems is characterized by a carbamate polymerization 
reaction.  The first defined system was for monoethanolamine, MEA.  Polderman, Dillon, and 
Steele[1] describe the mechanism for thermal degradation of MEA by carbamate polymerization.  
In CO2 capture, MEA associates with CO2 in the absorber to form MEA carbamate as illustrated 
below. 

 

This reaction is normally reversed in the stripper, but in some cases the MEA carbamate will 
cyclize to form 2-oxazolidone, which is also a reversible reaction, as shown below. 

 

 
MEA carbamate can also irreversibly dehydrolize to form N,N’-di(2-hydroxyethyl)urea[2]. 

The former product, 2-Oxazolidone, can then react with another molecule of MEA to form 1-(2-
hydroxyethyl)-2-imidazolidone which is sometimes referred to as HEIA. 

NH2
OH

NH
OH CO2-++      CCOO22

MMEEAA CCaarrbbaammaattee  MMEEAA  

NHO

O

22--OOxxaazzoolliiddoonnee

++ HH22OO

MMEEAA  CCaarrbbaammaattee  

NH
OH CO2-

OH
NHNH

OH

O

++      HH22OO

NN,,NN ‘‘--ddii((22--hhyyddrrooxxyyeetthhyyll))uurreeaa  

NH
OH CO2-

MMEEAA  CCaarrbbaammaattee  

NH2
OH+

MEA

91



 92

 
HEIA can then be hydrolyzed to form N-(2-hydroxyethyl)-ethylenediamine or HEEDA. 

These four species (2-oxazolidone, dihydroxyethylurea, HEIA and HEEDA) plus further 
polymerization products are believed to be the main products of thermal degradation.  The rate of 
formation of these products is a function of temperature (faster kinetics), CO2 loading (more 
carbamate present), and MEA concentration. 
4.3.2.2 Piperazine 

The structure of piperazine (PZ) is a cyclic diamine that is shown below.   

NH NH
 

Piperazine 

Since PZ does not have an alcohol group present like MEA, thermal degradation by the pathway 
shown for MEA above should be minimized as the initial reaction step will be eliminated.  Other 
reaction pathways could exist like the one listed below in which the carbamate of one piperazine 
and the protonated amine of another piperazine molecule react to form a urea. 

 

NCOO-NH NHNH2
++ NNH NHN

O

+ H2O

 
 

4.3.3. Results and Discussion 

4.3.3.1 GC Experimental Results 
5 m piperazine samples with a loading of 0.4 were placed in ovens at 120ºC and 135ºC and 
removed at weeks 1, 2, and 3.  They were analyzed using the GC with a HP-5 column.  Figure 
4.1 below shows the results of this analysis.    
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These results show rapid disappearance of the PZ peak in the GC method at short times that 
seem to reach a chemical equilibrium in several weeks.  This equilibrium seems to be 
temperature-dependent as well since the 135ºC samples show a faster loss rate and seem to have 
a higher equilibrium concentration at long times.  These results go against the initial prediction 
that PZ would not thermally degrade.   

4.3.3.2 Titration Experimental Results  
The total amine pH titration method showed no measurable loss in amine functionality for any of 
the degraded samples.  This would seem to indicate that while PZ losses are evident in the GC 
analysis, the piperazine samples are not losing their amine functionality.  This data could mean 
several things; 1) Piperazine is not degrading at all, but is merely an artifact of the GC conditions 
(i.e. high temperatures in the injection port and column coupled with sample dehydration in the 
sample port); 2) Piperazine thermally degrades into a compound that retains the same amine 
functionality as the original sample; or, 3) the degradation product is reversible under the 
titration conditions and therefore reverts back to piperazine in the titrator. 
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Figure 4.1.  Piperazine losses over time at 120oC and 135oC 

4.3.3.3 HPLC and IC Experimental Results 
Comparisons of the initial sample to the degraded samples using IC and HPLC showed no losses 
of piperazine as well, which further validates the titration results suggesting little, if any, 
degradation in the piperazine system under normal stripper conditions.  A HPLC chromatogram 
of a sample of 5 m PZ with a loading of 1 molCO2/mol PZ that has been incubated at 135ºC for 8 
weeks is presented below. 
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Figure 4.2.  HPLC chromatogram of 5mPZ after 8 weeks at 135oC 

As is clear from figure 4.2, the PZ is not well retained on the HPLC column since it is very polar, 
but this column has been shown to separate nonpolar degradation products of MEA degradation 
such as oxazolidone and HEIA.  The PZ peak has little, if any, reduction in area or height over 
time and no additional peaks are present, indicating a lack of nonpolar degradation products. 

Unlike the HPLC, the cation IC can do a much better job of separating polar ionic compounds 
such as amines.  While this method will not show nonionic species, it should show any 
degradation products that retain their amine functionality.  Below (figure 4.3) is a set of IC 
chromatograms of 5m PZ incubated at 135ºC with a CO2 loading of 1 mol CO2/mol PZ at time 0, 
1, 2, 4, 6, and 8 weeks.   

 
Figure 4.3.  Overlayed cation IC chromatograms of 5 m PZ after 0,1,2,4,6 and 8 weeks at 
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There is very little change in the size and shape of the PZ peak over the 8-week time span with a 
relative standard deviation of less than 3% for all samples.  There are also no new peaks in the 
week 8 sample compared to the initial sample.  This indicates that there is very little change in 
the PZ concentration, and that no new amine structures are being formed.  As a comparison, 11 
m MEA held at 135ºC with a loading of 0.5 yields a 60% reduction in MEA area over the same 
8-week time span.  

4.3.3.4 NMR Experimental Results 
As a final test, an initial sample and degraded sample of the PZ were submitted for NMR 
analysis.  This analysis showed nearly identical scans of both samples by C13 and proton NMR 
indicating that no large contaminants were present in the degraded sample. 

4.3.4 Conclusions 
The GC results showed significant degradation of the PZ samples, but titration, HPLC, IC, and 
NMR all show little if any degradation on the same samples.    The GC results only show a 
disappearance of the PZ peak without accounting for any degradation peaks making it impossible 
to show what the PZ is converting to under GC conditions.  Since none of the other methods 
show any degradation, it is believed that some systematic error is associated with the GC in the 
injection port at 250ºC causing a loss of PZ introduction to the column.  It was hypothesized that 
the degraded samples were picking up heavy metals from the stainless steel sample containers 
and these metals could catalyze a reaction at 250ºC, but initial samples spiked with nickel and 
chromium showed no PZ losses.   

A satisfactory explanation for the GC results has not been reached, but it seems that these results 
are incorrect in the light of the other four analytical methods results.  It seems that PZ does not 
thermally degrade at standard stripper conditions.  An additional sample was tested at 150ºC for 
over 6 weeks and was found to have little, if any, degradation by cation IC.   

  

4.4  Piperazine Volatility – Task 3.4 
Piperazine volatility has been measured 30 to 60°C with a hot gas FTIR using hot recycled gas.  
Work on volatility in piperazine/water and MEA/water is reported by McLees (Attachment D).  
A Ph.D. dissertation by Hilliard reports additional data on amine volatility in loaded and 
unloaded solutions.  This dissertation is included as Attachment I. 

The volatility of piperazine in aqueous solution is much lower that predicted by previous 
investigators.   
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Figure 4.4. Piperazine volatility at 40ºC 

 

4.5  Solvent Reclaiming – Task 4 
Flue gas impurities and amine degradation products will contaminate the K+/Piperazine solvent 
and require that it be processed to reclaim the valuable potassium carbonate and piperazine 
components.  Flue gas will be pretreated to remove fly ash, HCl, SO2, NOx, and other impurities.  
However, the pretreatment processes will necessarily have slip of these impurities.  Furthermore 
pretreatment processes may introduce additional impurities such as ammonia and gypsum 
particulate.  Upsets of pretreatment processes will allow all of these impurities to penetrate 
occasionally into the CO2 capture solvent.   The CO2 absorber is expected to remove SO2, 
particulate, HCl, and other residual impurities.  These will accumulate in the solvent and 
ultimately reduce its effectiveness. 

Oxidative degradation of piperazine will produce additional impurities including formate and 
other organic acids. 

If few impurities accumulate in the solvent, the spent solvent can be economically removed and 
replaced with fresh solvent.  Such spent solvent might be useful as low cost liquid fertilizer, 
since it contains the nutrients potassium and nitrogen.  Otherwise it will be a highly soluble 
liquid waste. 
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At greater levels of impurities the solvent must be processed to recover piperazine and potassium 
carbonate.  Possible methods of reclaiming include evaporation and precipitation of potassium 
sulfate. 

If the solution is heated and evaporated at ambient pressure, piperazine should evaporate.  
Potassium salts and carbonate should precipitate as solids.  The solid materials would be 
marketed as fertilizer.  The piperazine would be recycled to the process. 

If potassium hydroxide is added to the solvent, it should precipitate as potassium sulfate.  This is 
a specific method for removing sulfate.  We have measured the solubility of potassium sulfate in 
MEA and MEA/PZ solvents.  These results can be extrapolated to K+/PZ solvents.    

Because of the low solubility of sulfate in the presence of excess K+, an effective system for 
sulfate removal from K+/PZ solvent will be problematic.  SO2 that is removed and converted to 
sulfate in the absorber will tend to precipitate in the absorber.  Therefore the bottom stage of the 
absorber must be designed to handle a slurry of potassium sulfate solids.  If such a system can be 
reliably operated, it will be effective to simultaneously remove SO2 and CO2 in the K+/PZ 
absorber. 

4.5.1  Precipitation of Potassium Sulfate – Task 4.1  
This effort addresses the objectives of Task 4.1, to remove impurities by precipitation.  One 
method for removing sulfate from used solvent is to precipitate it as potassium sulfate.  The 
solubility of potassium sulfate was measured in loaded and unloaded MEA and MEA/piperazine 
(Attachment J).  

The concentration of potassium sulfate was determined by ionic conductivity in saturated 
solutions at ambient temperature and 40oC.  Experiments were performed with 7 m MEA, 11 m 
MEA, and 7 m MEA/2 m piperazine. The experimental results are given in Table 4.1.   

Potassium sulfate (K2SO4) solubility is a strong function of CO2 loading (or ionic strength).  At 
ambient temperature, the apparent Ksp in 7 m MEA increases from 0.004 m3 with no CO2 to 
0.38 m3 with a CO2 loading of 0.4 moles/mole MEA. 

Solutions containing piperazine behave much like those with MEA.  At 40oC with 2.2 m CO2, 
the apparent Ksp in 7 m MEA/2 PZ is 0.043, compared to 0.037 in 11 m MEA. 

Therefore, potassium sulfate will have its lowest solubility in the cold lean solutions.  At 40OC 
with a loading of 0.2 moles CO2/mole MEA in 7 m MEA the potassium sulfate solubility is 0.31 
m.  This is large enough to provide some carrying capacity for sulfate, but small enough that the 
addition of potassium hydroxide would provide a significant driving force for crystallization 
from a slip stream.   

Because of the large concentration of dissolved potassium in blends of potassium carbonate and 
piperazine, the effective solubility of the sulfate will be very low.  Therefore potassium sulfate 
will crystallize readily, perhaps in the absorber.  A practical design may require that the bottom 
stage of the absorber be capable of handling potassium sulfate slurry and removing potassium 
sulfate solids.   
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Table 4.1.  Solubility of K2SO4 in amine solution 

Concentration(m) 
Date T(°C) K+ SO4

= CO2 MEA PZ Ia Kspexp
b 

1.31 24.15 0.205 0.103 0 7 0 0.308 0.004 
2.5 24.6 0.119 0.060 0 11 0 0.179 0.001 
2.6 23.95 0.685 0.343 5.5 11 0 5.18 0.161 
2.12 23.95 0.756 0.378 5.5 11 0 5.28 0.216 
2.13 22.9 0.766 0.383 5.5 7 2 6.65 0.225 
2.14 24.1 0.346 0.173 2.2 7 2 2.72 0.021 
2.20 24.8 0.539 0.270 2 0 4 2.81 0.078 
2.21 22.85 0.719 0.359 4 0 4 5.08 0.186 
2.27 40.2 0.887 0.444 5.5 11 0 6.83 0.349 
2.28 40.1 0.831 0.415 5.5 7 2 6.75 0.287 
3.5 39.95 0.742 0.371 2.2 3.7 0.8 3.31 0.204 
3.20 39.9 0.419 0.210 2.2 11 0 2.83 0.037 
3.21 40 0.618 0.309 1.4 7 0 2.33 0.118 
3.22 39.95 0.910 0.455 2.8 7 0 4.17 0.377 
3.25 39.95 0.735 0.193 1.4 7 0 2.15 0.104 
3.26 40 0.949 0.300 4.4 11 0 0.270 0.270 
3.28 40 0.594 0.122 2.2 7 2 0.043 0.043 
3.29 40 0.614 0.457 1.4 7 0 2.62 0.172 
3.30 39.85 0.678 0.489 4.4 11 0 5.72 0.225 
3.31 39.9 0.432 0.366 2.2 7 2 3.15 0.068 
4.2 39.85 0.695 0.173 1.4 7 0 2.09 0.083 
6.5 39.95 0.435 0.2175 1.88 0 5 2.533 0.041 
6.12 40 0.7753 0.3876 4.1678 0 5 5.331 0.233 
7.30 24.05 0.086 0.043 0 11 0 0.130 3.229E-04 
7.31 40.2 0.102 0.051 0 11.4 0 0.154 5.359E-04 
8.5 22 1.337 0.668 0 0 0 2.005 1.194 
8.7 45.05 1.796 0.898 0 0 0 2.693 2.895 
8.13 79.85 1.245 0.622 5.5 11 0 7.367 0.964 
8.14 79.9 1.351 0.676 2.8 7 0 4.827 1.233 

a. I: ionic strength; 
b. Ksp=[K+]2[SO4

=]. 
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5.0  Corrosion of carbon steel – Task 5  

5.1  Introduction 
Aqueous solutions of blended monoethanolamine (MEA) and piperazine (PZ) have demonstrated 
their promise as a cost-effective solvent for carbon dioxide (CO2) capture from industrial flue gas 
streams due to their absorption performance and energy efficiency.  Although there are 
fundamental research data available on solvent stability, kinetics, solubility, and mass transfer of 
CO2 into these blended solutions, no research has been done to investigate corrosiveness of the 
solutions.  It was, therefore, our goal to further explore the promise of these blends in the aspect 
of corrosion, which is regarded as one of the most severe operational problems in typical CO2 
capture plants using conventional solvents such as MEA.  

Emphasis of this work was placed on the determination of the corrosion rate and the 
understanding of corrosion behaviour and mechanisms under service conditions of this new 
blended MEA/PZ process.  To achieve these objectives, two types of corrosion experiments were 
carried out in bench-scale setups, electrochemical, and weight loss tests.  The electrochemical 
tests were used for corrosion evaluation under short-term exposure, whereas the weight loss tests 
were for corrosion evaluation over the long term.  All tested parameters and conditions for both 
electrochemical and weight loss tests are summarized in Table 5.1, while their results are shown 
in Tables 5.2 2-3. All experiments were duplicated to ensure the reproducibility of the obtained 
data.  

5.2  Corrosion Base Case – Task 5.1 
The corrosion experiments began with examining the corrosiveness of carbon steel in aqueous 
solutions of MEA/PZ blends with various mixing ratios against the conventional MEA solutions.  
It was evident from polarization curves that the polarization behaviour of carbon steel in blended 
MEA/PZ solutions is similar to that in MEA.  That is, the carbon steel is not prone to pitting 
corrosion, and exhibits active, passive, and transpassive states, depending on the system’s 
potential.  Under typical plant operating conditions, the carbon steel is in the active state, 
wherein corrosion takes place on the free-passive film metal surface through two types of 
electrochemical reactions: iron dissolution producing ferrous ion (Fe2+) and reduction of 
oxidizing agents (mainly bicarbonate (HCO3

-)) leading to the formation of ferrous carbonate 
(FeCO3) as corrosion products. 

The blended MEA/PZ solutions were found to be more corrosive than the MEA solutions when 
the corrosion comparison was made at identical total molar concentrations of amine.  As the 
concentration of PZ increases, corrosion rate increases.  Such superior corrosion rates in the 
blended MEA/PZ solutions could be attributed to the corrosiveness of PZ itself (i.e. the 
protonated PZ may be a stronger oxidizer to the iron dissolution than the protonated MEA).  The 
total concentration of blended MEA/PZ solutions also showed an apparent effect on the 
corrosion rate.  Raising the total amine concentration makes the blended MEA/PZ solution more 
corrosive, which in turn accelerates the corrosion rates of carbon steel. 

A comprehensive parametric study was then performed to investigate effects of process 
parameters on corrosion rate.  These parameters were CO2 loading of solution, solution 
temperature, oxygen (O2) content in gas stream, and irreversible degradation products of 
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MEA/PZ solution (heat-stable salts) including acetate, formate, oxalate, and thiosulfate.  The 
CO2 loading and the solution temperature demonstrated significant effects on the  corrosion rates 
of carbon steel.  Increasing values of these parameters causes the solution to be more corrosive.  
The presence of heat stable salts was found to increase the corrosion rate of the system in both 
the presence and absence of dissolved O2.  Among the four salts, formate was the most corrosive, 
followed by acetate, oxalate, and thiosulfate in the absence of O2.  Pitting tendency was observed 
in the presence of oxalate.  In the presence of O2, a different trend of corrosion was exhibited.  
Acetate was the most corrosive salt followed by formate, oxalate, and thiosulfate. 

5.3  Effects of  corrosion inhibitors – Task 5.4 
Based on the level of corrosion rate found in the MEA/PZ system, it is apparent that corrosion 
control is required during plant operation to suppress the corrosion rate of carbon steel to an 
acceptable level.  Therefore, inhibition performance of two corrosion inhibitors, sodium 
metavanadate (NaVO3) and copper carbonate (CuCO3) was evaluated in this work to provide 
choices of inhibitors for corrosion control in the CO2 capture plants using aqueous solutions of 
MEA/PZ.  The NaVO3 represents the conventional corrosion inhibitor, which is a toxic heavy 
metal, while the CuCO3 represents the lower-toxic inhibitor, which will potentially replace the 
conventional toxic inhibitors when the environmental regulations become more stringent.  
Results show that both NaVO3 and CuCO3 are able to suppress the corrosion rate of carbon steel 
to below the acceptable level (10 mpy).  NaVO3, however, generally yields superior inhibition 
performance over CuCO3.  In the presence of O2, the CuCO3 system achieves up to 94% 
inhibition, while the NaVO3 system inhibits up to 98%.  

These two inhibitors are anodic-type, which inhibit corrosion by shifting the corrosion potential 
of metal from active to passive state, whereby a passive film is formed on the metal surface.  The 
passive film acts as a separator between the metal surface and the solution, thereby retarding the 
diffusion of Fe2+ and electrons from the metal surface to the bulk solution and the diffusion of 
oxidizing agents from the bulk solution to the metal surface.  As a result, the corrosion reactions 
proceed at a slower rate.  NaVO3 was found to shift the corrosion potential (Ecorr) of an 
uninhibited system to a less noble value than the CuCO3.  It should be noted that both CuCO3 
and NaVO3 perform more effectively in the presence than in the absence of dissolved O2.  This is 
because the dissolved O2 is required for the inhibited MEA/PZ solutions to maintain active Cu2+ 
or V5+ in the solutions, thereby preventing the metallic copper (Cu) from plating out or 
preventing the formation of other oxidative states of vanadate.  Pitting corrosion may also occur 
when the dissolved O2 is absent from the solution.  The performance of these two inhibitors can 
be deteriorated by heat stable salts.  

5.4  Effects of an oxidation inhibitor – Task 5.3 
The corrosion experiments were finally carried out to evaluate the corrosiveness of the 
proprietary oxidative degradation inhibitor (Inhibitor A) provided by the University of Texas at 
Austin.  Inhibitor A is expected to be used in the CO2 capture plants to prevent oxidative 
degradation of MEA/PZ solutions during plant operation.  The low-toxic corrosion inhibitor, 
CuCO3 was also tested to determine its inhibition performance when the MEA/PZ solutions 
contain inhibitor A.  

Inhibitor A does not alter the polarization behaviour of carbon steel.  The carbon steel exhibits 
active, passive, and transpassive states, depending on the system’s potential.  Under the tested 
condition, the carbon steel is in the active state, wherein corrosion takes place on the free-film 
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metal surface with no pitting tendency.  However, inhibitor A was found to make the blended 
MEA/PZ solutions more corrosive.  Increasing the concentration of inhibitor A from 1,000 to 
3,000 and 10,000 ppm decreases the corrosion rate.  Inhibitor A also does not alter the effect of 
solution temperature on the corrosion rate.  The trend of corrosion rate is similar to that in the 
system without inhibitor A (i.e. the corrosion rate increases with the solution temperature).  This 
behaviour is attributed to the dependence of kinetics of both iron dissolution and reduction of 
oxidizing agents on the solution temperature. Despite the increase in corrosion rate due to 
inhibitor A, the corrosion rate of the blended MEA/PZ solutions can be suppressed to below the 
acceptable level by the application of CuCO3 corrosion inhibitor. 

In addition to the electrochemical tests, a series of weight loss tests was carried out for up to 28 
days.  These tests were specifically designed to evaluate corrosion of carbon steel in aqueous 
solutions of blended MEA/PZ under the most severe conditions, in which the solutions contained 
heat-stable salts and oxidative degradation inhibitor A.  The inhibition performance of CuCO3 
was also evaluated to verify its effectiveness as exhibited in the previous electrochemical tests.  
The results confirm the trend of corrosion rate and corrosion behaviour obtained from the 
electrochemical tests.  
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Table 5.1. Tested parameters and conditions for corrosion experiments. 

Parameter Condition 

 Electrochemical experiment Weight loss experiment 

Total amine concentration (kmol/m3) 5.0, 6.2, 7.0, 8.7 6.2 

CO2 loading of solution (mol CO2/mol amine)  0.20, 0.40, 0.58, 0.63 0.20 

Solution temperature (°C) 40, 80 80 

Partial pressure of O2 (kPa) 0.00, 5.07, 10.13 10.13 

Mixing ratio of MEA and PZ (mol MEA: mol PZ) 

(Total amine concentration = 6.2 kmol/m3) 

1:0, 1:1, 2:1, 4:1 4:1 

Heat stable salt (1.00 wt %) acetate, formate, oxalate, thiosulfate Acetate 

Concentration of corrosion inhibitor: 

• Sodium metavanadate (NaVO3) 

• Copper carbonate (CuCO3) 

 

50, 100, 250 

50, 100, 250 

 

- 

250 

Concentration of oxidative degradation inhibitor A (ppm) 1,000, 10,000, 30,000 1,000 
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Table 5.2. Results of electrochemical experiments (α = CO2 loading in mol/mol).  

Experimental condition 

 

Corrosion rate 

 

 (mpy) (mmpy) 

MEA-5.0kmol/m3 16.44±0.24 0.42±0.01 

MEA-6.2kmol/m3 19.23±2.19 0.49±0.06 

MEA-7.0kmol/m3 22.01±0.25 0.56±0.01 

MEA-8.7kmol/m3 24.54±1.85 0.62±0.05 

MEA/PZ -5.0/1.2 kmol/m3 21.79±0.37 0.55±0.01 

 

 

0.00 kPa O2,  80oC,α=0.2 

 

 

 MEA/PZ -7.0/1.7 kmol/m3 37.25±2.03 0.95±0.05 

α=0.63, MEA/PZ-5.0/1.2 kmol/m3 60.20±0.40 1.53±0.01 0.00 kPa O2, 80oC 

 α=0.58,MEA/PZ-7.0/1.7 kmol/m3 132.75±3.45 3.37±0.09 

5.07 kPa O2, 80oC α=0.20, MEA/PZ-5.0/1.2 kmol/m3 28.36±4.33 0.72±0.11 

*MEA/PZ-2:1 mole ratio 84.17±18.44 2.14±0.47 0.00 kPa O2, 80oC, α=0.20 

 *MEA/PZ-1:1 mole ratio 181.10±6.80 4.60±0.17 

40oC, MEA/PZ-7.0/1.7 kmol/m3 33.28±1.29 0.85±0.03 10.13 kPa O2, α=0.20 

  80oC, MEA/PZ-7.0/1.7 kmol/m3 63.01±2.24 1.60±0.07 

0.00 kPa O2, 1.00 wt % oxalate 70.32±2.98 1.79±0.08 

10.13 kPa O2, 1.00 wt % oxalate 65.04±7.56 1.65±0.19 

0.00 kPa O2, 1.00 wt % acetate 168.60±3.90 4.28±0.10 

10.13 kPa O2 1.00 wt % acetate 171.35±1.95 4.35±0.05 

0.00 kPa O2, 1.00 wt % formate 198.75±30.25 5.05±0.77 

10.13 kPa O2, 1.00 wt % formate 111.25±1.95 2.83±0.05 

0.00 kPa O2 ,1.00 wt % thiosulfate 34.59±0.36 0.88±0.01 

MEA/PZ-5.0/1.2 kmol/m3, 
80oC, α=0.20 
 

 

 

 10.13 kPa O2,1.00 wt %t hiosulfate 34.19±0.56 0.87±0.01 

Inhibitor A- 1000 ppm 41.24±2.09 1.05±0.05 MEA/PZ-5.0/1.2 kmol/m3, 
1 wt % acetic, 40°C, 
α=0.20, 0.00 kPa O2 Inhibitor A- 1000 ppm, 250 ppm CuCO3 7.625±0.10 0.19 
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Experimental condition 

 

Co

 

  (m

CuCO3 -50ppm 30

CuCO3-250ppm 20

MEA/PZ-5.0/1.2 kmol/m3, 80°C, 

α=0.20, 0.00 kPa O2 

 CuCO3-500ppm 41

CuCO3-50ppm 1.7

CuCO3-250ppm 1.5

MEA/PZ-5.0/1.2 kmol/m3, 80°C, 

α=0.20, 10.13 kPa O2 

 CuCO3-500ppm 2.0

CuCO3-250ppm, 0.00 kPa O2 54MEA/PZ-5.0/1.2 kmol/m3, 1 wt % acetic 

80°C, α=0.20 CuCO3-250ppm,  10.13 kPa O2 2.0

NaVO3-50ppm 5.7

NaVO3-250ppm 16

MEA/PZ-5.0/1.2 kmol/m3,  

80°C, α=0.20, 0.00 kPa O2 

 NaVO3-500ppm 27

NaVO3-50ppm 1.0

NaVO3-250ppm 0.6

MEA/PZ-5.0/1.2 kmol/m3, 80°C, 

α=0.20,10.13 kPa O2 

 NaVO3-500ppm 0.5

Inhibitor A-1000 ppm, 0.00 kPa O2 549

Inhibitor A-30000 ppm, 0.00 kPa O2 367

Inhibitor A-1000 ppm, 10.13 kPa O2 43

Inhibitor A-10000 ppm, 10.13 kPa O2 390

MEA/PZ-5.0/1.2 kmol/m3,1 wt % acetic, 80°C, 

α = 0.02 

 

 Inhibitor A-10000 ppm, 10.13 kPa O2 356

Inhibitor A- 1000 ppm 35MEA/PZ-5.0/1.2 kmol/m3, 1 wt % acetic, 

250 ppm CuCO3, 80°C, α=0.20, 0.00 kPa O2 Inhibitor A- 30000ppm 13

Inhibitor A- 1000ppm 1.7

Inhibitor A- 10000ppm 1.5

MEA/PZ-5.0/1.2 kmol/m3, 1 wt % acetic, 

250 ppm CuCO3,  80°C, α=0.20, 10.13 kPa O2 

 Inhibitor A -30000ppm 0.9

Inhibitor A-1000ppm 22MEA/PZ-5.0/1.2 kmol/m3, 1 wt % acetic, 80°C, 
α=0.40, 10.13 kPa O2 Inhibitor A-1000ppm,250 ppm CuCO3 2.3
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Table 5.3. Results of weight loss experiments (α = CO2 loading in mol/mol). 

Corrosion rate 

 

Inhibition efficiency 

(%) 

7 days 14 days 21 days 28 days 

Experimental 

conditions 

(mpy) (mmp

y) 

(mpy) (mmpy

) 

(mpy) (mmp

y) 

(mpy) (mm

py) 

7 days 14 

days 

21 

days 

28 

days 

0 ppm 

CuCO3 

6.83±

1.28 

0.17±

0.03 

8.44±

1.48 

0.21±0.

04 

10.10

±1.18 

0.26±0

.03 

10.29

±0.84 

0.26±

0.02 

 

MEA/PZ-
5.0/1.2 
kmol/m3,  

 80°C, 
α=0.20,  

10.13 kPa 
O2 

250 

ppm 

CuCO3 

1.74E

-02± 

1.14E

-04 

4.41E-

04 ±   

2.90E-

06 

9.35E

-03 

2.37E-

04  

0.00 0.00 0.00 0.00 

99.75± 

1.67E-

03 

99.89 100 100 

0 ppm 

CuCO3 

12.04

±1.06 

0.31±

0.03 

14.21

±0.79 

0.36±0.

02 

10.47

±0.71 

0.27±0

.02 

12.03 0.31  

MEA/PZ-
5.0/1.2 
kmol/m3,  

1.0 wt% 
acetic 

 80°C, 
α=0.20,  

10.13 kPa 
O2 

250 

ppm 

CuCO3 

1.74E

-02± 

3.00E

-05 

4.42E-

04± 

7.62E-

07 

1.74E

-02± 

4.20E

-05 

4.42E-

04± 

1.07E-

06 

2.32E-

02± 

4.20E-

05 

5.89E-

04± 

1.07E-

06 

3.03E

-02 

7.70E

-04 

99.86± 

2.49E-

04 

99.88± 

2.96E-

04 

99.79± 

4.01E-

04 

99.75 

0 ppm 

CuCO3 

13.57

±0.11 

0.34±

0.01 

13.63

±1.66 

0.35±0.

04 

11.92

±0.59 

0.30±0

.02 

13.45

±0.95 

0.34±

0.02 

 

MEA/PZ-
5.0/1.2 
kmol/m3, 

1.0 wt% 
acetic, 

1000 ppm 
Inhibitor 
A, 

80°C, 
α=0.20, 

10.13 kPa 
O2 

250 

ppm 

CuCO3 

7.07E

-02± 

4.00E

-05 

1.80E-

03± 

1.02E-

06 

2.64E

-02± 

3.00E

-06 

6.71E-

04± 

7.62E-

08 

1.15E-

02± 

3.00E-

05 

2.92E-

04± 

7.62E-

07 

8.70E

-03 

2.21E

-04 

99.48± 

2.49E-

04 

99.81± 

2.20E-

05 

99.90± 

2.52E-

04 

99.94 
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Supervisor:  Gary T. Rochelle 

 

This work proposes an innovative blend of potassium carbonate (K2CO3) and 

piperazine (PZ) as a solvent for CO2 removal from combustion flue gas in an 

absorber/stripper.  The equilibrium partial pressure and the rate of absorption of CO2 

were measured in a wetted-wall column in 0.0 to 6.2 m K+ and 0.6 to 3.6 m PZ at 25 to 

110oC.  The equilibrium speciation of the solution was determined by 1H NMR under 

similar conditions.  A rigorous thermodynamic model, based on electrolyte non-random 

two-liquid (ENRTL) theory, was developed to represent equilibrium behavior.  A rate 

model was developed to describe the absorption rate by integration of eddy diffusivity 

theory with complex kinetics.  Both models were used to explain behavior in terms of 

equilibrium constants, activity coefficients, and rate constants.   

The addition of potassium to the amine increases the concentration of CO3
2-

/HCO3
- in solution.  The buffer reduces protonation of the amine, but increases the 
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amount of carbamate species, yielding a maximum reactive species concentration at a 

K+:PZ ratio of 2:1.  The carbamate stability of piperazine carbamate and dicarbamate 

resembles that of primary amines and has approximately equal values for the heats of 

reaction, ΔHrxn (18.3 and 16.5 kJ/mol).  The heat of CO2 absorption is lowered by K+ 

from -75 to -40 kJ/mol.  The capacity increases as total solute concentration increases, 

comparing favorably with 5 M monoethanolamine (MEA).   

The rate approaches second-order behavior with PZ and is highly dependent on 

other strong bases.  In 1 M PZ, the overall rate constant is 102,000 s-1, 20 times higher 

than in MEA.  The activation energy is 35 kJ/kmol.  In K+/PZ, the most significant 

reactions are PZ and piperazine carbamate with CO2 catalyzed by carbonate.  Neutral 

salts in aqueous PZ increase the apparent rate constant, by a factor of 8 at 3 M ionic 

strength.  The absorption rate in 5 m K+/2.5 m PZ is 3 times faster than 30 wt% MEA.  

A pseudo-first order approximation represents the absorption rate under limited 

conditions.  At high loadings, the reaction approaches instantaneous behavior.  Under 

industrial conditions, gas film resistance may account for >80% of the total mass 

transfer resistance at low loadings. 
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Chapter 1:  Introduction 

 

 

 

 

This chapter introduces the general problem of CO2 emission into the 

atmosphere, including a review of common sources.  Capturing CO2 with the traditional 

absorption/stripping process is discussed in terms of problems in implementing the 

technology, specifically the large energy requirement of the system.  A new solvent, a 

concentrated mixture of aqueous potassium carbonate and piperazine, is introduced as 

an improvement to current technology and the scope of this work is presented. 

1.1.  Emission and Remediation of Carbon Dioxide 

Recent emphasis on the release of greenhouse gases, and the resulting potential 

for global warming, has raised concerns over the emission of gases such as CO2.  As the 

political and environmental demand increases, efficient methods for the capture and 

sequestration of CO2 from the atmosphere will become increasingly important.  Many 

types of processes generate CO2.  A vast majority of these involve the combustion of 
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fossil fuels, resulting in the release of acidic contaminants (e.g. H2S, SOx, NOx, CO2).  

Given the breadth of processes involving the release of CO2 into the atmosphere, it is 

important to identify appropriate targets for remediation.   

1.1.1.  Sources of Carbon Dioxide 

Both natural and anthropogenic sources contribute to the ongoing emission of 

greenhouse gases, particularly carbon dioxide.  While natural emissions from 

volcanoes, forest fires, and biomass decomposition are significant, they are relatively 

constant from year to year.  Man-made CO2 emissions from power plants, 

manufacturing, and automobiles have increased steadily since the industrial revolution 

and have become a major concern and a contributing factor to global warming. 

The major sources of man-made CO2 emissions are listed in Table 1.1 (EPA, 

2004).  Fossil fuel combustion accounts for >95% of the CO2 emitted annually.  The 

balance originates from processes such as iron and steel production, cement 

manufacturing, and ammonia production.   

Table 1.1.  Annual CO2 Emissions in the United States in Tg CO2 Eq. 
Source 1999 2000 2001 2002 

Fossil Fuel Combustion 5,488.8 5,673.6 5,558.8 5,611.0 
Iron and Steel Production 64.4 65.7 59.1 54.4 
Cement Manufacturing 40.0 41.2 41.4 42.9 
Waste Combustion 17.6 18.0 18.8 18.8 
Ammonia/Urea Production 20.6 19.6 16.2 17.7 
Lime Production 13.5 13.3 12.8 12.3 
Limestone/Dolomite Use 8.1 6.0 5.7 5.8 
Gas Flaring 6.9 5.8 5.4 5.3 
Aluminum Production 5.9 5.7 4.1 4.2 
Soda Ash 4.2 4.2 4.1 4.1 
Others 6.3 6.0 5.3 5.8 

Total 5,676.3 5,859.0 5,731.8 5,782.4 
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Given the overwhelming percentage of emissions from fossil fuel combustion, it 

becomes useful to analyze this source as individual sectors for simplified classification.  

CO2 emissions are shown in Figure 1.1 for four point-source sectors, including 

electricity generation and the residential, commercial, and industrial sectors (EPA, 

2004).  The transportation sector is also included. 

Electricity generation accounts for 40.3% of the CO2 emissions from fossil fuel 

combustion in the U.S. annually (EPA, 2004).  Coal-fired power plants are the most 

prominent point-source of CO2, constituting 83% of the power plant emissions, or one-

third of the total CO2 emitted annually from combustion sources.  The industrial sector, 

made up of ammonia production and other manufacturing processes, produces 

approximately 17% of the total.  Residential and commercial sectors, incorporating 

mainly combustion for heating, combine to emit 11% of the total emissions.  

Transportation makes up the remaining 32%. 

Historically, coal has been the most significant source of electricity (EIA, 2002).  

As shown in Figure 1.2, the use of coal as a power source has steadily risen since 1950.  

Compared to other fossil fuels, the percentage of electricity produced from coal has also 

steadily climbed from 66% in 1950 to 71% in 2002.  Natural gas use has also risen and 

petroleum combustion has remained fairly stable.  Power from renewable sources and 

nuclear power (not shown) have increased, but fossil fuel combustion still comprises 

70% of the power production in the United States.  It is apparent that coal has been and 

continues to be the preferred fuel source. 
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Figure 1.1.  CO2 Emissions from Fossil Fuel Combustion in the U.S. (2002), Total 

Emissions:  5564.2 Tg CO2 Eq. 
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Figure 1.2.  History of Electricity Production from Fossil Fuels 
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Another important factor to consider is the efficiency of fuels for power 

production.  The efficiency is directly related to the amount of fuel, and thus the amount 

of CO2 produced, necessary to produce given quantities of electricity.  Of the three main 

plant types, natural gas-fired plants are the most efficient (55 to 60%) and the cleanest 

burning in terms of carbon, producing 0.45 kg CO2/kW-hr (IEA, 2001).  Power 

production from petroleum fuels gives 0.80 kg CO2/kW-hr.  Coal-fired plants produce 

the most carbon, approximately 0.96 kg CO2/kW-hr, and are only 40 to 50% efficient.   

It is clear that the largest potential application for CO2 capture is coal-fired 

power plants.  Coal combustion is a well-established technology accounting for 50% of 

the power in the U.S.  The abundance of coal as a natural resource makes it a cheap, 

readily available fuel.  In short, it is the largest contributor to overall CO2 emissions and 

trends suggest an expanding share of the power production market.  Improvements in 

capture technology for coal-fired power plants will be essential for making a significant 

impact on U.S. CO2 emissions; therefore, most of the research presented in this work is 

targeted to conditions of coal-fired power plants. 

1.1.2.  Carbon Dioxide Capture 

A wide variety of processes have been developed for the removal of acidic 

impurities from gas streams including membranes, cryogenics, adsorption, and, most 

commonly, absorption into a chemical solvent (IEA, 2001).  With membranes, high 

purity streams are difficult to achieve, particularly on the scale of CO2 capture from 

power plants.  Cryogenic separation of CO2 would produce a high pressure, liquid CO2 

stream, but the cost of refrigeration is often prohibitive and the removal of water would 
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be required, increasing the cost of the process.  This technology is usually only 

considered for highly concentrated CO2 streams.  Adsorption has been tested, but a low 

capacity and poor CO2 selectivity limit the potential for application to CO2 capture.   

To date, capture by absorption methods provides the most economical response 

to separating CO2 from bulk gas streams (IEA, 2001).  Other methods may be applied in 

niche applications and may be developed as long term solutions, but significant 

advancements are required in these technologies before implementation in power plants 

can be considered.  For this reason, this work focuses on the development of a more 

efficient absorption technology. 

The absorption of CO2 into chemical or physical solvents is a well-developed 

technology that has been applied to numerous commercial processes, including gas 

treating and ammonia production (Kirk-Othmer, 2004).  Much research has been 

performed on this technology over the past 50 years, particularly on developing an 

understanding of specific solvent characteristics.  While a considerable body of work 

has been published on specific amines, little work has been done on understanding or 

representing complex mixtures which are often the most effective technologies. 

1.1.3.  Sinks and Sequestration of Carbon Dioxide 

Following the successful capture of a concentrated carbon dioxide stream, the 

gas must be stored or utilized with minimal loss to the atmosphere.  The transportation 

and storage of CO2 will be a significant cost associated with the remediation of 

emissions; therefore, the development of efficient methods is critical to the application 

of capture technology to industrial processes.  The following discussion briefly 
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introduces a few of the currently recognized options for storage, though sequestration 

technologies are outside the scope of this work. 

Natural storage of CO2 is an ideal storage solution, but it will be difficult to 

achieve efficiently.  Naturally occurring sinks for CO2 include grasslands, forests, and 

other biological processes.  Natural sinks consume approximately 700 Tg CO2 Eq. per 

year, far below that emitted into the atmosphere (EPA, 2004).  Reforestation efforts are 

being pursued to increase natural carbon sequestration; however, processes such as this 

often require long time frames and large land areas to be effective. 

Terrestrial locations are also a viable option for sequestering CO2.  Various 

geological formations have been proposed as suitable for storage, including depleted oil 

reservoirs and saline reservoirs, each with various advantages (IEA, 2001).  Depleted 

oil reservoirs are well-defined storage options given the extensive exploration from oil 

recovery.  Saline reservoirs are naturally occurring aquifers containing salt water.  The 

CO2 would dissolve into the water and react with the salts to from other minerals. 

Other sequestration technologies may serve as a useful process fluid as well as 

viable storage options.  Enhanced oil recovery (EOR) is one proven method of 

sequestering CO2 while utilizing the gas to enhance the recovery of oil (IEA, 1995).  In 

this process, CO2 is injected into an oil reserve, improving the recovery of heavy oils 

and geologically storing the CO2.  In a similar process, CO2 may be injected into 

unminable coal seams (IEA, 2001).  The CO2 would adsorb onto the coal and displace 

natural methane deposits, making the recovery of a fuel possible.  The CO2 would 

remain sequestered as long as the coal bed remained undisturbed.  In both cases, the 
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requirements of a convenient source of high pressure CO2 and verification of long-term 

CO2 fixation limit the potential of EOR as a wide-spread sequestration technology.   

The ocean, the largest natural sink for CO2, has been proposed as a potential 

storage location given its prominent place in the natural CO2 cycle (IEA, 2002).  The 

capacity for CO2 is large, but the physical rate of absorption limits the annual uptake of 

CO2.  In oceanic sequestration, the transport of CO2 is accelerated by direct dispersion 

of the gas below the ocean surface, either by a fixed pipeline or ship.  Concerns over the 

use of this technology stem from the cost of transporting CO2 to the dispersion point 

and the impact of pH changes on the biological life existing near the dispersion point. 

1.2.  Carbon Dioxide Capture by Absorption/Stripping 

1.2.1.  Technology Description 

One of the most mature, and most researched, technologies for acid gas capture 

from waste gas streams is an absorber/stripper process that uses a circulated chemical 

solvent (Kohl and Reisenfeld, 1985).  Processes such as this are currently used in 

ammonia production and natural gas treating.  There are several variations of this 

flowsheet, including a temperature swing and an isothermal process.   

In the most common absorption process, the temperature swing variation (Figure 

1.3), a waste gas stream containing CO2 enters the bottom of an absorber (Kohl and 

Reisenfeld, 1985).  The CO2 is removed and the treated gas exits the top of the column.  

A CO2-lean solvent enters the top of the absorber and counter-currently contacts the gas 

phase in packing or on trays.  The CO2 is absorbed, and the rich solvent exits the 

absorber.  The rich solvent is pre-heated in a cross exchanger and pumped to the top of 
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a stripper.  Heat, from intermediate or low pressure steam, is applied, regenerating the 

solvent.  A concentrated CO2 stream is recovered.  Some heat is recovered from the lean 

solvent, though the solvent requires further cooling before its re-use in the absorber. 

Waste Gas

Captured GasTreated Gas

Rich Amine Lean Amine
Reboiler

Absorber Stripper

Cooler

Cross-Exchanger

Waste Gas

Captured GasTreated Gas

Rich Amine Lean Amine
Reboiler

Absorber Stripper

Cooler

Cross-Exchanger

 
Figure 1.3.  Absorber/Stripper Process Flowsheet 

 

A variety of conditions is encountered depending on the specific application of 

the process.  Table 1.2 shows some of the constraints specific to the most common CO2 

removal applications and the potential conditions for removal in a power plant setting 

(Kirk-Othmer, 2004).  In general, natural gas treating and ammonia processing involve 

concentrated CO2 streams and high total pressures.  Also, outlet concentration limits are 

set according to process requirements.  Treating power plant flue gas will be similar in 

that CO2 concentrations range from 2 to 3 vol% for natural gas and 10 to 15 vol% for 

coal-fired plants, but the total pressure will be near atmospheric.  The treating would 

target approximately 90% removal. 
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Table 1.2.  Process Conditions in Absorber/Stripper Applications to CO2 Capture 

Process Inlet CO2 
(vol %) 

Outlet CO2 
(vol %) 

PTOT 
(atm) 

Natural Gas 0 – 50 1 – 2 10 – 70 
Ammonia 17 – 19 0.01 – 0.2 30 
Coal Power Plant 10 – 15 1 – 1.5 1 – 1.3 
Natural Gas Power Plant 2 – 3 0.2 – 0.3 1 – 1.3 

 

1.2.2.  Factors in Cost 

While CO2 capture has been proposed for power plant applications, the cost of 

implementing this technology is currently prohibitive.  Estimates suggest an 80% 

increase in the cost of electricity from coal fired power plants with CO2 capture (Rubin 

et al., 2004).  The components of this cost must be understood to effectively improve 

upon the process and move towards commercialization. 

In a study of a standardized, coal-fired power plant (including flue gas 

desulfurization), Rao and Rubin (2002) categorize and quantify contributions to the 

overall cost of CO2 capture by 30 wt% monoethanolamine (MEA), considered state-of-

the-art technology, and subsequent sequestration.  The capture and compression of CO2 

accounts for 80% of the total cost.  The balance of the cost (20%) is due to 

transportation and sequestration.  The obvious obstacle for implementation is the 

capture of CO2; therefore, a significant opportunity for reducing costs lies with 

improving the capture process. 

Within the capture process, compression accounts for 34% of the cost (Rao and 

Rubin, 2002).  The efficiency of this component will be dictated by pressure and 

temperature of the concentrated gas stream.  Approximately 17% of the total operating 
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cost is from the circulation of the solvent and gas through the columns by pumps and 

blowers.  Minimizing pressure drop, and consequently packing height, may be an 

important consideration in reducing cost. 

The most significant cost of CO2 capture is the energy requirement for solvent 

regeneration, making up 49% of the total capture cost.  The regeneration energy 

required can be estimated from three solvent properties, as discussed below.  Though 

others may be important, the following are the most significant factors in determining 

the cost regeneration (Rochelle et al., 2001). 

The capacity of a solvent is a measure of the amount of CO2 absorbed per unit of 

solvent.  The capacity defines the total CO2 concentration change over a set range of 

equilibrium partial pressures, reflecting the vapor-liquid equilibrium characteristics of 

the solvent.  A high solvent capacity indicates that more CO2 can be absorbed/stripped 

with a set amount of energy.  Thus, given a constant circulation rate, the process 

becomes more efficient.   

The heat of CO2 absorption is another important solvent property.  As CO2 

reacts with the solvent in the absorber, heat is liberated.  Excluding latent and sensible 

heat, an amount of heat equivalent to this must be applied to reverse the reaction and 

remove CO2 from the solution in the stripper.  The application of this property to energy 

assessments is straightforward in that a reduction ordinarily lowers the required energy 

per mol of CO2. 

Improving the rate of CO2 absorption into a solvent impacts several facets of the 

process and provides additional process flexibility.  A faster rate of absorption, for a 

137



 

12 

given separation, allows the reduction of the liquid flowrate or a reduction in packing 

height, saving costs associated with liquid holdup, pressure drop, and latent heat.  

Alternatively, the absorber can be run closer to equilibrium, which may be the more 

favorable option depending on the solvent capacity. 

An improved solvent for CO2 capture can result in significant energy savings.  

The performance of potential solvents should be screened and compared according to 

improvements made in the aforementioned properties. 

1.2.3.  Solvents 

Many solvents have been applied to gas treating, but the most effective are 

generally considered to be aqueous amines or hot potassium carbonate (hotpot) 

solvents.  The variety of amines is endless, but some of the more common are shown in 

Table 1.3.  Amines have an advantage over the hotpot process in that the absorption rate 

of CO2 by amines is fast; however, the heat of absorption is also high.  In contrast, 

absorption into potassium carbonate has a heat of absorption similar to physical 

solvents, but is limited by slow absorption rates. 

In high pressure applications, physical solvents are utilized.  Some of the more 

common solvents are Selexol, Rectisol, and Purisol (Kirk-Othmer, 2004).  Because 

physical solvents do not react with CO2, the solvent is not consumed at high partial 

pressures.  Additionally, the heat of absorption is limited to the enthalpy of physical 

absorption, much less than the reactive solvents.  The processes are limited by 

selectivity and slow rates of absorption. 
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In research of CO2 removal from flue gas, the current state-of-the-art technology 

is generally considered to be a 30 wt% (7 m) aqueous solution of MEA.  MEA has a 

high capacity for CO2 and high rate of absorption, but its performance is limited by 

several factors, including a high heat of absorption and corrosion issues.  One approach 

to improving solvent performance is blending amines or promoting potassium carbonate 

with amines.  The idea is to add a fast reacting amine, such as MEA, with a system with 

a low heat of absorption, such as MDEA or K2CO3, to take advantage of both 

properties.  Much of this technology is implemented in ammonia production where 

DEA-promoted K2CO3 is common. 

Table 1.3.  Common Amines in Gas Treating (Kohl and Riesenfeld, 1985) 

Class Name (Abbr.) Structure 

Monoethanolamine 
(MEA) 

OH CH2 CH2 N
H

H

 Primary 
Amine Diglycolamine® 

(DGA)a 
O CH2 CH2 N

H

H
CH2CH2OH

 

Diethanolamine 
(DEA) OH CH2 CH2

OH CH2 CH2

N H

 Secondary 
Amine Diisopropanolamine 

(DIPA) OH
CH

CH2
N

CH2

H
CH

CH3

OH

CH3

 

Triethanolamine 
(TEA) OH CH2 CH2

OH CH2 CH2

N OHCH2CH2

 Tertiary 
Amine Methyldiethanolamine 

(MDEA) OH CH2 CH2

OH CH2 CH2
N CH3

 

Hindered 
Amine 

Isobutanolamine 
(AMP) 

OH CH2 C N
H

H

CH3

CH3

 
a.  Diglycolamine (DGA) is a registered trademark of Huntsman Chemical. 
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1.3.  Potassium Carbonate/Piperazine for Carbon Dioxide Capture 

1.3.1.  Solvent Description 

This work proposes a new solvent, containing concentrated aqueous potassium 

carbonate and piperazine, for CO2 capture from waste gas streams.  The structure of 

piperazine (PZ) and its derivatives in aqueous solution with CO2 are shown in Figure 

1.4.  Piperazine carbamate (PZCOO-) and piperazine dicarbamate (PZ(COO-)2) are 

products of the reaction with PZ.  Protonated piperazine (PZH+) and protonated 

piperazine carbamate (H+PZCOO-) are known stable molecules at moderate pH.  A di-

protonated PZ exists below a pH of approximately 5.5, but conditions in this work never 

approach low pH, so this species is excluded from consideration. 

N NH H N N
O

O
H

N
+

N
O

OH
H

N N
O

O O

O

N
+

N
H

HH

PZ PZCOO-

PZ(COO-)2

PZH+ H+PZCOO-  
Figure 1.4.  Structures of Piperazine in the Presence of CO2 

 

The solvent holds several advantages over traditional amines.  First, because PZ 

is a diamine, the solvent can react with two moles of CO2 per mole of amine.  Coupled 

with the potassium carbonate in solution, which provides an additional sink for 

“storage” of the absorbed CO2, the solvent has the potential for a higher CO2 capacity 

than other amines.  Also, the two amine functional groups will favorably affect the rate 

of absorption.  Second, the amine has a high pKa, similar to that of MEA.  A high pKa 
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generally translates into a fast rate of absorption.  Third, the large quantity of 

carbonate/bicarbonate in solution serves as a buffer, reducing the protonation of the 

amine and leaving more amine available for reaction with CO2. 

1.3.2.  Research Needs 

Several critical questions should be addressed to develop a better understanding 

of K+/PZ mixtures and amines as applied to CO2 capture.  As discussed in Section 

1.2.2., there is a need to quantify several critical performance characteristics.  While 

quantifying specific performance characteristics, it becomes beneficial to further 

develop the underlying fundamental science.   

Thus far, little research has been published on the thermodynamics or kinetics of 

polyamines or salt-amine mixtures.  Research on vapor-liquid equilibrium (VLE) of 

CO2 in the solvent will define capacity and heats of absorption.  Of fundamental interest 

in the understanding of the thermodynamics is a description of amine speciation with 

CO2 and, for PZ, an identification of differences resulting from the unique, heterocyclic 

ring structure.  It is also important to identify VLE benefits by using similar molecules.  

In promoted K2CO3 systems, the impact of high ionic strength on equilibria is largely 

unknown.  An effective thermodynamic representation of K+/PZ will improve the 

fundamental understanding of other amine solutions and mixtures. 

Addressing the rate of absorption will complete the understanding of overall 

solvent performance.  Investigations of the rate behavior will also support previous 

theories of amine reactions with CO2.  Verifying a reaction mechanism and supporting 

the Brønsted theory of base catalysis will improve the kinetic representation of amine 
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systems.  Also, research on kinetics in K+/PZ will improve the modeling of neutral salt 

effects important in high ionic strength environments.  Additionally, validating an 

effective absorption rate model will aid the general understanding and methods for 

describing reactive transport in a complex system. 

1.3.3.  Previous Work 

Some prior work on PZ as a CO2 absorbent has been published and is 

summarized in Table 1.4, but most of the data are at conditions outside the range of 

interest for this work.  Most of the VLE data are at CO2 loadings above 0.75 mol 

CO2/mol amine, compared to the 0.1 to 0.5 range encountered in flue gas treating.  

Bishnoi (2000) presents some data on PZ, but the majority of his work focuses on 

PZ/MDEA blends.  The most comprehensive study of aqueous PZ is given by 

Ermatchkov et al. (2003) who reports speciation data for a wide range of conditions. 

 

Table 1.4.  Summary of Previous Work on Piperazine 

Solvent [PZ] (M) T (oC) CO2 
Loading Source Data Type 

0.2 – 0.6 25 - 70 0.0 – 1.0 Bishnoi (2000) NMR, VLE, Rate 
0.1 – 1.45 10 – 60 0.0 – 1.0 Ermatchkov et al. (2003) NMR 

2 – 4 40 – 120 > 0.75 Kamps et al. (2003) VLE 
Aq. PZ 

0.1 – 1.0 20 – 50 > 0.8 Aroua and Salleh (2004) VLE 
0.6 25 – 70 0.0 – 0.7 Bishnoi (2002,2002) NMR, VLE, Rate PZ + 

Amine 0.0 – 1.2 40 - 60 0.0 – 0.5 Dang (2001) VLE, Rate 
Amine + 
K2CO3 

N/A Various Various Various, See Section 
2.2.6.  VLE, Rate 

 

Though general studies of the solvent performance of amine/K2CO3 solvents are 

common, detailed data on thermodynamics and kinetics are not available in the open 

literature.  Properties of PZ/K2CO3 have not been previously explored.  This work 

142



 

17 

builds on the data set for aqueous PZ and expands the solvent to include concentrated 

K2CO3. 

Other work, though not addressing PZ specifically, is closely related to this 

investigation through methods and modeling techniques and should be mentioned.  

Austgen (1989) developed the rigorous thermodynamic model used in this work and 

applied it to modeling MEA- and DEA-promoted MDEA.  Glasscock (1990) initiated a 

study on the modeling of CO2 absorption into DEA and DEA/MDEA.  These works 

demonstrate the ability of various modeling techniques to effectively represent amine 

mixtures over a broad range of conditions, though none specifically address high ionic 

strength solvents.  Also, the prior work in this area focuses on simpler solvent systems; 

this work will attempt to extend these methods to a more complex application. 

1.3.4.  Objectives and Scope 

Following the above rational for needed research on this solvent and in the 

general field of gas treating with amines, this work strives to satisfy several critical 

objectives, encompassing both scientific explorations and practical considerations: 

1. Quantify and model fundamental thermodynamic properties that 

determine solvent behavior over conditions relevant to gas treating.   

2. Determine the rate of CO2 absorption into K+/PZ mixtures and relate 

the performance to kinetic theory in other amine solvents. 

3. Investigate the feasibility of applying the K+/PZ mixture in an 

industrial gas treating process and identify controlling variables. 
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4. Anticipate practical limitations of applying the solvent to CO2 capture 

in the proposed process. 

The scope of the proposed work encompasses, to a large extent, conditions that would 

be encountered by applying the solvent to large-scale CO2 removal from flue gas.  That 

is, the temperature range of interest is from 40 to 120oC and the gas phase CO2 

concentration is 0.1 to 10%. 

Objective 1 is satisfied by experimental and modeling investigations of 

important thermodynamic properties.  Data on the vapor-liquid equilibrium of CO2 over 

0.0 to 6.2 m K+ and 0.0 to 3.6 m PZ have been measured in a wetted-wall column at 40 

to 110oC.  The equilibrium speciation of PZ in 2.5 to 6.2 m K+ and 0.6 to 3.6 m PZ was 

measured using proton nuclear magnetic resonance spectroscopy.  The physical 

solubility of CO2 in K+/PZ mixtures (up to 5.0 m K+ and 2.5 m PZ) was determined by 

the N2O analogy.   

A rigorous thermodynamic model, based on the electrolyte non-random two-

liquid (ENRTL) theory, was developed using the model originally coded by Austgen 

(1989).  The model was extended to include K+ and PZ and used, in conjunction with 

the experimental measurements, to develop a broad picture of thermodynamic behavior 

and to infer practical consequences of that behavior.  Scientific conclusions concerning 

the stability of PZ carbamates and the pKa of species were formed.  Enthalpies predicted 

by the model are comparable to literature values and used to generalize the behavior of 

aqueous PZ and K+/PZ.  The influence of ionic strength on thermodynamic behavior 

was successfully correlated and interpreted with the activity coefficient model. 
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The second objective was met with measurements of the rate of CO2 absorption 

in the wetted-wall column in a variety of solvents (0.0 to 6.2 m K+ and 0.6 to 3.6 m PZ) 

between 25 and 110oC.  A kinetic model, based on the model of Bishnoi (2000), was 

developed from the observed behavior to model the boundary layer for the absorption of 

CO2 into K+/PZ. 

Using the data and the model, rate constants describing the reaction of PZ with 

CO2 were regressed as part of a termolecular reaction mechanism.  Furthermore, the 

rate constants were structured to satisfy the Brønsted theory of acid-base catalysis.  

Given the high ionic strength of the solvent, studies into neutral salt effects were 

deemed appropriate.  The influence of salt on the reaction rate was interpreted and 

generalized.  The model was used to correlate the flux of CO2 into the solvent under 

various conditions and to arrive at conclusions concerning generalized rate behavior and 

important parameters for mass transfer. 

Objective 3 is satisfied from interpretations of the thermodynamic and kinetic 

behavior as understood from experimental investigations.  From the electrolyte NRTL 

model, correlations of VLE behavior were used to estimate the CO2 capacity of the 

solvent and the heat of absorption.  The rigorous rate model was applied to 

understanding the importance of kinetics and diffusion parameters.  In comparing the 

rate of absorption to the instantaneous rate and gas film resistance contributions, 

conclusions about the performance of the solvent in an industrial process are achieved.   

The fourth objective of this work includes practical considerations of solvent 

development.  A basic study of the solid solubility of K+/PZ mixtures was initiated to 
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determine viable solvent compositions.  Solubility limits were quantified in 

concentrated mixtures of K2CO3/PZ and KHCO3/PZ at 25 and 40oC.  The solubility 

limits also serve as an important addition to the thermodynamic investigations.  

Physical properties, such as density and viscosity, have been measured and reported to 

improve modeling and interpretation of fluid dependent parameters. 
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Chapter 2:  Literature Review 

 

 

 

 

This chapter introduces basic theory and literature pertaining to a study of CO2 

absorption by aqueous amines.  A brief discussion on mass transfer with chemical 

reactions is presented, highlighting basic terminology.  Approximations and limiting 

conditions are also discussed.  Generalized equilibrium and rate behavior of amine 

solvents is presented with a particular emphasis on promoted-K2CO3 and prior work in 

the area.  Research on acid-base catalysis theory and the effect of neutral salts are 

reviewed in the context of application to CO2 reactions with amines. 

2.1.  Mass Transfer with Fast Chemical Reaction 

2.1.1.  Mass Transfer Theory 

Detailed information on the transport of molecular species is commonly 

modeled with a microscopic material balance.  In the simplest form, one species 
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diffuses into another as in the physical absorption of a gas into a liquid.  The flux, NCO2, 

can be calculated at the gas-liquid interface (x = 0) as  

[ ]
2 2

2

0
CO CO

x

CO
N D

x
=

∂
= −

∂
.      (2.1) 

Thus, the flux is proportional to a concentration driving force across films, or boundary 

layers, and a group representing the diffusion and spatial direction of mass transfer.  In 

the case of gas absorbing into a liquid (Figure 2.1), a gas film and a liquid film exist.  

Flux is the same at any point within the boundary layer, giving 
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⎪ − −⎪
⎩

,  (2.2) 

where KG is the overall gas phase mass transfer coefficient, kg is the gas film mass 

transfer coefficient, and kl
o is the liquid film mass transfer coefficient.  PCO2 represents 

the bulk gas partial pressure of CO2, PCO2,i represents the partial pressure of CO2 at gas-

liquid interface, and PCO2* denotes the equilibrium partial pressure of CO2 in the bulk 

liquid.  HCO2 is the Henry’s constant of CO2 in the solvent. 

Mass transfer coefficients are a proportionality of flux to the driving force and 

are functions of the effective diffusivities.  That is, kg is a function of gas properties and 

reflective of the diffusion of CO2 from the bulk gas to the gas liquid interface.  

Likewise, kl
o is a representation of CO2 transport from the interface to the bulk liquid.   
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Figure 2.1.  Physical Mass Transfer of CO2 into a Bulk Liquid 

 

Given Equation (2.2), mass transfer can be represented by series addition of 

resistances to mass transfer.  In physical absorption, the overall resistance is equal to the 

gas film resistance plus the liquid film resistance, or 

1 1
o

G g l

H
K k k

= +         (2.3) 

The consequence of chemical reaction in the liquid boundary layer is an 

accelerated absorption rate and a reduction in equilibrium partial pressure.  In the case 

of fast chemical reaction, most of the reaction occurs in a thin layer near the gas-liquid 

interface, which is shown in Figure 2.2 as a reaction film.  The equilibrium 

concentration at the interface is now controlled by the chemical reaction.  For reversible 

reactions, the driving force for reaction is given by equilibrium considerations and the 
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diffusion of CO2 to the reaction film.  See Section 2.1.3.  A representation can again be 

written as a series resistance  

[ ]
2 2

*

, 2

1 1 1CO CO
o o

G g l l PROD T

H P
K k Ek k CO

∂
= + +

∂
     (2.4) 

where [ ]
2

*
2CO T

P CO∂ ∂  gives the slope of the equilibrium curve.  This term is essentially 

the instantaneous, or diffusion controlled, transport of CO2.  E is an enhancement factor 

accounting for the reaction of CO2 and is defined as the flux of CO2 with reaction 

normalized by the flux of CO2 by physical absorption.  In this work, the enhancement 

factor is referred to as a gas phase mass transfer coefficient across the liquid film, called 

a normalized flux or kg’. 
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Figure 2.2.  Mass Transfer of CO2 into a Bulk Liquid with Fast Chemical Reaction 
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2.1.2.  Mass Transfer Models 

One of the earliest, and simplest, mass transfer models is called film theory and 

was first proposed by Lewis and Whitman (1924).  Film theory is a steady-state model, 

resulting in a simple representation of mass transfer in the boundary layer.  The 

assumption is mass transfer occurs across a stagnant film of given thickness δ.   

A physical mass transfer coefficient, kl
o, gives a proportional dependence of flux 

on the diffusion coefficient, which disagrees with most experimental data.  

Additionally, the film model predicts discontinuities at the gas-liquid interface and at δ, 

implying a more complicated model of mass transfer is required to accurately describe 

diffusion of species in a boundary layer. 

Two other theories have garnered widespread use due their applicability to a 

range of problems.  The Higbie penetration theory (Higbie, 1935) and the surface 

renewal theory (Danckwerts, 1951) are unsteady-state theories that assume molecules 

contact the gas-liquid interface for various amounts of time, yielding a contact time 

distribution.  Both theories produce a flux that is dependent on the square root of the 

diffusivities, giving a better representation of observed behavior, but they are more 

complicated to solve. 

The eddy diffusivity theory (Equation (2.6)), proposed by King (1966), is a 

steady-state theory that assumes a significant convective contribution to the diffusion of 

species in the boundary layer.  Near the interface, diffusion processes are dominant.  

Approaching the bulk solution results in greater contributions from convective fluid 

movement, or eddies. 
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     (2.6) 

Glasscock (1990) showed that the eddy diffusivity theory gives a solution within 

5% of the surface renewal or penetration theory without the complications of time 

dependence.  For this reason, Bishnoi (2000) chose this theory as the basis for his mass 

transfer model, which is incorporated into this work. 

2.1.3.  Reversible Reactions 

The reactions considered in this work are reversible, and require special 

consideration of the appropriate driving force.  Given a simple, reversible reaction of a 

reactant, R, with the dissolved gas, CO2, 

2
f

r

k

k
R CO P⎯⎯→+ ←⎯⎯ ,       (2.7) 

the overall expression for rate is 

[ ][ ] [ ]2f rr k R CO k P= − .      (2.8) 

An equilibrium constant, assuming [R] >> [CO2], can also be defined as 

[ ]
[ ][ ]*

2

f

r

k P
K

k R CO
= = ,       (2.9) 

where * indicates the concentration in equilibrium as defined by the above expression.  

The rate is now given in terms of the driving force imposed by the actual concentration 

and the equilibrium concentration of the dissolved gas. 

[ ] [ ] [ ]( )*
2 2 2r k R CO CO= −       (2.10) 
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The reversible rate expression can, therefore, be calculated using the equilibrium 

constant. 

[ ] [ ] [ ]
[ ]2 2

P
r k R CO

K R
⎛ ⎞

= −⎜ ⎟⎜ ⎟
⎝ ⎠

      (2.11) 

2.1.4.  Pseudo-First Order Reaction 

The complexity of representing mass transfer with fast chemical reactions as an 

analytical expression has led to the development of useful simplifications.  One such 

simplification is the pseudo-first order approximation.  This approximation assumes that 

the liquid reactant concentration is constant throughout the boundary layer, eliminating 

the need for rigorous accounting of speciation in the reactive boundary layer.  In other 

words, the reaction rate can be represented by the bulk solution composition. 

The pseudo-first order assumption is applied as follows.  The concentration 

profile of CO2 reacting with an amine in a second order reaction is given by 

[ ] [ ][ ]
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2
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CO
D k Am CO

x
∂

− =
∂

.     (2.12) 

Assuming the amine concentration across the reactive boundary layer is constant and 

equal to the bulk liquid concentration, 
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,      (2.13) 

where k1 is a pseudo-first order rate constant representing k2[Am]b. 

The solution to this equation, for reversible reactions, is 
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The subscript b indicates bulk solution composition.  The resulting expression for the 

normalized flux is 

[ ]
2

2

2'
,

CO b
g PFO

CO

D k Am
k

H
= .      (2.15) 

This approximation requires that the concentration of the amine and PCO2* at the 

gas-liquid interface be approximately equal to those in the bulk solution.  Thus, the flux 

must be low relative to the reactant and product concentrations.  An increase in reaction 

kinetics relative to diffusion processes may result in the depletion of the reactant, or an 

accumulation of the products, at the gas-liquid interface.  Likewise, a high driving force 

may deplete the reactant and introduce large errors into this approximation. 

2.1.5.  Instantaneous Reactions 

A special case of mass transfer with chemical reaction is one where the reaction 

occurs fast enough to be considered instantaneous with respect to the diffusion process.  

Some reactions between gases and liquids are commonly represented as instantaneous, 

such as the absorption of NH3 by aqueous HCl and H2S by an alkaline solution.  Under 

some circumstances, describing the absorption process of CO2 by an amine as 

instantaneous may be appropriate.  Generally, this occurs at high temperatures where 

kinetics have increased or at high loadings where the accumulation of CO2 products 

places diffusion limitations on the reaction. 

Consider a simplified situation in which 

1
2

kCO R P+ ⎯⎯→        (2.16) 
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and k1 → ∞ (the reaction is instantaneous).  The reaction of CO2 with R occurs at some 

distance, δ, from the gas-liquid interface.  Conditions require that R diffuse to and P 

diffuse away from the reaction plane at least as fast as CO2 reaches it, resulting in 

[ ] [ ]
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D CO D R
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Or, if film theory applies, 
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For the circumstance of sparingly soluble gas in a liquid, the expression is simplified to 

[ ]
2

2

Ro b
CO l

CO

D R
N k

D
= .       (2.19) 

This approximation is of practical importance for several reasons.  First, if the 

reaction is instantaneous, the rate can be modeled with a simple model with no 

consideration of kinetics.  Second, the influence of the gas film resistance can be 

quantified relative to the reaction rate for modeling absorber/stripper processes.  Third, 

the prediction of instantaneous behavior relative to various reactions allows the 

determination of rate limiting behavior. 

Similar solutions can be found for more complex reactions.  For amines reacting 

with CO2, several representations for instantaneous reaction can be derived.  The 

condition where all reactions are considered instantaneous will be referred to as the 

global instantaneous case, designated by GBL,INST.  With a small driving force, an 

approximate solution to this condition can be calculated from equilibrium behavior as 
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where DP represents the diffusion coefficients of the reaction products and [CO2]Τ is the 

molar liquid CO2 concentration.   

Other instantaneous reactions can be considered to determine the contribution of 

a particular class of reactions to the overall reaction rate.  An instantaneous flux for the 

formation of amine carbamates can be defined as 

( )2 2, , lim
Am b

Am b

CO PZ INST COk
N N

− →∞
=

∑∑
.     (2.21) 

A comparison to the global instantaneous case reveals the potential limiting reactions 

under given conditions. 

2.2.  Solvents for CO2 Absorption 

The following discussion covers the major thermodynamic and kinetic 

conclusions for various types of amines and presents key findings that are applied in 

interpreting results of this work.  The review is not intended to be a comprehensive 

listing of all work done in the area.  Several authors have compiled detailed literature 

reviews on amines.  See Mahajani and Joshi (1988), Versteeg et al. (1996), and 

Rochelle et al. (2001) for more detail. 

2.2.1.  Potassium Carbonate 

The value of potassium carbonate as a CO2 absorbent has been recognized since 

the early 1900’s.  The process evolved over the years into a viable commercial process, 

often used in treating synthesis gas (Benson and Field, 1959).  The preferred 
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embodiment is a 40 wt% K2CO3 solution in an isothermal absorber/stripper at 100oC 

and 15 to 20 atm.   

Much of the commercial validation was done by Benson et al. (1954) and 

Benson et al. (1956).  These two studies show important pilot plant characterization of 

hot potassium carbonate (hotpot) versus aqueous MEA and conclude that, under 

specific configurations, hotpot is an efficient CO2 absorbent.   

The absorption of CO2 into aqueous K2CO3 is commonly represented by the 

overall reaction 

( )2
3 2 2 32CO H O CO aq HCO− −⎯⎯→+ + ←⎯⎯ ,    (2.22) 

though the reaction is usually described in terms of two parallel, reversible reactions. 

( )2 3CO aq OH HCO− −⎯⎯→+ ←⎯⎯       (2.23) 

2
3 3 2HCO OH CO H O− − −⎯⎯→+ +←⎯⎯      (2.24) 

Since the reaction with hydroxide is the rate-limiting step, the reaction rate is 

represented as a second order rate expression. 

[ ]
2 2CO OH

r k OH CO−
−⎡ ⎤= ⎣ ⎦       (2.25) 

This reaction, though important to the solution equilibrium, is generally much slower 

than aqueous amines, limiting its application in processes requiring a high percentage of 

removal.  It is often advantageous to add a promoter to increase the absorption rate. The 

energy required to reverse the reaction is typically less than that required for amine 

solvents. 
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The rate constant has been measured by Pinsent et al. (1956), Nijsing et al. 

(1959), Hikita and Asai (1963), and Pohorecki and Moniuk (1988) and is reported in 

Chapter 4. 

2.2.2.  Primary and Secondary Amines 

The reversible reaction of CO2 with primary and secondary amines produces an 

amine carbamate.  Caplow (1968) proposed a reaction mechanism for carbamate 

formation through a “zwitterion” intermediate, an ionic, but net-neutral molecule.  The 

“zwitterion” mechanism illustrated below is a two-step process:  the CO2 reacts with the 

amine to form an intermediate followed by the extraction of the proton by bases present 

in solution. 
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Given the two-step, “zwitterion” mechanism, the rate of reaction can be written 

in the following form. 

[ ][ ]
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∑
      (2.28) 

Most researchers find that the reaction of CO2 with aqueous primary amines is 

first order with respect to the amine.  This suggests that the reaction rate is limited by 
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the formation of the zwitterion, kb→∞.  In this case, the rate expression can be 

simplified to 

[ ][ ]
2 2CO fr k Am CO= .       (2.29) 

Researchers also find that the CO2 reaction with secondary amines frequently 

approaches a second-order reaction with respect to the amine.  Assuming the extraction 

of the proton by a base is rate-limiting, or Σkb[b] << kr, Equation (2.28) can be 

simplified to 

[ ][ ][ ]2Am b
b

r k Am b CO−= ∑ ,      (2.30) 

where kAm-b represents the combination of kf, kr, and kb.  For example, if PZ is the 

reacting amine and water is the base, the nomenclature is 

2

2

f H O
PZ H O

r

k k
k

k− = .       (2.31) 

Recent work by Crooks and Donnellan (1989) suggests the use of a single-step, 

termolecular mechanism to describe the reaction.  The rate expression resulting from 

the termolecular mechanism is identical to Equation (2.30).  The authors argue that 

while the “zwitterion” mechanism explains observed reaction rates, the mechanism is 

not thermodynamically consistent and the physical significance of the “zwitterion” is 

questionable.  This view is supported by the recent ab initio study of carbamate 

formation by da Silva and Svendsen (2004).  Because there is no direct evidence that an 

intermediate exists, the reaction can be represented as termolecular with no adverse 

effects (Benson, 1960).   
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Several investigations of amine systems utilize the “zwitterion” mechanism in 

its entirety to describe amine kinetics, but the values of kf often have questionable 

significance or little impact on the reaction rate (Blauwhoff et al., 1984; Bosch et al., 

1990; Littel et al., 1992a; Kumar et al., 2003).  With a termolecular interpretation, 

varying orders of reaction can be obtained if the amine is also considered an acting 

base; therefore, regardless of the chosen mechanism, an equally effective representation 

of the reaction rate can be obtained.  While it is difficult to make conclusions 

concerning the actual mechanism, the termolecular mechanism is comparably attractive 

in its simplicity and has been chosen to represent the data in this work. 

Equilibrium representations of primary and secondary amines in water can be 

relatively complex.  In addition to the equilibria of components in water, the carbamate 

and protonation of the amine must be considered. 

2 2 3Am CO H O AmCOO H O− +⎯⎯→+ + +←⎯⎯     (2.32) 

2 3AmH H O Am H O+ +⎯⎯→+ +←⎯⎯      (2.33) 

From carbamate formation and subsequent protonation, primary and secondary amines 

can theoretically absorb 0.5 mol CO2/mol amine and are somewhat limited in their 

capacity to absorb CO2.  The carbamate reaction also has a high heat of absorption, 

making the solution difficult to regenerate. 

There is an extensive collection of literature available on the kinetics of CO2 

with primary amines, particularly MEA.  Jensen et al. (1954), Clarke (1964), 

Danckwerts and Sharma (1966), Sada et al. (1976b), Hikita et al. (1977), and Penny and 
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Ritter (1983) report second-order rate constants for MEA of approximately 7000 

m3/kmol-s.  DGA is reported to have a rate constant of 5000 m3/kmol-s (Alper, 1990a; 

Littel et al., 1992b). 

Secondary amines give similar rates as primary amines, but rates are usually 

reported in terms of the “zwitterion” mechanism.  Kinetics of DEA and DIPA are 

reported by Sada et al. (1976a), Hikita et al. (1977), Laddha and Danckwerts (1981), 

Versteeg and van Swaaij (1988a), and Littel et al. (1992a). 

2.2.3.  Tertiary Amines 

The reaction of tertiary amines with CO2 differs significantly from primary or 

secondary amines in that an amine carbamate is not formed.  Instead, the reaction 

produces a protonated amine and bicarbonate ion, resulting in a high capacity and a low 

heat of absorption.  The reaction is consistent with a single-step mechanism, as with 

primary or secondary amines, but the products resemble a homogeneous catalysis of 

CO2 hydrolysis.  The absorption rate for tertiary amines is considerably slower and 

water must be present for this reaction to proceed. 
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  (2.34) 

The rate of this reaction is typically represented with a second-order reaction. 

[ ][ ]
2 2 2COr k Am CO=        (2.35) 

Several tertiary amines have been investigated for CO2 absorption and selective 

removal of H2S, including TEA and DMMEA (dimethylmonoethanolamine), though 
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MDEA is the most common used in gas treating.  Investigations of MDEA kinetics 

include work by Blauwhoff et al. (1984), Versteeg and van Swaaij (1988a), Toman and 

Rochelle (1989), and Rinker et al. (1995).  An average second-order rate constant is 4 

m3/kmol-s.  Results for TEA are similar, giving a rate constant of approximately 2 

m3/kmol-s (Sada et al., 1976a; Donaldson and Nguyen, 1980; Crooks and Donnellan, 

1990; Littel et al., 1990b). 

2.2.4.  Hindered Amines 

Hindered amines have been developed for use in a number of processes 

including CO2 removal.  Hindered amines are primary or secondary amines whose 

structure inhibits the formation of carbamate species.  A formal definition has been 

adopted as “a primary amine in which the amino group is attached to a tertiary carbon, 

or a secondary amine in which the amino group is attached to a secondary or a tertiary 

carbon atom” (Sartori and Savage, 1983).  Some solvents contain severely hindered 

amines for the selective removal of H2S. 

In representing the interaction of CO2 with hindered amines, several reactions 

must be considered.  The reaction of CO2 with moderately hindered amines includes the 

formation of a carbamate species as in the case of non-hindered amines.   

2 2 3Am H O CO AmCOO H O− +⎯⎯→+ + +←⎯⎯     (2.36) 

This reaction is often significantly slower and contributes less to the overall reaction 

rate than for primary or secondary amines due to the low carbamate stability.  It is 

theorized that the subsequent decomposition of the carbamate to bicarbonate may 

contribute to the reaction equilibrium. 
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2 3AmCOO H O AmH HCO− + −⎯⎯→+ +←⎯⎯     (2.37) 

While the formation and decomposition of carbamate may be important under 

some conditions, the reaction is mainly characterized by the direct formation of 

bicarbonate, as in the case of tertiary amines.   

2 2 3Am H O CO AmH HCO+ −⎯⎯→+ + +←⎯⎯     (2.38) 

To the extent that this reaction, and not carbamate formation, drives the reaction, the 

capacity will approach 1 mol of CO2 per mol of amine. 

In general, the formation of bicarbonate allows a high solution capacity, but 

because little carbamate species form, the kinetics are slow.  A higher free amine 

concentration partially counteracts the slow kinetics, but the overall rate of absorption 

may be slower than non-hindered primary or secondary amines. 

Most studies of hindered amines focus on quantifying the kinetics of CO2 

absorption into AMP.  Studies by Sharma (1965), Yih and Shen (1988), and Alper 

(1990b) suggest an overall second-order rate constant of 500 to 1,000 m3/kmol-s.  

Bosch et al. (1990) and Seo and Hong (2000) indicate more complicated “zwitterion” 

type rates of varying reaction orders.  This is also suggested by Xu et al. (1993) in an 

investigation of 2-piperidineethanol (PE).  Little work on quantifying carbamate 

stability has been published.  Sartori and Savage (1983) report Kc < 0.1 for AMP based 

on work with 13C NMR.   
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2.2.5.  Piperazine 

Some work has been done previously on aqueous PZ and its behavior with CO2.  

Ermatchkov et al. (2003) present speciation data from 1H NMR experiments for 0.1 to 

1.45 m PZ and CO2 loadings of 0.1 to 1.0 mol CO2/mol PZ.  The temperature ranges 

from 10 to 60oC.  This data set is essential for establishing a basis for a model of PZ 

thermodynamics, defining equilibrium constants and temperature dependences.  Kamps 

et al. (2003) report total pressure data of CO2/PZ mixtures from 40 to 120oC.  

Unfortunately, most of this data are above loadings of 1.0 mol CO2/mol PZ limiting its 

use in this work.  Aroua and Salleh (2004) give equilibrium CO2 partial pressure data 

for aqueous PZ under similar conditions (20 to 50oC and loadings > 0.8).  Again, the 

high loading data are of limited use in modeling PZ at absorber/stripper conditions. 

There is some research on PZ as a promoter in amines.  Dang (2001) gives data 

for the absorption rate of CO2 into PZ/MEA.  The thermodynamics are represented by a 

simple equilibrium model based on previously determined equilibrium constants, but 

the work does show that PZ is an effective rate promoter for MEA.  Bishnoi (2000) 

presents data on PZ/MDEA and rigorously models the thermodynamics and reaction 

rate.  While information applicable to K+/PZ is limited, the work of Bishnoi provides a 

foundation for the modeling and interpretation presented in this work. 

2.2.6.  Amine-Promoted Potassium Carbonate 

The process of CO2 removal by absorption into K2CO3 has been used in natural 

gas treating and ammonia production for many years.  The process has a low heat of 

absorption, making solvent regeneration more energy efficient.  The rate of absorption 
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is slow and absorber performance suffers.  To counteract the slow absorption rates, 

amines can be added in small quantities to promote the hotpot process.  The following 

discussion summarizes important work in the development of these solvents.  A list of 

the investigations of the more common amine-promoters is presented in Table 2.1. 

Work by Shrier and Danckwerts (1969) measured the effects of various amines 

on absorption rate and quantified the effects as an enhancement over the absorption rate 

into K2CO3.  The amine concentration was 0.1 M and the K2CO3 concentration was 

approximately 2 M.  The study shows that the most effective promoters among the 

secondary amines are 2-ethylaminoethanol (EAE), 2-methylaminoethanol (MAE), and 

DEA.  The primary amines, monoisopropanolamine (MIPA) and MEA, also promote 

the absorption rate.  The difference in enhancements is interpreted in terms of 

equilibrium.  The authors recognized that primary amines form a more stable carbamate 

than secondary amines, and thus, less free primary amine will be available for reaction. 

Laddha and Danckwerts (1982) examined the effects of K2CO3 and K2SO4 on 

the rate of absorption into 1.0 M MEA and DEA.  The authors found that, for DEA, the 

overall rate constant is increased by a factor of 2 with the addition of 0.4 M K2SO4.  The 

same concentration of K2CO3 yields an increase of a factor of 7.  While ionic strength 

has some effect on rates, carbonate has an additional base-catalysis effect.  The authors 

also found that K2CO3 affects MEA in the same way that K2SO4 effects DEA; therefore, 

the specific effect of carbonate ion is not as significant in MEA. 
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Table 2.1.  Selected Studies of Amine-Promoted K2CO3 

Amine [Amine] 
(kmol/m3) 

[K2CO3] 
(kmol/m3) T (oC) Source Method Thermo Rates 

0.1 2 25 
Shrier and 

Danckwerts 
(1969) 

Stirred Cell Yes Yes 

1.0 0.4 – 1.0 11 – 25 
Laddha and 
Danckwerts 

(1982) 
Stirred Cell No Yes 

0.1 2.75 100 
Mahajani and 
Danckwerts 

(1982) 
BaCl Yes No 

MEA 

0.1 2.75 100 
Mahajani and 
Danckwerts 

(1983) 
Stirred Cell No Yes 

0.1 2 25 
Shrier and 

Danckwerts 
(1969) 

Stirred Cell Yes Yes 

1.0 0.4 – 1.0 11 – 25 
Laddha and 
Danckwerts 
(1982; 1982) 

Stirred Cell No Yes 

0.1 2.75 100 
Mahajani and 
Danckwerts 

(1982) 
BaCl Yes No 

0.0 – 0.314 2.75 100 
Mahajani and 
Danckwerts 

(1983) 
Stirred Cell No Yes 

0.6 2.0 40 – 
120 

Sartori and 
Savage (1983) 

Autoclave/ 
Wetted-
Sphere 

Yes Yes 

0.3 – 0.7 5.0 50 – 
100 

Tseng et al. 
(1988) 

Wetted-
sphere No Yes 

DEA 

0.6 2.0 90 Bosch et al. 
(1989) Modeling - - 

0.1 2.75 100 
Mahajani and 
Danckwerts 

(1982) 
BaCl Yes No 

DIPA 

0.101 2.75 100 
Mahajani and 
Danckwerts 

(1983) 
Stirred Cell No Yes 

TEA 0.097 2.75 100 
Mahajani and 
Danckwerts 

(1983) 
Stirred Cell No Yes 
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An investigation of carbamate equilibrium in hot potassium carbonate was 

initiated by Mahajani and Danckwerts (1982).  The study reports equilibrium constants 

at 100oC for four amines, MEA; DEA; DIPA; and AMPD, as determined by rapid 

mixing with barium chloride.  The stability of carbamate decreased as MEA > AMPD > 

DEA > DIPA, leading the authors to conclude that steric effects are responsible for 

determining equilibrium. 

Mahajani and Danckwerts (1983) also measured the effect of amines on the 

desorption rates of CO2 from potash at stripper conditions (100oC).  Amines chosen for 

comparison in this study include DEA, MEA, DIPA, and AMP.  The authors find that 

DEA is a better promoter for the CO2 desorption than the others.  This is due to the 

equilibrium of DEA in comparison to the carbonate buffer.  They also conclude that 

absorption should also be enhanced, if the driving force is reversed. 

A study of amine promoters of K2CO3 was published by Sartori and Savage 

(1983) with an emphasis on hindered amines.  Equilibrium and absorption rates are 

reported for DEA and an unspecified hindered amine.  The major conclusions from this 

work are that the capacity and the absorption rate are increased by hindered amines due 

to steric hindrance.  The low carbamate stability increases the formation of the 

bicarbonate and maintains a high concentration of free amine in solution. 

Savage et al. (1984) investigated the VLE and rate behavior in DEA- and 

hindered amine-promoted K2CO3.  Results indicate that the promoters increase the rate 

by a factor of 5 to 10 in K2CO3.  The authors attribute the large promotion effect to the 

amine serving as a homogeneous catalyst for CO2 hydrolysis.   
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Tseng et al. (1988) modeled the absorption rate of CO2 by 2 and 5 wt% DEA in 

30 wt% K2CO3.  Equilibrium behavior was represented by data from previous work.  

Rate constants for the amine, hydroxide, and carbonate were regressed and activation 

energies were determined.  The authors observe a changing reaction order that is 

accounted for in the interpretation of the “zwitterion” mechanism; however, a 

discontinuity of rate constants suggests the behavior is not accurately represented. 

Pohorecki et al. (1988) report findings on 0.05 to 0.20 M EAE in 1.5 M K2CO3 

and present several important findings, including the support of earlier findings that the 

rate is dependent on CO3
2- content.  Some experiments were run in the presence of 

neutral salts to buffer the ionic strength.  In contrast to the previous work by Laddha 

and Danckwerts (1982), it is proposed that ionic strength, not concentration of the 

carbonate ion, is largely responsible for the increased absorption rates.  The work does 

not rigorously account for speciation of the amine, so it is difficult to distinguish 

between equilibrium and kinetic effects.  Still, the authors recognize the potential 

importance of both ionic strength and carbonate concentration on the rate. 

Kumar et al. (2003) measured the rate of absorption in amino acid-promoted 

K2CO3 in a stirred cell.  The reaction order of taurine and glycine is reported to increase 

from 1 at concentrations greater than 1.0 M K+.  The work concludes that either the 

“zwitterion” or termolecular mechanism adequately represents the observed behavior.   
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2.3.  Contributions to Reaction Kinetics 

2.3.1.  Acid and Base Catalysis 

A major contribution to kinetic theory and physical chemistry was the 

development of the theory of homogeneous catalysis by acids and bases.  Much of the 

original work in this area was done by Brønsted (1928).  This work laid the foundation 

for interpreting reaction mechanisms in terms of acid/base concentrations and provided 

an important link between equilibrium strength and reaction rates.  This section briefly 

reviews some of the critical work in this area and relates them to the reaction of CO2 

with amines. 

The Brønsted theory defines a base as a molecule tending to unite with a 

hydrogen nucleus and an acid as a molecule tending to split from a hydrogen nucleus.  

Thus, in general, an equilibrium can be defined so that 

KA A H− +⎯⎯→ +←⎯⎯ ,       (2.39) 

where A is the acid and A- is the corresponding base.  Because in any solution the 

concentration of hydrogen ion is small, it is more physically meaningful to describe the 

above reaction relative to the hydronium equilibrium. 

3 2
wK

H O H O H+ +⎯⎯→ +←⎯⎯       (2.40) 

So, most reactions are represented as 

2 3
aK

A H O A H O− +⎯⎯→+ +←⎯⎯ ,      (2.41) 

where Ka = K/Kw.  Ka is representative of the strength of the acid (or base) and is 

usually written as 
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10loga apK K= − .       (2.42) 

Early work in physical chemistry indicated that many reactions depend 

proportionally on the concentration of hydronium or hydroxyl ions in solution.  

Brønsted held that the properties of these ions as acids and bases are not unique and the 

catalytic effect on reactions should extend to other molecules.  To date, a large body of 

work has been performed corroborating and expounding on this theory. 

One of the first efforts to distinguish the acid/base catalysis theory was a study 

of the mutarotation of glucose (Brønsted and Guggenheim, 1927).  This paper includes 

a study of pyridine, a cyclic amine, and correlates the reaction rate of glucose with the 

base strength.  Conclusions of the theory were summarized by Livingston (1930):   

1) Any acid or base may act as a catalyst. 

2) The concentration of protons in any solution is small enough that the 

catalytic effect is negligible. 

3) The rate constant associated with the catalyst is different for each acid 

or base and is different for each reaction. 

Brønsted (1928) also found that the catalytic effect of bases on reaction rates can 

be given as function of the base strength (i.e. dissociation constant).  So, for a simple 

reaction of the form 

1
1

bkA b Prod+ ⎯⎯→ ,       (2.43) 

where b1 is the catalyzing base, the following expression applies. 

1 110 ,log b a bk x pKχ= +        (2.44) 
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where χ and x are reaction-specific constants and pKa,b1 represents the base strength.   

A study of the decomposition of nitramide demonstrated that amines are 

effective as base catalysts and can be represented in this general form (Bell and 

Trotman-Dickenson, 1949; Trotman-Dickenson, 1949).  In addition, it was determined 

that the rate constant for the reaction could be correlated by four distinguishable classes 

of amines:  primary, secondary, tertiary, and heterocyclic.  Sharma (1965) summarized 

the rate constants of numerous amines reacting with CO2 and demonstrated that a 

correlation with base strength applies.  Other researchers in the area have shown similar 

correlating behavior (Littel et al., 1992a; Rochelle et al., 2001).   

Though base catalysis has been widely recognized as a contributing factor in the 

kinetics of amines reacting with CO2, this reaction involves two bases:  the amine, Am, 

reacts with the CO2 and the base, b1, catalyzes the reaction. 

1
2 1 1

Am bkCO Am b AmCOO H b− − ++ + ⎯⎯⎯→ +     (2.45) 

Following the sequence of reaction according to the proposed mechanism (Equations 

(2.26) and (2.27)), there are two correlations with base strength.  The termolecular 

reaction rate can be expressed as a product of the two correlations (Equation (2.30)).   

( )( )1 1 ,, 1

1 1
10 10 a bAm Am a Am a b pKa b pKf

Am b Am b
r

k
k k

k
++

− −= =    (2.46) 

Thus,  

( ) ( )1 1 1 110 , ,log Am b Am Am a Am b b a bk a b pK a b pK− = + + + .   (2.47) 
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Since the amine-CO2 interaction can be assumed constant, the contribution of unknown 

bases in this complex reaction may still be correlated by the difference in base strength. 

( )2 1 2 110 10 , ,log logAm b Am b a b a bk k pK pKχ− −= + −    (2.48) 

From the previous efforts in this field and the proven validity of Brønsted theory 

as applied to the capture of CO2, the kinetic mechanism proposed in this work can 

justifiably rely in a large part on the correlation of kinetics to base strength.   

2.3.2.  Neutral Salt Effects 

During a reaction between two or more molecules, the molecules come together 

in a configuration of high potential energy relative to that of the reactants and products.  

The molecules pass through this transition state as the reaction proceeds to the products.  

The resulting theory can be written generically so that a bi-molecular reaction occurs as 

( )( ) *K k Products
A B

A B
z z

z zA B AB
+∗⎯⎯→+ ⎯⎯→←⎯⎯ ,   (2.49) 

where (AB)* represents the transition state, or a reaction intermediate, and z is the 

charge of the species.  An important corollary of this theory is that the reactants and 

transition state are considered to be in equilibrium.  For this reaction, an equilibrium 

constant is written in the form 

( )
[ ][ ]

( )*

*

AB

A B

AB
K

A B

γ

γ γ

⎡ ⎤
⎣ ⎦= .       (2.50) 

The rate of consumption of the intermediate is considered to be 

( )**r k AB⎡ ⎤= ⎣ ⎦ .       (2.51) 
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Then, 

[ ][ ]
( )*

* A B

AB

r k K A B γ γ
γ

=        (2.52) 

or as it is more commonly written, 

[ ][ ]2r k A B= .        (2.53) 

The rate constant can then be represented as 

( )*
10 2 10 2 10log log logo A B

AB

k k γ γ
γ

⎛ ⎞
⎜ ⎟= +
⎜ ⎟
⎝ ⎠

.     (2.54) 

The representation of the above rate expression leads to two distinct 

explanations of the effects of neutral salts on reactive systems.  Primary and secondary 

salt effects have been independently observed in a variety of reactive systems.   

2.3.2.1.  Primary Salt Effect 

The primary salt effect is a consequence of the change in activity coefficients 

with changing electrolyte concentration and ordinarily occurs with the reaction of two 

ions.  In this case, the concentrations of species A and B are unchanged, but the ratio 

γAγB/γ(AB)* may undergo significant deviations from ideality depending on the ionic 

character of the intermediate. 

Various forms can be used to represent the activity coefficient behavior in 

solution.  With the expanded Debye-Hückel relationship, the rate constant (with activity 

coefficients) can be expressed in terms of ionic strength, I. 

10 10log log
1

o a bz z A Ik k CI
Ba I

−
= − +

+
     (2.55) 
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A, B, and C are ion specific constants and a is the ion size parameter.  In concentrated 

salt solutions, the expression is often dominated by the linear term CI.  Thus, a 

simplification can be made in which log k is proportional to the ionic strength. 

10 10log logk k CI∞= +        (2.56) 

This phenomenon has been observed in numerous systems.  Much of the early 

work in this area was performed by Brønsted in his development of theory.  Brønsted 

and Teeter (1924) quantified a primary salt effect in the reaction of mercuric nitrate 

with chloropentammine cobaltic nitrate.  The two positively-charged reactants show a 

distinct increase in reaction rate with additional ionic strength.  Other ionic reactions 

demonstrate similar behavior (Olson and Simonson, 1949). 

2.3.2.2.  Secondary Salt Effect 

A secondary salt effect may alter the reaction rate by changing the 

concentrations of A and B while the activity coefficient ratio remains constant 

(Brønsted and Teeter, 1924).  This is usually associated with enhancing the dissociation 

of the reactive ions through the addition of neutral salts, though the effect has been 

observed in reactions of neutral species.  Thus, the important distinction here is that the 

effect is not a kinetic effect per se, but rather a change in “inter-ionic forces” (Brønsted 

and King, 1925). 

One study, particularly useful for demonstrating the secondary salt effect, 

quantifies the effect of neutral salts on the decomposition of nitroso-triacetone-amine 

where hydroxyl ion is an active catalyst (Brønsted and King, 1925).  In the presence of 

a piperidine buffer, whose equilibrium can be written 
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5 11 2 5 12C H N H O C H N OH+ −⎯⎯→+ +←⎯⎯ ,    (2.57) 

the effect of neutral salts is verified to increase the reaction velocity by increasing the 

hydroxyl concentration.  The salts increase the stability of the ions in solution and move 

the above equilibrium to the right.  An 18% increase in the apparent rate constant is 

observed with the addition of 0.2 N NaCl.  In the presence of a phosphate buffer, where 

3 2
4 2 4PO H O HPO OH− − −⎯⎯→+ +←⎯⎯ ,     (2.58) 

the stability of the lesser charge distribution pushes the equilibrium to the left in the 

presence of neutral salts.  A negative salt effect (a reduction of the catalytic species, 

OH-) is expected and observed.  The apparent rate constant is 42% lower in 0.2 N NaCl. 

2.3.2.3.  Combinatorial Effects 

Many of the initial investigations into the neutral salt effect rely on carefully 

designed experiments to isolate the primary or secondary mechanism for study.  In this 

regard, the investigations represent highly idealized work.  In more complicated, and 

non-ideal, systems, both primary and secondary salt effects may play a significant role 

in determining the reaction rate.  Some studies have been performed on systems with no 

attempt to isolate either the primary or secondary salt effect, and represent the overall 

impact of neutral salt addition on reactions.   

French (1928) studied the iodine-catalyzed decomposition of hydrogen 

peroxide.  The influence of up to 2 M of several neutral salts increased reaction rates by 

as much as a factor of two.  Grube and Schmid (1926) measured the effect of 
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concentrated neutral salts on the hydrolysis of cyanamide.  The authors again find the 

reaction rates in 2 M ionic strength increase by a factor of two.   

Neutral salts have also been shown to positively influence the absorption rate of 

CO2 into amines.  Data from Danckwerts and Sharma (1966) and Laddha and 

Danckwerts (1982) suggest a significant promotion effect due to ionic strength. 

Given the high ionic strengths encountered in this work, salt effects are expected 

to play a significant role in determining the rate of CO2 absorption.  Pohorecki et al. 

(1988) and Kloosterman et al. (1987) documented this effect in potassium carbonate 

systems and applied a correction for ionic strength to the rate constant.  It is no doubt a 

factor in all work with promoted K2CO3, though it is rarely recognized and never 

quantified. 
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Equation Chapter 3 Section 1 

 

 

 

Chapter 3:  Experimental Methods 

 

 

 

 

This chapter outlines the experimental methods and apparatuses used in this 

work for quantifying the behavior of K+/PZ mixtures, including discussions on data 

analysis and limitations.  A wetted-wall column was used to measure the equilibrium 

partial pressure of CO2 and the rate of CO2 absorption.  Nuclear magnetic resonance 

spectroscopy was used to measure PZ speciation in the presence of CO2.  Measurements 

of density, viscosity, physical CO2 solubility, and solid solubility were also performed.  

The methods for determining these properties are presented. 

3.1.  Wetted-Wall Column 

A wetted-wall column was used for all vapor-liquid equilibrium and CO2 

absorption rate experiments in this work.  The apparatus was originally built by 

Mshewa (1995) and has been used in several recent investigations including Pacheco 

(1998), Bishnoi (2000), Dang (2001), and Cullinane (2002). 
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3.1.1.  Equipment Description 

The wetted-wall column, shown in Figure 3.1, consists of a stainless steel tube 

9.1 cm long with a 1.26 cm outer diameter.  The total contact area, 38.52 cm2, is 

calculated as the longitudinal area of the tube, 36.03 cm2, and the area of the top of the 

column (considered a hemisphere due to the shape of liquid film), 2.49 cm2.  The 

column is enclosed by a thick-walled glass cylinder with an outside diameter of 2.54 cm 

to provide the gas-liquid contact chamber.  The hydraulic diameter (outer diameter 

minus inner diameter) of the enclosure is 0.44 cm, giving a cross-sectional area for gas 

flow of 1.30 cm2.  The chamber is housed inside a second thick-walled glass cylinder 

(10.16 cm OD) that serves as an insulating bath with circulating heat transfer fluid. 
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9.1 cm
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T
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Figure 3.1.  Diagram of the Wetted-Wall Column Construction 
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A representation of the full experimental setup is shown in Figure 3.2.  The 

liquid solution was contained in a reservoir (a series of modified calorimetric bombs) 

with a total volume of 1,400 cm3.  The fluid was pushed from the reservoir to the gas-

liquid contact chamber.  The fluid flowed up through the middle of the column, 

overflowed at the top, and evenly distributed on the outer surface of the column.  The 

liquid was collected at the bottom of the column and pumped back to the solution 

reservoir.  A liquid rotameter indicated the volumetric flowrate of the liquid.  It was 

calibrated with water, giving the following equations: 

( )3
, 0.4512x - 0.2901

refw TQ cm s = ,     (3.1) 

( )3
, ,

(7.83- )

(7.83- 0.997)
ref

ref ref

ref

T
sol T w T

T

Q cm s Q
ρ

ρ
= ,    (3.2) 

and 

( )
2

3
, 2

7.83
7.83ref

ref

sol sol T
T

Q cm s Q ρ
ρ

−
=

−
,     (3.3) 

where Qw is the volumetric flowrate of water, Qsol is the volumetric flowrate of the 

solution, ρ is the density of the solution in g/cm3, and x is the rotameter reading.  The 

value of 7.83 represents the density of the rotameter float.  The subscript Tref refers to 

the value at a standard temperature of 25oC.  The liquid temperature was measured at 

the inlet and outlet of the contactor by Type-J thermocouples (± 2.2oC). 
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Figure 3.2.  Flowsheet of the Wetted-Wall Column Experiment 

 

Nitrogen and CO2 were contained in cylinders and the flowrate was governed by 

Brooks mass flow controllers.  For N2, a 20 SLPM controller (S/N 8708HCO33980) 

was used.  For CO2, three controllers were available:  250 SCCM (S/N 

9310HCO38404/2), 1 SLPM (S/N 8707HCO33415), and 2 SLPM (S/N 

9310HCO38406/2).  Two cylinders of CO2 (one > 99% pure and the other 5000 ppmv) 

were also used, providing additional flexibility in selecting gas rates and concentrations.  

The metered gases were mixed and saturated with water at the operating temperature of 

the column in a sealed vessel immersed in a heat bath.  The water depth in the saturation 

vessel was generally greater than 5 in.  For experiments at high temperatures (> 100oC), 

two vessels were used in series, each containing approximately 5 in. of water. 

After saturation, the gas was introduced to the bottom of the column through a 

1/8 in. tube.  It subsequently flowed counter-currently past the liquid film.  The gas 

exited the top of the column through 1/8 in. tubing and was routed to a condenser.  The 
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condenser was constructed from a 1 L Erlenmeyer flask submerged in an ice bath.  The 

gas entered and exited at the top of the condenser while the condensing water was 

allowed to settle at the bottom of the flask.  Much of the gas was vented from a valve on 

the condenser to reduce load on downstream components.  Approximately 1 L/min of 

the gas was sent to a drying column containing magnesium perchlorate to remove 

excess moisture.  The dry gas was then sent to a gas analyzer for composition 

determination.  Pressure in the column was controlled by a needle valve on the gas 

outlet tubing.  An analog pressure gauge (Matheson, P/N 63-3122) was used to monitor 

pressures between 35 and 55 psig (± 2 psig). 

3.1.2.  Gas Analysis 

The concentration of CO2 in the outlet gas was measured by Horiba PIR-2000 

gas analyzers.  The available range of the analyzers was adjustable, varying from 0.05 

to 25 vol%, with an expected accuracy of 0.1% of full scale.  The equipment uses IR 

spectroscopy to measure the amount of CO2 in the gas phase.  The analyzers were 

calibrated prior to each experiment by bypassing the wetted-wall column and adjusting 

the CO2 flowrate in the feed gas to give known concentrations.  A chart recorder was 

used during the calibrations and experiments to record the response of the analyzers.  

Readings from the recorder are expected to be accurate to 0.2% of full scale. 

3.1.3.  Liquid Analysis 

During each experiment, liquid samples were taken from the wetted-wall 

column so that a liquid CO2 concentration could be determined.  The samples were 

withdrawn from a septum on the liquid outlet tubing by a 150 μL syringe.  The samples 
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were diluted; generally, 100 μL of sample was placed in 5 mL DI H2O.  For analysis, 

the diluted samples were injected into 30 wt% H3PO4 sparged with nitrogen.  The acid 

liberated all inorganic carbon from the solution and the nitrogen sweep gas (~ 0.5 

L/min) carried the gas phase to the Horiba PIR-2000 gas analyzer (range 0.05 vol%).  

The gas stream was passed through a drying column of magnesium perchlorate prior to 

entering the analyzers. 

This method was calibrated prior to each use by injecting several known 

volumes of 7 mM Na2CO3.  Generally, volumes of 50, 100, 150, and 200 μL were used 

to obtain a calibration curve for the analyzer response.  During the calibration and the 

experiments, the response was recorded on a chart recorder.  Because sharp peaks are 

obtained, the peak height, and not peak area, was assumed to be representative of the 

CO2 concentration. 

3.1.4.  Physical Mass Transfer Coefficients 

3.1.4.1.  Gas Film Mass Transfer Coefficient 

The gas film mass transfer coefficient, kg, in the wetted-wall column was 

determined by Bishnoi (2000) using SO2 absorption into 0.1 M NaOH.  The results of 

these experiments are correlated with a form for kg proposed by Hobler (1966). 

0.85

1.075 dSh ReSc
h

⎛ ⎞= ⎜ ⎟
⎝ ⎠

      (3.4) 

The Reynolds number is defined as  

u dRe ρ
μ

= ,        (3.5) 

182



 

57 

where u is the linear velocity of the gas, ρ is the density, and μ is the viscosity.  Also, d 

is the hydraulic diameter of the annulus (0.44 cm) and h is the height of the wetted-wall 

column (9.1 cm).  The Schmidt number is  

2CO

Sc
D
μ

ρ
= .        (3.6) 

DCO2 is the diffusion coefficient of CO2.  The gas film transfer coefficient can be found 

from the following definition of the Sherwood number. 

2

g

CO

RTk h
Sh

D
=         (3.7) 

where T is the temperature and R is the gas constant. 

Experiments in the wetted-wall column were run with high gas rates (5 to 7 

L/min) to minimize the gas film resistance to mass transfer.  Most data points had 20 to 

50% gas film resistance.  Figure 3.3 shows kg as a function of gas flowrates. 

3.1.4.2.  Liquid Film Mass Transfer Coefficient 

Mshewa (1995) and Pacheco (1998) determined the liquid film mass transfer 

coefficient, kl
o, of the wetted-wall column by CO2 desorption from water and ethylene 

glycol.  Mshewa originally used a theoretical prediction of kl
o based on work from 

Vivian and Peaceman (1956).  Pacheco determined that additional data and an expanded 

correlation were needed to accommodate varying experimental conditions.  This 

correlation was developed from falling-film theory developed by Pigford (1941) using a 

momentum balance as presented by Bird et al. (1960). 
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Figure 3.3.  Gas Film Resistance as a Function of Gas Flowrate at 60oC with N2 

Saturated to Water 

 

From the parabolic velocity profile resulting from the momentum balance, a 

representation of kl
o can be obtained.  Pacheco (1998) chose a form of the expression 

given by Hobler (1966), 

( )1o sol
l

Qk
A

= − Θ ,       (3.8) 

where A is the contact area of mass transfer and Θ represents a dimensionless driving 

force of the diffusing gas in the liquid film, calculated as follows: 
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[ ] [ ]
[ ] [ ]

( ) ( )

( ) ( )

2 2

2 2

0.7857 exp 5.121 0.1001exp 39.21

       0.036exp 105.6 0.0181exp 204.7 ,   for 0.01

out

i o
in

i o

CO CO

CO CO
η η

η η η

−
Θ = = − + − +

−

− + − >

, 

         (3.9) 

or 

1 3  ,  for 0.01η η
π

Θ = − < ,      (3.10) 

where [CO2]o
in and [CO2]o

out represent the concentration of CO2 in the bulk liquid at the 

inlet and outlet of the wetted-wall column, respectively, and [CO2]i is the concentration 

of CO2 at the gas-liquid interface.  η is a dimensionless penetration distance defined as 

2

2
COD τ

η
δ

= ,        (3.11) 

and τ is the surface contact time, defined as 

s

h
u

τ = .        (3.12) 

The height of the wetted-wall column is represented by h. 

The film thickness, δ, is given by 

3
3 solQ

gW
μδ
ρ

= ,        (3.13) 

where μ is the liquid viscosity, Q is the volumetric flowrate of the liquid, ρ is the liquid 

density, g is the gravity constant, and W is the circumference of the column.  A liquid 

surface velocity, us, is given by 
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2

2s
gu ρ δ
μ

= .        (3.14) 

Most experiments in the wetted-wall column were run so that kl
o was between 0.007 

and 0.014 cm/s. 

3.1.5.  Interpretation of Experimental Measurements 

Several data points were collected during each experiment at various bulk gas 

partial pressures.  The flux of CO2 into or out of the solution can be characterized by the 

overall gas phase mass transfer coefficient. 

( )*
, 222 CObCOGCO PPKN −=       (3.15) 

The mass transfer coefficient, KG, is calculated as the slope of the flux versus the log 

mean pressure, Plm.  The Plm is defined as a log mean average of bulk gas partial 

pressures of CO2 across the wetted-wall column and is assumed representative of PCO2,b. 

( )
2 2

2 2

, ,

, ,ln
CO in CO out

lm
CO in CO out

P P
P

P P

−
=       (3.16) 

The equilibrium partial pressure, PCO2*, can be found by considering points close to 

equilibrium and interpolating to a flux of 0.0, a technique initiated by Critchfield 

(1988).  A demonstration of this procedure is shown in Figure 3.4. 

An expression of the liquid film resistance, which includes the kinetics of CO2 

absorption, can be written as 

( )*
, 222

' COiCOgCO PPkN −= ,      (3.17) 
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where kg’ is a normalized flux, a mass transfer coefficient for the partial pressure 

driving force across the liquid film.  The normalized flux was calculated from the 

following expression. 

1

' 11
−

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

gG
g kK

k        (3.18) 

For CO2 absorption by amines, chemical reaction effects typically dominate the 

physical mass transfer inside the liquid film; therefore, kg’ can be related to the rate of 

CO2 absorption as well as the kinetics of the absorption process.   
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Figure 3.4.  Graphical Representation of Determining PCO2* and KG for 3.6 m 

K+/0.6 m PZ at 40oC and Loading = 0.693 mol CO2/(mol K+ + mol PZ) 
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3.2.  Nuclear Magnetic Resonance Spectroscopy 

Proton nuclear magnetic resonance (1H NMR) spectroscopy was used to 

determine the equilibrium distribution of piperazine species in the liquid phase.  A 

Varion INOVA 500 NMR was used for the measurements.  The machine has a field 

strength of 500 MHz and is capable of variable temperature work. 

Samples were made with K2CO3, KHCO3, PZ and water.  Approximately 20% 

of the water was replaced with D2O (heavy water).  One drop of 2,2-dimethyl-2-

silapentane-5-sulfonic acid (DSS) in D2O was added to each sample to maintain a 

constant chemical shift reference.  After all components were dissolved with mild 

heating, the samples were placed in Wilmad 507-PP NMR tubes.  A slight vacuum was 

applied and the tube was permanently sealed by a simple glass blowing technique. 

Bishnoi (2000) assigned the proton peaks for PZ based on their correlation to the 

carbon-13 spectrum.  The chemical shifts vary somewhat with loading and solvent 

conditions, but the distinctiveness of the peaks allows easy identification based solely 

on the 1H spectrum.  A typical spectrum is shown in Figure 3.5.  The PZ/PZH+ and 

PZ(COO-)2 peaks show up as single peaks near 2.9 and 3.2 ppm respectively.  PZCOO- 

and H+PZCOO- are represented by two triplet peaks centered near 2.8 and 3.3; the sum 

of the two triplets gives the total carbamate concentration. 
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Figure 3.5.  Proton NMR Spectrum of 3.6 m K+/0.6 m PZ, Loading = 0.630 mol 

CO2/(mol K+ + mol PZ), 27oC 

 

One major limitation of 1H NMR as applied in this work is its inability to 

distinguish between some chemical species that are in equilibrium.  This is related to 

the field strength of the machine and the velocity of the equilibrium exchange.  For 

example, the 500 MHz machine used in this work has an inherent time scale of 2x109 s 

(1/500 MHz).  Any two species whose equilibrium occurs at a faster rate will be 

indistinguishable.  Therefore, in this work, protonated and un-protonated forms of PZ 

can not be measured independently; all peaks, in this case, represent the sum of the two 

species.  This condition also imposes a temperature limit.  At temperatures near 60oC, 

the velocities of the carbamate equilibria become sufficiently fast as to blur previously 
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well-defined peaks.  Compare Figure 3.5 and Figure 3.6, the same solution measured at 

27 and 60oC, for a demonstration of peak broadening.  In some cases, the severity of the 

peak broadening renders the measurement useless for quantitative interpretations.  

Nearly all data points collected in this work are at or below 60oC.   

 
Figure 3.6.  Proton NMR Spectrum of 3.6 m K+/0.6 m PZ, Loading = 0.630 mol 

CO2/(mol K+ + mol PZ), 60oC 

 

3.3.  Solid Solubility 

Both piperazine and potassium carbonate are solids at their standard state 

conditions.  Because the imposition of solid solubility restricts the total solvent 

concentration, quantification of the limits are required to identify viable commercial 
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solvent formulations and provide additional thermodynamic information for 

concentrated mixtures. 

Approximately 100 g of concentrated K+ and PZ was prepared so that a 

precipitate would form.  The solutions were immersed in a constant temperature bath 

and stirred with a magnetic stir plate for at least 12 hours to ensure solid-liquid 

equilibrium.  Once equilibrium was achieved, a 10 mL sample of the saturated liquid 

was removed by pipette and placed in a beaker.  The sample was titrated with 2 N HCl 

to an endpoint indicated by methyl orange pH indicator (range 3.0 to 4.4).  The solution 

was then briefly boiled, driving off dissolved CO2.  A base titration was done, using 2 N 

NaOH, to an endpoint of -265 mV as indicated by a pH meter.  This voltage reading 

was found to correspond roughly to the endpoint of pH 11 in the concentrated solutions. 

The acid titration gives the total alkalinity of the sample.  The base titration 

gives the equivalents of PZ in solution.  (CO2 was boiled off so that no bicarbonate or 

carbonate formed during the base titration.)  So, the resulting calculations may be made 

for a sample of fixed volume. 

2       mol acid mol K mol PZ+= + ⋅      (3.19) 

2    mol base mol PZ= ⋅       (3.20) 

A small liquid sample was collected and analyzed for loading as described previously in 

Section 3.1.3.  
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3.4.  Physical Properties 

3.4.1.  Density 

The density of K+/PZ mixtures was measured with a Mettler/Paar #DMA46 

Digital Density meter.  The measurement is based on the principle that a resonating 

frequency in an object is inversely proportional to the square root of mass.   

1f
m

∝         (3.21) 

A fixed volume of solution is injected into the apparatus and a frequency of vibration is 

measured.  From the estimated mass, the density is calculated.   

The instrument was calibrated with air and water, giving constants for the 

density calculation of the form 

2 2
water air

water air

T Ta
ρ ρ

−
=

−
,       (3.22) 

and 

2
water waterb T aρ= − ,       (3.23) 

where T is the measured period of oscillation.  Density of the unknown is calculated as 

2T b
a

ρ −
= .        (3.24) 

Densities of aqueous K+/PZ mixtures were measured at 25 and 40oC.  Density is 

reported to ± 0.001 g/cm3.  The results of the experiments are recorded in Appendix A.  

It was determined that the amine had little effect on density over the range of soluble 

concentrations; this effect has also been observed with other amines (Weiland et al., 
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1998).  A small dependence on temperature and loading was also observed, but the 

main contribution to density was the salt concentration (K2CO3/KHCO3).  The 

measured density compares well with the measurements of K2CO3 solutions by 

Hitchcock and McIlhenny (1935). 

An empirical representation of density was derived for use in calculations.  The 

expression was used in all calculations involving density in this work.  Model 

predictions are compared to the experimental data in the previous tables. 

[ ]23 3
3

3 3

1.130 0.0537 1.204 10 1.882 10

                 0.442 10 9.010 10

g K K PZ
cm

T

ρ

α

+ − + −

− −

⎛ ⎞ ⎡ ⎤ ⎡ ⎤= + − × + ×⎜ ⎟ ⎣ ⎦ ⎣ ⎦⎝ ⎠
− × + ×

 

          (3.25) 

where [i] is the concentration of species i in molal, T is temperature in Kelvin, and α is 

the loading in mol CO2/(mol K+ + mol PZ).   

3.4.2.  Viscosity 

An extensive collection of data exists quantifying the viscosity of aqueous 

electrolyte solutions, including K2CO3 (Bates and Baxter, 1929; Hitchcock and 

McIlhenny, 1935; Bocard and Mayland, 1962; Goncalves and Kestin, 1981; Moniuk 

and Pohorecki, 1991; Vazquez et al., 1994).  The data sets include a wide variety of 

conditions (0 to 7.5 m K2CO3 and 0 to 2.0 m KHCO3 at 20 to 60oC). 

Though data are available, correlating the viscosity of electrolyte solutions can 

be considerably difficult as fluid properties vary widely with composition and 

temperature.  Some authors use complex group contribution methods or matrix 
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calculations to express density.  The most convenient method of correlating viscosity, 

however, is by an empirical expression.  The simplest form representing the data is 

[ ]1ln ln w C Saltμ μ= + ,      (3.26) 

where μ represents the dynamic viscosity in the mixture, μw is the dynamic viscosity of 

water, and C1 is a constant for specific salts (Moniuk and Pohorecki, 1991; Vazquez et 

al., 1994). 

The viscosity of aqueous organic mixtures has also been studied in detail.  Cook 

and Lowe (1976) report the viscosity of aqueous PZ in dilute solutions (< 0.2 m PZ) and 

represent the data in the following empirical form. 

[ ] [ ]2
1 2w C Am C Amμ μ= + +       (3.27) 

No studies of aqueous electrolyte-organic mixtures could be found in the 

literature; therefore, the viscosity of K+/PZ mixtures at conditions encountered in this 

work was measured in a routine Cannon-Fenske viscometer (Cannon Instrument Co., 

No. 100, 3–15 cSt).  The measurements are based on fluid flow through a capillary tube, 

which is directly related to fluid viscosity. 

A representation of the viscometer is shown in Figure 3.7.  The viscometer was 

placed in a water bath to maintain the desired temperature.  A sample of a set volume 

was placed in section A.  The fluid was drawn up to point B in the viscometer by a 

suction bulb.  The time of the meniscus moving from point B to C was measured by a 

stopwatch. 
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Figure 3.7.  Cannon-Fenske Viscometer 

 

Viscosity, in mPa-s (or cP), is related to time by 

tμ βρ= ,        (3.28) 

where β is the viscometer constant determined through calibrations in cSt/s (or mm2/s2), 

ρ is the solution density in g/cm3, and t is the measured time in seconds.  The 

instrument was calibrated with water at 25, 40, 60 and 70oC.  A constant solution 

volume of 7 mL was used during calibration and measurement. 

The results of the viscosity experiments are given in Appendix A.  An empirical 

representation, based on a combination of the expressions for aqueous salts and aqueous 

PZ, was derived from the data.  The regressed constants are reported in Table 3.1. 

( ) [ ] [ ]( )
[ ]

[ ]

0
21 2 / /exp

            1

A E T G T
w B K C De PZ Fe PZ

K PZ
H K PZ I

T

μ μ α+ +

+
+

⎡ ⎤= + + + ×⎣ ⎦

⎛ ⎞⎡ ⎤⎣ ⎦⎜ ⎟⎡ ⎤+ +⎣ ⎦⎜ ⎟
⎝ ⎠

 (3.29) 
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where 

2

0 1 2A A K A K+ +⎡ ⎤ ⎡ ⎤= +⎣ ⎦ ⎣ ⎦ ,      (3.30) 

[i] represents the concentration of species i in molal, T is the temperature in Kelvin, and 

α is loading as mol CO2/(mol K+ + mol PZ).  The viscosity is given in cP. 

The viscosity of water is well known.  The expression here was derived from 

data found in CRC (2000). 

3703.7ln 46.288 5.924lnw T
T

μ = − + +     (3.31) 

 
Table 3.1.  Coefficients for Empirical Viscosity Model 

A1 -0.021 
A2 2.79E-03 
B 0.153 
C -0.020 
D 2.00E-05 
E 2943.4 
F 2.43E-08 
G 4076.7 
H -0.082 
I 35.24 

 

3.4.3.  Physical Solubility 

The physical solubility of CO2 in solution is an important parameter for defining 

concentrations in the liquid phase.  Because CO2 reacts quickly with amines and 

carbonate, a true physical solubility can not be determined.  Clarke (1964), based on the 

work of Amdur et al. (1952), proposed that N2O, a molecule with the same molecular 

weight and a similar electrical configuration, could be used as a representation of CO2 
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behavior in reactive systems.  The assumption for the N2O analogy is that the ratio of 

CO2 to N2O solubility is constant for all systems. 

2

2

constantCO

N O

H
H

=        (3.32) 

Given this relation, the solubility of N2O can be measured in amine solutions and a 

solubility of CO2 can be approximated by relating the ratio to that in water.  That is 

2

2 2

2

,
, ,

,

CO w
CO Am N O Am

N O w

H
H H

H
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

.      (3.33) 

The Henry’s constants for CO2 and N2O in water were correlated by Versteeg and van 

Swaaij (1988b). 

( )2

4
,

20443.54 10 expCO w
molH

L Pa T K
− ⎛ ⎞⎛ ⎞ = × ⎜ ⎟⎜ ⎟ ⎜ ⎟⋅⎝ ⎠ ⎝ ⎠

    (3.34) 

( )2

4
,

22841.17 10 expN O w
molH

L Pa T K
− ⎛ ⎞⎛ ⎞ = × ⎜ ⎟⎜ ⎟ ⎜ ⎟⋅⎝ ⎠ ⎝ ⎠

    (3.35) 

The physical solubility of N2O in K+/PZ mixtures was determined using the 

apparatus depicted in Figure 3.8.  The apparatus was built by Al-Jauied (2004) and is 

similar to that used in the work of Al-Ghawas (1989) to determine the physical 

solubility of N2O in amines.  The apparatus consisted of a sample cell (~250 mL), a gas 

washing bottle, a manometer, and a mercury reservoir of adjustable height.  The entire 

apparatus, except for the mercury reservoir, was immersed in a constant temperature 

bath. 
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Figure 3.8.  Apparatus for Physical Solubility Measurements 

 

To measure the solubility of N2O in a sample, the empty sample cell was flushed 

with N2O for approximately 20 minutes.  The N2O gas was sparged through water in the 

gas washing bottle, saturating the gas at the desired operating temperature prior to 

entering the sample cell.  The flow of N2O was stopped; block valves on the inlet and 

outlet of the apparatus trapped the gas inside the sample cell. 

A sample of known volume and mass was injected into the cell and the 

corresponding volume change was monitored on the manometer.  The sample was 

degassed using a vacuum pump prior to injection.  The height of the mercury reservoir 

was adjusted to maintain atmospheric pressure inside the system.  The solution was 

stirred and allowed to equilibrate for approximately one hour.  The volume change, as 
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indicated by the manometer, minus the volume of liquid injected gave the volume 

(solubility) of N2O in the sample at equilibrium.  The solubility of CO2 was calculated 

using the analogy described previously. 

3.4.4.  Diffusion Coefficient 

3.4.4.1.  Diffusion of CO2 

The diffusion coefficient of CO2 in solution was also estimated by the N2O 

analogy.  This method has been used previously in several studies on CO2 absorption by 

amines and is similar to the analogy presented for physical solubility.  The diffusivity of 

CO2 and N2O in water were determined by Versteeg and van Swaaij (1988b) and 

Tamimi et al. (1994a, 1994b).  The data were correlated by Pacheco (1998) and are 

given by the following expressions. 

( ) ( )2

2
,

2122.20.02397expCO wD cm s
T K

⎛ ⎞−
= ⎜ ⎟⎜ ⎟

⎝ ⎠
    (3.36) 

( ) ( )2

2
,

2288.40.04041expN O wD cm s
T K

⎛ ⎞−
= ⎜ ⎟⎜ ⎟

⎝ ⎠
    (3.37) 

DN2O in amines was correlated to viscosity and temperature by Pacheco (1998). 

( ) ( )
( )2

2 8
, 0.5455.533 10N O Am

T K
D cm s

cPμ
−= ×     (3.38) 

The ratio of DCO2 to DN2O is assumed to be constant; therefore, the diffusivity of CO2 in 

amine solutions is estimated by 

2

2 2

2

,
, ,

,

CO w
CO Am N O Am

N O w

D
D D

D
= .      (3.39) 
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3.4.4.2.  Diffusion of Amines and Ions 

For fast kinetics, the diffusion of the amine and products to and from the gas-

liquid interface may limit the overall reaction rate.  Additionally, it defines, under high 

fluxes, concentration gradients existing in the boundary layer.  It is important, therefore, 

to obtain an accurate prediction of the diffusion coefficient of the organic and ionic 

components in aqueous solution. 

In the simplest form, the diffusion of molecules can be described by the Stokes-

Einstein relation.  It has been shown that, at infinite dilution, the diffusion coefficient of 

the amine is related to the molar volume of the solute.  A more sophisticated model, the 

Wilke-Chang correlation (Wilke and Chang, 1955), was used in this work, giving the 

diffusion coefficient as a function of solvent viscosity, temperature, and solvent specific 

parameters. 

( )0.513

0.6

1.17 10 sol sol
Am

Am sol

MW T
D

V
ξ

μ

−
∞ ×

=      (3.40) 

where ∞ denotes the diffusion coefficient of the amine at infinite dilution in water, V 

indicates molar volume, MWsol is the molecular weight of the solvent, and ξsol 

represents the solvent specific parameter (2.6 for water).   

The Wilke-Chang correlation predicts the diffusion coefficient of amines and 

other organic molecules, such as carboxylic acids, to within 10% (Albery et al., 1967; 

van der Wielen et al., 1997; Schramke et al., 1999).  Predictions also match the 

experimentally determined diffusion coefficient of piperidine, a six-membered ring 

structure with only one nitrogen (Barradas et al., 1971).  It is also reported that little 
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difference is realized in mobility between neutral, mono-, and di-valent ions; therefore, 

the diffusivities of protonated species can be assumed to be equal to their un-protonated 

counterparts (van der Wielen, 1997).  Given the numerous sources verifying the ability 

of Wilke-Chang to estimate the diffusion coefficient of organics, ions, and specifically 

amines, it is assumed a reasonable estimate will be obtained for species in this work. 

The diffusion coefficient of PZ was estimated using a molar volume of 0.1052 

m3/kmol predicted from the group contribution method of Le Bas (1915).  Because the 

absorption rate model (Section 4.2) requires a charge balance, the diffusion coefficients 

of all ions must be assumed equal.  An average value for all ionic species was estimated 

by setting all diffusion coefficients equal to that of PZCOO-.  The molar volume of 

PZCOO- is predicted to be 0.1311 m3/kmol (Le Bas, 1915).  For comparison, the molar 

volume of PZ(COO-)2 is 0.1570 m3/kmol.  By assuming PZCOO- is representative of 

the molar volume for all species, differences in AmD∞  of approximately 10% are expected 

from the true value of PZH+ and PZ(COO-)2. 

The extrapolation of D∞ to higher concentrations has been determined to be 

dependent on the specific solute-solvent interaction.  In general, the diffusion 

coefficient of amines can be related to D∞ and viscosity by 

0.6

w
Am Am

Am

D D η
η

∞ ⎛ ⎞
= ⎜ ⎟

⎝ ⎠
       (3.41) 

(Campbell and Lam, 1973; Snijder et al., 1993; Hikita et al., 1981; Albery et al., 1967; 

van der Wielen, 1997).   
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3.5.  Chemicals and Materials 

The potassium carbonate [584-08-7] and potassium bicarbonate [298-14-6] used 

in this work were obtained from Fisher and were 100% and 99.9% pure, respectively.  

Anhydrous piperazine [110-85-0] (>99%,) was purchased from Sigma-Aldrich.  

Solution loading was varied by adjusting the carbonate and bicarbonate content while 

maintaining a constant K+ concentration.  The reported K+ molality is reported 

referenced to K2CO3. 

Deuterium oxide (D2O) [7789-20-0], 99.9%, used in the NMR experiments was 

obtained from Cambridge Isotope Laboratories, Inc.  The HCl [7647-01-0] used in pH 

titrations was purchased from Fisher as certified 2.005-1.995 N.  The NaOH [1310-73-

2] was also purchased from Fisher and certified as 2.02-1.98 N. 

Nitrogen [7727-37-9] used in all experiments was >99% pure and was supplied 

by the Department of Physics at The University of Texas at Austin.  Carbon dioxide 

(>99% pure) [124-38-9] was purchased from Matheson Tri-gas.  The 5000 ppmv CO2 

was purchased from Praxair.  N2O [10024-97-2] used in solubility experiments was 

purchased from Air Liquide and was >99% pure. 
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Equation Chapter 4 Section 1 

 

 

 

Chapter 4:  Thermodynamic and Rate Models 

 

 

 

 

This chapter presents a basic description of models used in this work.  A 

rigorous thermodynamic model was created to predict equilibrium in mixed K+/PZ 

solutions.  It is an excess Gibbs energy model based on electrolyte non-random two-

liquid (ENRTL) theory.  A rigorous kinetic code is applied to modeling the absorption 

rate of CO2 into the mixed solvent.  The model accounts for both diffusion and reaction 

in a gas-liquid interface using the eddy diffusivity theory with the appropriate reversible 

reactions.  Both models are stand-alone programs written in FORTRAN.  A non-linear 

regression program, GREG, enables the finding of unknown parameters within the 

models.  Its incorporation into the work is also discussed. 
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4.1.  Thermodynamics Model 

4.1.1.  Introduction 

One major focus in this work is the development of an equilibrium 

representation of a complex chemical solution in a closed system.  For K+/PZ mixtures, 

several reactions can be written to define the equilibrium of the liquid and vapor phases 

(Equations (4.1) to (4.9)).  Because the species in solution react, the equilibrium 

concentrations of each depend on the nominal solution composition of parent species 

(e.g. PZ, CO2) and temperature.   

( ) ( )2 2CO g CO aq⎯⎯→←⎯⎯       (4.1) 

( ) ( )2 2H O g H O aq⎯⎯→←⎯⎯       (4.2) 

( )2 2 3 32CO aq H O HCO H O− +⎯⎯→+ ⋅ +←⎯⎯     (4.3) 

2
3 2 3 3HCO H O CO H O− − +⎯⎯→+ +←⎯⎯      (4.4) 

2 32 H O H O OH+ −⎯⎯→⋅ +←⎯⎯       (4.5) 

( )2 3PZH H O PZ l H O+ +⎯⎯→+ +←⎯⎯      (4.6) 

( ) ( )2 2 3PZ l CO aq H O PZCOO H O− +⎯⎯→+ + +←⎯⎯    (4.7) 

2 3H PZCOO H O PZCOO H O+ − − +⎯⎯→+ +←⎯⎯     (4.8) 

( )2 2 32
PZCOO CO H O PZ COO H O− − +⎯⎯→+ + +←⎯⎯    (4.9) 

The problem becomes calculating the equilibrium compositions as defined by 

these reactions when the macroscopic properties of the mixture are known.  The known 
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properties include total K+ concentration, total PZ concentration, total CO2 

concentration, and temperature.  In addition to the equilibrium set by the above 

reactions, non-idealities present in concentrated electrolyte solutions must be 

represented to arrive at a rigorous solution.   

In this work, the problem is solved with a basic bubble point calculation.  A 

complete picture of the liquid phase is obtained using an activity coefficient model with 

a minimization of Gibbs energy.  The vapor phase is calculated from the liquid 

speciation and temperature using an equation of state.  The equilibrium condition, 

activity coefficient model, and equation of state are described in the following sections. 

4.1.2.  Chemical Equilibrium and Excess Gibbs Energy 

The problem of calculating the equilibrium composition of a reactive system 

requires a condition of equilibrium and specific information relating the components of 

the closed system.  The general condition of phase equilibrium is given by an equality 

of fugacity, a representation of chemical behavior. 

ˆ ˆ
i if fα β=         (4.10) 

The Lewis/Randall rule defines the dependence of fugacity on concentration in an ideal 

solution as 

ˆ ideal
i i if x f= ,        (4.11) 

where xi is the mole fraction of species i.  To the extent that a solution does not behave 

ideally, a correction can be introduced in the form of an activity coefficient, γ. 

ˆ ˆ
ˆ

i i
i ideal

i ii

f f
x ff

γ = =        (4.12) 
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The condition of equilibrium stems from the definition of Gibbs energy, a 

measure of the chemical potential of the solution.  By definition, the change in Gibbs 

energy for any irreversible process must proceed so that 

0TotdG ≤ .        (4.13) 

This inequality provides that, in a closed system at constant temperature and 

pressure, changes occur so that total Gibbs energy decreases.  In other words, total 

Gibbs energy is minimized at the equilibrium condition.  This constraint results in an 

equilibrium constant for each reaction in the closed system (Smith et al., 1996). 

( ) expi

i i
i

GK x
RT

νγ −Δ⎛ ⎞= = ⎜ ⎟
⎝ ⎠

∏       (4.14) 

While total Gibbs energy provides a general condition for equilibrium, it is more 

convenient to express liquid behavior in terms of excess Gibbs energy.  Excess Gibbs 

energy represents a deviation from ideal behavior in liquid solution.  Mathematically, 

this is a difference in the real and ideal chemical potential. 

ex ideal
i i ig g g= −        (4.15) 

where gi is a partial molar Gibbs energy of species i related to the solution fugacity by 

ˆlni i ig RT fχ= + ,       (4.16) 

where χi is an integration constant.  Substituting this general expression for Gibbs 

energy into Equation (4.15) and applying the Lewis/Randall rule, the excess Gibbs 

energy is directly related to the activity coefficient by 

ˆ
ln lnex i

i i
i i

fg RT RT
x f

γ= = .      (4.17) 
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Most activity coefficient models, such as the ENRTL, rely on minimizing the 

excess Gibbs free energy of the system.  So, the model must find the minimum of the 

Gibbs energy while satisfying defined equilibrium constants for each reaction.  This 

provides that fluid behavior can be described at an ideal condition, normally infinite 

dilution in water, as defined by the equilibrium constants.  Deviations from ideal 

behavior can be accounted for by an activity coefficient model.   

4.1.3.  Electrolyte NRTL Model 

The rigorous thermodynamic model used in this work is based on the electrolyte 

non-random two-liquid (ENRTL) theory and was initially programmed by Austgen 

(1989) in his work on the thermodynamics of MEA and DEA in solution with MDEA.  

The model has been used since by Posey (1996) for MEA and DEA solutions and 

Bishnoi and Rochelle (2002b) for PZ/MDEA blends.  This work extends the model to 

include potassium and piperazine. 

An abbreviated description of the theory behind the ENRTL model and gas 

phase calculations is presented in the following sections.  A more thorough discussion 

of the model theory, construction, and solution method can be found in Chen et al. 

(1982), Chen et al. (1986), Mock et al. (1986), Austgen (1989), and Glasscock (1990). 

The ENRTL model was initially developed by Chen et al. (1982) as an 

extension to the existing theory for dilute electrolyte solutions.  The ENRTL model 

predicts solution behavior of concentrated electrolytes beyond the applicable range of 

the Pitzer-Debye-Huckel model or other theoretical activity coefficient models.  Since 
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its inception, the model has found widespread industrial use in simulations of gas 

treating processes (Chen and Mathias, 2002). 

The ENRTL model spans both dilute and concentrated electrolyte solutions.  It 

assumes that, in dilute solutions, molecules are far apart and the contribution to the 

excess Gibbs energy is dominated by long-range (LR) forces.  The two contributions to 

long-range forces (PDH and Born) are discussed in Section 4.1.3.1.  In concentrated 

solutions, molecules will be closely interacting with one another and the ENRTL model 

assumes a dominant contribution from short-range (SR) interactions as presented in 

Section 4.1.3.2.  The total contribution to excess Gibbs free energy can be calculated as 

* * * **
, , , , ,

ex ex ex ex exex
LR i SR i PDH i Born i NRTL ii g g g g gg

RT RT RT RT RT RT
⎛ ⎞

= + = + +⎜ ⎟⎜ ⎟
⎝ ⎠

,   (4.18) 

or, from Equation (4.17), 

( ), , ,ln ln ln lni PDH i Born i NRTL iγ γ γ γ= + + .    (4.19) 

4.1.3.1.  Long-Range Forces 

Pitzer-Debye-Huckel Model 

In dilute solutions (<1 M), excess Gibbs free energy is represented by the 

following theoretical relationship describing ionic interactions. 

( )5.0
5.0

* 1ln
41000

x
x

k
k

ex
PDH I

IA
MW

xRTg ρ
ρ
φ +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛⎟

⎠

⎞
⎜
⎝

⎛
−= ∑    (4.20) 

where x is the mole fraction, MW is the molecular weight of the solvent, ρ is the 

parameter of closest approach, and Ix is the ionic strength defined in terms of mole 

fraction and charge, z.   
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∑=
i

iix zxI 2

2
1        (4.21) 

The asterisk refers to the unsymmetric excess Gibbs free energy.  The Debye-Huckel 

parameter, Aφ, can be found using No, Avogadro’s number; ρs, solvent density; e, 

electron charge; Ds, dielectric constant of the solvent; and k, Boltzmann constant. 

1.50.5 221
3 1000

o s

s

N eA
D kTφ

π ρ ⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

     (4.22) 

The solvent dielectric constant was calculated as 

s i i
i

D x D= ∑ ,        (4.23) 

where xi is the mass fraction and Di is the dielectric constant of species i.  The dielectric 

constants of water and piperazine as used in this work are shown in Table 4.1. 

 
Table 4.1.  Dielectric Constants of Molecular Species in the ENRTL Model 

( )
1 1

273.15iD A B
T K

⎛ ⎞
= + −⎜ ⎟⎜ ⎟

⎝ ⎠
 

Species 

A B 

Source 

Water 88.365 33030 Helgeson (1974) per 
Bishnoi (2000) 

Piperazinea 4.719 1530 CRC (2000) 

a.  Assumed to be that of piperidine. 

 

Born Equation 

In mixed solvents, the reference state for ions becomes confounded due to the 

changing dielectric constant.  The Born equation was introduced to the long-range 
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contributions to Gibbs energy to maintain a reference state of infinite dilution in water 

for the ions.  The correction is of the form 

22 1 1
2

ex i i
Born

i i m w

x zeg RT
kT r D D

⎛ ⎞⎛ ⎞⎛ ⎞
= −⎜ ⎟⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠⎝ ⎠
∑ ,    (4.24) 

where Dm and Dw is the dielectric constant of the mixed solvent and water, respectively 

(Harned and Owen, 1958).  This correction accounts for the difference in Gibbs 

energies between ions in a mixed solvent and in water. 

4.1.3.2.  Short-Range Forces (Non-Random Two-Liquid Model) 

As the solutions become more concentrated, a term describing interactions 

between neutral and ionic species and neutral and neutral species becomes necessary.  

These interactions are described as local, or short-range forces. 

Wilson (1964) derived an equation for excess free energy of mixed non-

electrolytes.  The basis for the derivation is a distribution of molecules, i and j, around a 

central molecule, i, given by  

exp

exp

ji
j

ji

iiii
k

g
x

x RT
gx x
RT

⎛ ⎞
−⎜ ⎟

⎝ ⎠=
⎛ ⎞−⎜ ⎟
⎝ ⎠

.       (4.25) 

Renon and Prausnitz (1968) reformulated the assumptions of Wilson into the 

non-random two-liquid (NRTL) model, arriving at a modification of the molecular 

distribution to account for “non-randomness” of mixing. 
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exp

exp

ji
j ij

ji

iiii
i ij

g
x

x RT
gx x
RT

α

α

⎛ ⎞
−⎜ ⎟

⎝ ⎠=
⎛ ⎞−⎜ ⎟
⎝ ⎠

      (4.26) 

where α is an adjustable parameter.  The authors continue by suggesting values for α 

ranging between 0.1 and 0.4, which depend on the molecules and solvent in the system.  

The addition of the non-randomness parameter, α, extends the applicability of the 

model to a wide variety of solutions. 

Both the Wilson and NRTL model use an expression for the Gibbs free energy 

of mixing of the form 

ln
M

i i
i

g x
RT

ξ= ∑ ,       (4.27) 

where ξ is the volume fraction of i around a central molecule.  The volume fraction is 

derived from the molecular distributions given above and can be written as 

exp

exp

ij
i i

i
ij

j j
j

g
xV

RT
g

x V
RT

ξ

⎛ ⎞
−⎜ ⎟

⎝ ⎠=
⎛ ⎞

−⎜ ⎟
⎝ ⎠

∑
,      (4.28) 

where V signifies the molar volume.  The energy of mixing is related to the excess 

Gibbs energy by 

ln
ex M

i i
i

g g x x
RT RT

= − ∑  .      (4.29) 

Chen et al. (1982, 1986) extended this equation to multi-component solutions of 

neutral and ionic species.  Chen’s extension of this model incorporates three distinct 
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cells, or groups of interacting ions and molecules as depicted in Figure 4.1, and makes 

two assumptions on the physical description of interacting species: 

1. Two cells include a central cation, c, or a central anion, a, and assume 

like-ion repulsion.  This means that the central ion is surrounded by 

molecules and oppositely charged ions. 

2. One cell consists of a centrally located molecule, m, with local 

electroneutrality, meaning a time-average charge around the central 

molecule equals zero. 

m m

mm

m

m

mc
c c

c

a

a

a

a

m

m

m gca
gcm gmm

gac

gmc

gma

gam

m m

mm

m

m

mc
c c

c

a

a

a

a

m

m

m gca
gcm gmm

gac

gmc

gma

gam

 
Figure 4.1.  Distribution of Molecules as Cells in the Electrolyte NRTL Theory 

 

Multiple interactions within cells can be defined as specific to two interacting 

species.  In other words, the Gibbs energy contribution can be modeled as a function of 

binary interactions, defined as 

,
ji ki

ji ki

g g
RT

τ
−

= .       (4.30) 

A global model can therefore be constructed to account for the sum of species specific 

interactions within an average solution composition. 
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The excess Gibbs energy is predicted from the NRTL theory as 

' , ' , '

' " , '
"

' , ' ,

' " , '
"

             

j jm jm a jc a c jc a cex
j jNRTL

m c
m c ak km a k kc a c

k a k

c ja c a ja ca
j

a
a c c k ka c a

c k

X G X G
g X X
RT X G X X G

X G
X

X X G

τ τ

τ

⎛ ⎞⎛ ⎞ ⎛ ⎞
⎜ ⎟⎜ ⎟ ⎜ ⎟= + +⎜ ⎟⎜ ⎟ ⎜ ⎟

⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟
⎜ ⎟⎜ ⎟

⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

∑ ∑
∑ ∑ ∑∑ ∑ ∑

∑
∑ ∑ ∑ ∑

 , (4.31) 

where 

∑
∑

=

'
'

,

a
a

a
mcaa

cm X

GX
G ,   

∑
∑

=

'
'

,

c
c

c
mcac

cm X

GX
G ,     (4.32) 

( )cajccajccajcG ',',', exp τα−= ,   ( )acjaacjaacjaG ',',', exp τα−= ,  (4.33) 

and 

( )imimimG τα−= exp ,   ( )mcamcamcaG ,,, exp τα−= ,    (4.34) 

∑
∑

=

'
'

,

a
a

a
mcaa

cm X

X α
α ,   

∑
∑

=

'
'

,

c
c

c
mcac

am X

X α
α .    (4.35) 

Also, cammcaamcama ,,, ττττ +−= ,   cammcacmacmc ,,, ττττ +−= ,   jjj CxX =  (Cj = Zj for ions 

and 1 for molecules), α is the nonrandomness parameter, and τ is the binary interaction 

parameter. 

The reference state of the NRTL contribution can be converted to the 

unsymmetric convention with the correction of infinite dilution activity coefficients. 

*

ln ln ln
ex ex
NRTL NRTL

m m c c a a
m w c a

g g x x x
RT RT

γ γ γ∞ ∞ ∞

≠

⎛ ⎞= − + +⎜ ⎟
⎝ ⎠
∑ ∑ ∑   (4.36) 

where 

213



 

88 

ln m wm mw mwGγ τ τ∞ = +        (4.37) 

' , '
'

"
"

ln
a wc a c

a
c c cw cw

a
a

x
Z G

x

τ
γ τ∞

⎛ ⎞
⎜ ⎟= +⎜ ⎟
⎜ ⎟
⎝ ⎠

∑
∑

     (4.38) 

' , '
'

"
"

ln
c wa c a

c
a a aw aw

c
c

x
Z G

x

τ
γ τ∞

⎛ ⎞
⎜ ⎟= +⎜ ⎟
⎜ ⎟
⎝ ⎠

∑
∑

     (4.39) 

The subscript w represents water. 

4.1.4.  Thermodynamic Model Default Settings 

For modeling K+/PZ mixtures in this work, nonrandomness parameters for 

molecule-molecule pairs and water-ion pairs were set to 0.2 according to the 

recommendation of Renon and Prausnitz (1968).  For amine-ion pairs, values were set 

to 0.1.  Molecule-molecule interaction parameters (τ) are given by 

( )KTBA +=τ .       (4.40) 

The default value of A is 0.0 and the default temperature dependence, B, is 0.0.  The 

interaction parameters for molecule-ion pair and ion pair-molecule are given by 

( ) ( )⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+=

KKT
BA

15.353
11τ      (4.41) 

with default values for A of 15.0 and –8.0 respectively.  If the molecule is water, the 

values are 8.0 and –4.0.  The default temperature dependence, B, is 0.0.  Ion pair-ion 

pair interactions are normally insignificant and not included in this model. 
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4.1.5.  Vapor-Liquid Equilibrium 

Recall that equilibrium with the vapor phase is represented in terms of fugacity, 

a function of concentration and pressure. 

Pyf ii
v

i φ̂ˆ =         (4.42) 

where 

Py
f

i

v
i

i

ˆ
ˆ =φ         (4.43) 

More exactly, as an extension of residual properties, φ can be written as 

0

ˆln 1
P

i
i

PV dP
RT P

φ ⎛ ⎞= −⎜ ⎟
⎝ ⎠∫ .      (4.44) 

An equation of state (EOS) is needed to describe the molar volume, Vi. 

The Redlich-Kwong-Soave (RKS) equation of state was chosen for this work 

(Soave, 1972).  This expression can be written as pressure explicit, 

( )
( )

,a TRTP
V b V V b

ω
= −

− +
,      (4.45) 

or as cubic in terms of volume. 

( )( ) ( )2
3 2

, ,
0

a T bRT Pb a T bRTV V V
P P P

α ω α ω− −
− + − =   (4.46) 

T and P represent the temperature and pressure of the vapor phase and R represents the 

gas constant.  The attraction between molecules and their size are represented in the 

equation by parameters a and b respectively. 
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In Equation (4.46), a is a function of temperature and the acentric factor, ω, and 

can be written 

( ) ( ), ,a T a Tω α ω= ,       (4.47) 

where 

( ) ( )[ ]25.011, rTfT −+= ωωα ,      (4.48) 

and 

215613.055171.148508.0 ωωω −+=f .    (4.49) 

The terms α and fω were determined empirically to fit known vapor pressures.  The 

parameter b is calculated as in the original Redlich-Kwong equation 

0.086640 C

C

RTb
P

= ,       (4.50) 

where TC and PC represent the critical temperature and pressure. 

Expressions for a and b for gas mixtures were developed by Redlich and Kwong 

(1948) and are applied in the model. 

( )∑∑=
i j

jjiijimix aaxxa 5.0αα      (4.51) 

∑=
i

iimix bxb         (4.52) 

Application of the mixing rules allows the calculation of vapor phase fugacity 

from Equation (4.42).  The equilibrium model solves Equation (4.46) using a Newton-

Raphson method where the initial guess for V is obtained from the ideal gas law. 
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4.1.6.  Reference States 

In this work, the reference state for water and PZ is described by the symmetric 

convention.  This means the activity coefficient of water (or PZ) is defined so that 

1  as  1w wxγ → → .       (4.53) 

CO2, ions, and H+PZCOO- are described by the nonsymmetric convention, meaning the 

activity coefficients are referenced to pure water so that 

* 1  as  0i ixγ → → .       (4.54) 

The two conventions are related by 

* 0
lim

i

i
i ix

i

γ γ γ
γ

∞

→
= = ,       (4.55) 

where iγ ∞  represents the symmetrically normalized activity coefficient of solute i, or the 

value of γi as the solution approaches its pure water reference state. 

The structure of the model treats PZ as a solvent, resulting in two definitions of 

equilibrium constants that contain PZ.  Constants are normally reported in literature as 

referenced to infinite dilution in water and can be represented as 

3 3

2 2

* *
*

* *

Am AmH O H O
Am

H O H OAmH AmH

x x
K

x x

γ γ

γ γ
+ +

+ +

= ⋅ .     (4.56) 

The constants utilized in the model are normalized so that 

3 3

2 2

*

* *

Am AmH O H O
Am

H O H OAmH AmH

x x
K

x x

γ γ

γ γ
+ +

+ +

= ⋅ .     (4.57) 
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The constants are therefore related by 

* *
*
Am

Am Am Am Am
Am

K K Kγ γ
γ

∞= = .      (4.58) 

Equilibrium constants reported in this work must be corrected for the infinite dilution 

activity coefficient of the amine prior to comparison with other work.  An estimate of 

PZγ ∞  is presented in Chapter 5. 

Also of note is that PZ is considered a liquid.  While the melting point is 106oC, 

it was assumed that liquid phase properties more adequately represent PZ behavior in 

aqueous solution.  The requirement of this assumption is that the vapor pressure of PZ is 

represented by liquid PZ.  The consequence of this assumption is that equilibrium 

constants, enthalpies, and other properties relating to PZ behavior are referenced to the 

liquid form of the amine (e.g. heat of dissolution is not considered). 

4.1.7.  Solution Method (Non-Stoichiometric Method) 

A non-stoichiometric solution method was used to solve for the equilibrium 

composition of K+/PZ mixtures from total system properties (total PZ and K+, total CO2, 

and temperature).  By defining the activity coefficients and equilibrium constants 

through a rigorous model, such as the ENRTL model, the Gibbs energy of the solution 

can be calculated.  For a defined system, the algorithm minimizes the Gibbs free energy 

within the constraints of material balances.  The Gibbs energy is related to the chemical 

potential, and thus the activity coefficients, as presented in Section 4.1.2.  

For K+/PZ mixtures, there are eleven unknown species to be considered.  

Potassium ion, though constant, is considered an unknown to increase model flexibility 
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for future applications.  Hydronium ion (H3O+) is neglected because its concentration is 

assumed to be very small.  Five elements are identified for the material balances:  K+, 

PZ, C, H, and O.  PZ (minus the hydrogens) can be considered an element because the 

core of the molecule is constant.  The material balances are then 

( )

( )

2

22 3 3
2

2 3

22 2 3 3

,

,

,

,

2

2 2 3 2

2 3 3 2

K K Tot

PZ PZ TotPZH PZCOO H PZCOO PZ COO

CO C TotCO HCO PZCOO H PZCOO PZ COO

H O PZ H TotOH HCO PZH PZCOO H PZCOO

H O COOH CO HCO PZC

n n

n n n n n n

n n n n n n n

n n n n n n n n

n n n n n n

+ +

+ − + − −

− − − + − −

− − + − + −

− − −

=

+ + + + =

+ + + + + =

+ + + + + + =

+ + + + + ( )
2

,2 4 O TotOO H PZCOO PZ COO
n n n− + − −

⎧
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪

+ + =⎪
⎩

. (4.59) 

Lagrangian multipliers, λ, are used for each element so that the chemical 

potential of each species can be expressed as 
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⎪
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⎪ − − − =⎪⎩

.     (4.60) 

This gives eleven equations, dependent upon chemical potential, to be solved 

simultaneously.  The chemical potentials are minimized and an equilibrium composition 

is determined.  A more thorough discussion of the non-stoichiometric method and the 

solution algorithm by Smith and Missen (1988) can be found in Austgen (1989). 
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4.2.  Kinetic/Rate Model 

4.2.1.  Introduction 

A substantial amount of research on CO2 absorption by amines has been 

published in the open literature.  With each new solvent or solvent blend, new 

challenges of representing solvent behavior arise, leading to a better understanding of 

the fundamental processes in gas absorption.  A rigorous analysis of the experimental 

data is imperative to arrive at a complete picture of the solution behavior. 

Bishnoi (2000) programmed a rigorous mass transfer model to quantify and 

interpret experimental results on a fundamental level by simulating the absorption of 

gas into a reactive liquid.  The model corrects for gas film resistance and uses the eddy 

diffusivity theory to describe mass transfer with chemical reaction in the liquid 

boundary layer.  This work extends the model for a K+/PZ mixture. 

The problem is calculating the flux of CO2 into or out of the solvent by 

considering temperature, total solvent composition, the gas and liquid film mass transfer 

coefficients, and the bulk gas partial pressure.  The model iteratively solves for the 

concentration profiles of all species in solution across the boundary layer.  Through 

material balances and reaction rates, a flux is predicted, which is directly related to the 

diffusion of reactants and products and the kinetics of reacting species.  Values of 

diffusion coefficients and rate constants are obtained by fitting the model to 

experimental data. 

220



 

95 

4.2.2.  Modeling Mass Transfer with Chemical Reaction 

For describing the concentration profiles within the reactive boundary layer, 

Bishnoi (2000) used the eddy diffusivity theory (King, 1966). 

( ) [ ] 0m
i i

i
D x R

x x
ε

⎡ ⎤∂∂
+ − =⎢ ⎥∂ ∂⎣ ⎦

      (4.61) 

,  0
,  

i

b

i i x
i i x

= =⎧ ⎫
⎨ ⎬= → ∞⎩ ⎭

       (4.62) 

where ε is a proportionality constant.  A value of 2 was used for m, giving a square root 

dependence on the diffusion coefficient, which is consistent with most experimental 

observations (Prasher and Fricke, 1974).  This results in a kl
o of the form 

2

2o
l COk Dε

π
= .       (4.63) 

Glasscock and Rochelle (1989) have shown that this theory adequately describes 

absorption by amines and gives a solution equivalent to surface renewal theory under 

most conditions. 

A numerical solution to the equation requires a bounded space; therefore, the 

above equation was transformed using an expression proposed by Versteeg (1987). 

2 arctan
i

r x
D
ε

π
⎛ ⎞

= ⎜ ⎟⎜ ⎟
⎝ ⎠

       (4.64) 

A derivation of the resulting equation, shown below, is presented in Bishnoi (2000). 

( ) [ ] ( ) [ ]2

1 2 3 42 0i i i

i i
C C D C C D R

r r
∂ ∂

+ + + − =
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    (4.65) 

where 

221



 

96 

2 2
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⎝ ⎠ ⎝ ⎠

     (4.66) 

4
2 2

4 cos
2i

C r
D
ε π

π
⎛ ⎞= ⎜ ⎟
⎝ ⎠

       (4.67) 

3 2
3

4 4sin cos tan cos
2 2 2 2

C r r r rε π π ε π π
π π

⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞= − +⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

  (4.68) 

3
4

4 sin cos
2 2

C r rε π π
π

⎛ ⎞ ⎛ ⎞= − ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

     (4.69) 

The boundary conditions become 

,  0
,  1

i

b

i i r
i i r

= =⎧ ⎫
⎨ ⎬= =⎩ ⎭

.        (4.70) 

Bishnoi numerically solved the differential equation for each species using a 

finite difference method.  The spatial variable r was divided into 38 nodes.  The first 

eleven nodes, including node 1 at the gas-liquid interface, are spaced 1.0E-4.  The next 

nine nodes are spaced 1.0E-3, followed by nine nodes with a spacing of 1.0E-2.  The 

final nine nodes that approach the bulk solution have a spacing of 0.1.  A small Δr is 

required near the interface to maintain accuracy because reaction and mass transfer 

cause rapid changes in species concentrations.  Further into solution, where 

concentration gradients are smaller, the Δr was increased to reduce computation time. 

Three-point forward difference equations were used to describe derivatives at 

the gas-liquid interface.  Within the boundary layer, three-point central difference 

equations were used for nodes of equal grid size.  Nodes involving a change in grid size 

were represented by the method of Liu et al. (1995). 
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The flux at the interface is calculated by the derivative given by the forward 

difference approximation, resulting in 

[ ] [ ] [ ] [ ]( )2
2 2 20 1 2

0

1 3 4
2

r

CO
CO CO CO

r r
=

∂
= − + −

∂ Δ
,   (4.71) 

where the subscripts 0, 1, and 2 refer to nodes a distance of Δr apart beginning at the 

interface (node 0, Δr = 1×10-4).  This results in an implicit, upper limit to the calculated 

flux for very fast reactions.  In the limit, [CO2]2 represents the equilibrium 

concentration and [CO2]0 is the value at the interface.  [CO2]1 will approach [CO2]2.  

Thus, the expression reduces to 

[ ] [ ] [ ]( )*2
2 2

0

3
2 i

CO
CO CO

r r
∂ −

= −
∂ Δ

.     (4.72) 

The flux will no longer be a true flux, but a maximum flux defined by the driving force 

and the grid spacing, Δr.  In these cases, reducing the grid size should be considered.  

For calculating instantaneous flux in this work, the Δr of 1×10-4 was replaced by a Δr of 

1×10-6. 

The boundary conditions are at r = 0, the gas-liquid interface, and r = 1, the bulk 

liquid.  At the gas-liquid interface, the concentration of CO2 is given by the partial 

pressure at the interface as calculated from the gas film resistance and bulk partial 

pressure.  Species involved in buffering reactions are given by a flux balance (Equation 

(4.73)).  Chemical equilibrium between the proton exchanges and charge balance is also 

assumed.  The boundary condition at r = 1 is given by equilibrium speciation provided 

by the ENRTL model discussed in Section 4.1.  
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  (4.73) 

Calculations at each node within the boundary layer (0 < r < 1) are made with 

the balances shown in Equation (4.74).  The equilibrium conditions of the proton 

exchanges and charge balance is included.  Species balances are solved for PZ and CO2 

so that each species is conserved at each node.  Material balances for CO2, PZCOO- and 

H+PZCOO-, and PZ(COO-)2 are also included to account for the reversible reaction of 

each species throughout the reactive film. 
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 (4.74) 

The rigorous model requires specific knowledge of the equilibrium behavior 

within the boundary layer to calculate the correct driving force.  To reduce complexity 

and computation time, rigorous thermodynamics are not calculated at each node within 

the boundary layer and serve only as the bulk liquid boundary condition.  Activity-

based equilibrium constants, from the ENRTL model, are used with activity coefficients 

to calculate concentration-based equilibrium constants, defined in Equation (4.75), at 

224



 

99 

bulk solution conditions.  These constants are used to describe equilibrium in the 

boundary layer.  The implicit assumption is that activity coefficients and water 

concentration do not change from the gas-liquid interface to the bulk solution.  This 

approximation will be valid since the ionic strength does not change significantly across 

the boundary layer. 
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      (4.75) 

4.2.3.  Rate Expressions 

4.2.3.1.  Carbamate Formation 

Recall the proposed two-step mechanism of CO2 reacting with primary and 

secondary amines suggested by Caplow (1968).  Two interpretations include a 

“zwitterion” mechanism or a termolecular mechanism, resulting in 

[ ][ ][ ]
2 2CO Am b

b
r k Am b CO−= ∑ .     (4.76) 
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The reaction of CO2 with the amine to form carbamate species accounts for a 

majority of the absorption rate.  The following amine reactions, considered relevant 

from the chosen mechanistic framework, are included in the model. 

2

2
3

2

2 3

2

2
3 3

PZ OH

PZ H O

PZ PZ

PZ CO

PZ PZCOO

k

k

k

k

k

OH PZCOO H O

H O PZCOO H O

PZ CO PZ PZCOO PZH

CO PZCOO HCO

PZCOO PZCOO H PZCOO

−−
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−−

−−

− −

− +

− +

− − −

− − + −
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⎪ ⎯⎯⎯→+ + +⎨ ←⎯⎯⎯
⎪

⎯⎯⎯⎯→⎪ +←⎯⎯⎯⎯
⎪
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  (4.77) 
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Because hydroxide and PZCOO- do not coexist, the contribution of hydroxide was not 

considered in Equation (4.78).  All proton exchange reactions were considered to be at 

equilibrium at all times.  The resulting expressions for the reversible rate of CO2 with 

PZ and PZCOO- are 

[ ] [ ][ ]2
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PZCOOKr k b PZ CO
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⎜ ⎟⎡ ⎤⎣ ⎦⎝ ⎠

∑    (4.79) 

and 
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The temperature dependence of these rate constants is given by 

( )
1 1exp

298.15
o aHk k

R T K
∞

⎛ ⎞⎛ ⎞−Δ
= −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

,    (4.81) 

where k∞ represents the rate constant in the absence of significant ionic strength, ko is 

the specific rate constant, and ΔHa is the activation energy for the specific reaction. 

The values of all regressed model parameters from this work are presented in 

Chapter 6.  Parameters include the above rate constants, an activation energy (assumed 

constant for all amine-base reactions), and a correction for ion diffusivities. 

4.2.3.2.  Bicarbonate Formation 

Based on work with tertiary amines and experience with base-catalyzed 

reactions, amines and hydroxide are expected to catalyze the formation of bicarbonate 

ion (Littel et al., 1990b; Bishnoi, 2000).  Three parallel reactions are included in the 

model to account for this effect. 

2 3
OH

k
CO OH HCO

−− −⎯⎯⎯→+ ←⎯⎯⎯       (4.82) 

2 2 3
PZkPZ CO H O PZH HCO+ −⎯⎯→+ + +←⎯⎯     (4.83) 

2 2 3
PZCOO

k
PZCOO CO H O H PZCOO HCO

−− + − −⎯⎯⎯→+ + +←⎯⎯⎯   (4.84) 

The formation of bicarbonate in this manner is typically much slower than the reaction 

of CO2 with amines and has little effect on the absorption rate under most conditions, 

but must be included to properly model equilibrium in the boundary layer.  A 

generalized, second-order rate expression for these reactions can be written as 
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[ ] [ ]
3
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b HCO

HCO
r k b CO

K OH−
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⎛ ⎞⎡ ⎤⎣ ⎦⎜ ⎟= −
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∑ ,    (4.85) 

where b, in this case, represents the active catalyst OH-, PZ, or PZCOO-. 

The rate constants for amine-catalyzed bicarbonate formation were assumed 

equal to that of the MDEA-catalyzed reaction given by Littel (1991). 

( )
3

9 5771.01.34 10 expAm
mk

kmol s T K
⎛ ⎞⎛ ⎞ −

= × ⎜ ⎟⎜ ⎟ ⎜ ⎟⋅⎝ ⎠ ⎝ ⎠
    (4.86) 

The rate constant for CO2 reacting with OH- is well defined in the literature and 

is given as a function of ionic strength (1988). 

10 10log log i iOH OH
i

k k Iκ− −
∞= + ∑      (4.87) 

where 

( )10
2382.0log 11.916

OH
k

T K−
∞ = −       (4.88) 

and κ is an ion-specific parameter and Ii is ionic strength calculated as 

( )21
2i i iI C z= .        (4.89) 

Ci is the molar concentration and zi is the charge or species i. 

An ionic strength correction is made to all amine rate constants (Equations 

(4.79), (4.80), and (4.89)) according to the theory of salt effects, presented in Chapter 2.  

The correction is 

( )exp 0.3k k I∞= .       (4.90) 

I is the summation of molar ionic strength.  This correction is addressed in Chapter 6. 
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4.2.4.  Solution Method 

The solution of the boundary layer is an iterative process, determined by the 

application of the aforementioned reactions and boundary conditions.  An initial guess 

of the partial pressure of CO2 at the interface, PCO2,i, is calculated as 95% of the bulk 

gas partial pressure. 

Newton’s method was used to simultaneously solve the differential equations 

and material balances.  A Jacobian matrix is calculated with a step size of 4%.  A 

Gaussian elimination with forward elimination and backward substitution was used to 

solve the matrix using the appropriate material balances and boundary conditions. 

The converged solution of the Jacobian matrix gives a concentration profile of 

all species for a given PCO2,i.  A flux, NCO2, is calculated based on the concentration 

change of CO2 near the gas-liquid interface.  The calculated species flux is compared to 

the flux based on the given gas film coefficient and gas phase driving force.  That is, a 

function, f, is created for a secant method solution. 

( )2 2 2, ,
n n n

CO g CO b CO if N k P P= − −      (4.91) 

where n indicates the current iteration.  The procedure is repeated after perturbing the 

initial guess for PCO2,i by 5%.  Subsequent values of PCO2,i are calculated by linear 

interpolation. 

( )2 2

2 2

1
, ,1

, , 1

n n
CO i CO in n n

CO i CO i n n

P P
P P f

f f

−
+

−

−
= −

−
     (4.92) 

The iterations continue until the difference between 
2

1
,

n
CO iP +  and 

2 ,
n

CO iP  is less than 0.1%. 
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4.3.  Non-Linear Regression Model 

4.3.1.  Description of GREG 

The regression of parameters in the thermodynamic and rate models was 

performed using the Generalized REGression package, GREG, developed by 

Caracotsios (1986).  GREG is a multiple parameter, non-linear regression tool that 

minimizes the difference between a model calculated value, Fi, that is a function of 

given parameter values, xj, and a user-provided observed value, OBSi.   

( )
2

1

n

i j i
i

Obj F x OBS
=

⎡ ⎤= −⎣ ⎦∑       (4.93) 

Some data, such as the activity of water and mole fractions (speciation data), 

were regressed as is.  For equilibrium partial pressure data, where the values (Fi(xj)) 

varied over several decades, a logarithmic transformation of the data (i.e. ln(PCO2*)) was 

used to give even weight to all data points.  In each case where multiple data sets were 

simultaneously regressed, the data types were weighted so that each gave a comparable 

contribution to the sum-of-squares error. 

The generic character of the model allows its coupling with any user-defined 

model.  GREG is highly versatile, capable of being applied to the regression of any 

model parameter.  Parameters regressed in this work include equilibrium constants, 

binary interaction parameters, and rate constants. 

4.3.2.  Interface with the Thermodynamic and Rate Models 

GREG is completely external to all other programs.  The model, or main 

program, is essentially the inner part of a loop that runs once for every observed 
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parameter supplied.  The results are stored in an array and returned to GREG for 

statistical calculations. 

A simple flowsheet is shown in Figure 4.2, showing how GREG interacts with 

other programs for i = 1 to n, where n is the number of observed parameters.  The 

regression driver provides GREG with information important to the regression, 

including the initial parameter values (xj), the upper and lower bounds, the maximum 

change, and the tolerance for termination of the regression.  The observed, or 

experimental data, is provided to the regression driver through an input file and 

subsequently transferred to GREG.  GREG then supplies the necessary parameter 

values and executes the main program.  The main program reads input from data files 

and returns a calculated result, Fi, to GREG.  GREG changes the values of xj until the 

objective function is minimized and a final solution is obtained. 

Regression
Driver GREG

Main
Program

Input &
Data

OBSi
Model
Input

Regession
Parameters

Fi

xj  

Figure 4.2.  Transfer of Data during a Regression with GREG 
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4.3.3.  Results and Statistics from GREG 

In addition to the parameter values and sum of squares, a confidence interval 

and correlation parameters were calculated.  An understanding of these values improves 

the significance and clarity of the regressed parameters for representing a given data set. 

A confidence interval was calculated for each given mean parameter value, x .  

The confidence interval expresses the certainty of which the true value of a parameter is 

known.  In this work, the confidence interval is reported as a standard deviation, σ.  The 

standard deviation is calculated as 

( )2

1

1
1

n

x j
j

x x
n

σ
=

= −
− ∑ .      (4.94) 

GREG also calculates a correlation matrix, which identifies potential 

interference from the dependence of regressed parameters on each other.  The 

correlation between two variables, x and y, is given by the correlation coefficient, 

ρ(x,y). 

( ) ( ),
,

x y

Cov x y
x yρ

σ σ
=        (4.95) 

where Cov(x,y), the covariance, is calculated as 

( ) ( )( )
1

1,
1

n

j j
j

Cov x y x x y y
n =

= − −
− ∑ .    (4.96) 

The covariance quantifies the linear relationship between variables x and y.  An 

important constraint is that the absolute value of covariance is always less than the 

product of standard deviations. 
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( ), x yCov x y σ σ≤        (4.97) 

Also, the covariance is symmetric, so that 

( ) ( ), ,Cov x y Cov y x= .      (4.98) 

Thus, the correlation coefficient is bounded between -1 and 1.  Values of ρ(x,y) of -1 

and 1 indicate perfectly correlated parameters, meaning x and y are linearly dependent.  

Small values (i.e. ( ), 0x yρ → ) indicate completely independent values of x and y. 
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Equation Chapter 5 Section 1 

 

 

 

Chapter 5:  Thermodynamics of Potassium Carbonate, 

Piperazine, and Carbon Dioxide Mixtures 

 

 

 

 

Absorption processes incorporating various aqueous amine solvents have long 

been known as effective for the treatment of waste gas streams, particularly for 

removing acidic components (CO2, H2S).  For any new or existing solvent, an 

understanding of the thermodynamics and the ability to model equilibrium behavior is 

important for process development, design, and optimization.  This chapter examines 

thermodynamic properties attained by blending PZ with K2CO3 in a concentrated 

aqueous mixture.   

Measurements of CO2 solubility in a wetted-wall column in 0.6 to 3.6 m PZ and 

2.5 to 6.2 m K+ at 40 to 110oC are presented.  Piperazine speciation was also determined 

using 1H NMR for 0.6 to 3.6 m PZ and 3.6 to 6.2 m K+ at 25 to 70oC and the results are 

reported here.  Other thermochemical properties, the physical solubility of CO2 and the 
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solid solubility of the potassium salt and the piperazine solid, were also explored and 

reported. 

As discussed in Chapter 4, a rigorous thermodynamic model of aqueous 

potassium carbonate/piperazine was developed to describe the vapor- and liquid-phase 

equilibrium of the solvent with CO2.  The model was sequentially fitted to a variety of 

data, beginning with simple binary systems and extending to complex, multi-component 

electrolyte mixtures.  Representation of the VLE and speciation is achieved and 

demonstrated over the range of solvents investigated.  Predictions of 

thermodynamically significant properties, such as solvent capacity, heat of absorption, 

and stoichiometric behavior are presented. 

5.1.  Model Description 

Eight equilibrium reactions, shown below, are included in the model for K+/PZ.  

The equilibrium constants for reactions (5.1) through (5.4) are shown in Table 5.1.  

Constants for reactions (5.5) through (5.7) were regressed from experimental data and 

are presented in Section 5.4.3.  

( )2 2 3 32CO aq H O HCO H O− +⎯⎯→+ ⋅ +←⎯⎯     (5.1) 

2
3 2 3 3HCO H O CO H O− − +⎯⎯→+ +←⎯⎯      (5.2) 

2 32 H O H O OH+ −⎯⎯→⋅ +←⎯⎯       (5.3) 

( )2 3PZH H O PZ l H O+ +⎯⎯→+ +←⎯⎯      (5.4) 

( ) ( )2 2 3PZ l CO aq H O PZCOO H O− +⎯⎯→+ + +←⎯⎯    (5.5) 
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2 3H PZCOO H O PZCOO H O+ − − +⎯⎯→+ +←⎯⎯     (5.6) 

( )2 2 32
PZCOO CO H O PZ COO H O− − +⎯⎯→+ + +←⎯⎯    (5.7) 

Edwards et al. (1978) correlated the work of several researchers to represent 

reactions (5.1) through (5.3).  KHCO3- is based on data from Harned and Davis (1943), 

Ellis (1959), and Ryzhenko (1963).  The equation for KCO3
2- is based on the work of 

Harned and Scholes (1941), Cuta and Strafelda (1954), and Ryzhenko (1963).  Kw was 

correlated from data by Harned and Robinson (1940) and Ackermann (1958).  Posey 

(1996) deemed the correlations by Edwards et al. to be appropriate for modeling acid 

gas systems.  The determination of the equilibrium constant for PZ dissociation (5.4) is 

derived from Hetzer et al. (1968) and is addressed in Section 5.4.2.  

 
Table 5.1.  Defined Equilibrium Constants (Mole Fraction-Based) in the ENRTL 

Model 
TCTBAK i lnln ++=  

Eq. # Equilibrium 
Constant A B C 

Source 

(5.1) 3 3

3
2 2

2
HCO H O

HCO
CO H O

a a
K

a a
− +

−

⋅
=

⋅
 231.4 -12092 -36.78 

Edwards et 
al. (1978), 

Posey (1996) 

(5.2) 
2

3 3
2
3

23

H O CO
CO

H OHCO

a a
K

a a
+ −

−

−

⋅
=

⋅
 216.0 -12432 -35.48 

Edwards et 
al. (1978), 

Posey (1996) 

(5.3) 3

2

2
H O OH

w
H O

a a
K

a
+ −⋅

=  132.9 -13446 -22.48 
Edwards et 
al. (1978), 

Posey (1996) 

(5.4) 3

2

PZ H O
PZH

H OPZH

a a
K

a a
+

+

+

⋅
=

⋅
 241.5 -21918 -34.35 Hetzer et al. 

(1968) 
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The ENRTL model was fit to experimental data by regressing equilibrium 

constants and binary interaction parameters from multiple, independent data sets using 

GREG as presented in Chapter 4.  A sequential regression, beginning with simple 

mixtures and progressing to more complex solutions, was used to maintain 

thermodynamic consistency.  Table 5.2 summarizes the sequence and data types used in 

the regressions.  Table 5.3 reports the regressed parameters and values from each step. 

 
Table 5.2.  Summary of Data and Sources for the Regression of Parameters in the 

ENRTL Model 

# Name Data 
Type Conc. (m) T (oC) Source(s) Data 

Pts.a 
K2CO3:  0.0 – 1.25 
KHCO3:  0.0 – 1.25 25 

Joosten and 
Danckwerts 

(1972) 
8 

1 CO2 
N2O 

Solubility K2CO3:  0.0 – 2.4 
KHCO3:  0.0 – 3.6 

PZ:  0.0 – 1.8 
25 This Work 18 

K2CO3:  0.4 – 7.5 25 – 90 
Puchkov and 
Kurochkina 

(1970) 
42 2 K2CO3/H2O PH2O* 

K2CO3:  0.15 – 7.2 25 - 140 Aseyev (1999) 614 

3 KHCO3/H2O PCO2* K2CO3:  1.8 – 4.8 
Conv.:  0 – 87%b 70 - 140 Tosh et al. 

(1959) 120 

4 PZ/H2O UNIFAC PZ:  0 – 2.4 25 - 80 Gmehling 
(1982) 21 

NMR PZ:  0.1 – 1.48 
α:  0.15 – 1.0c 20 - 60 Ermatchkov et 

al. (2003) 218 

PTOT PZ:  2 – 4 
α:  0.5 – 1.0c 40 - 120 Kamps et al. 

(2003) 29 5 PZ/CO2/H2O 

PCO2* PZ:  0.64 
α:  0.3 – 1.0c 40 - 70 Bishnoi (2000) 17 

NMR 
K2CO3:  3.6 – 6.2 

PZ:  0.6 – 3.6 
α:  0.35 – 0.7c 

27 – 70 This Work 112 

6 PZ/K+/CO2/H2O 

PCO2* 
K2CO3:  2.5 – 6.2 

PZ:  0.6 – 3.6 
α:  0.35 – 0.76c 

40 - 110 This Work 58 

a. Total number of data points used in the regression. 
b. Conversion to KHCO3 as reported by Tosh et al. (1959). 
c. α is loading as defined by mol CO2/(mol K+ + mol PZ). 
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Table 5.3.  Regressed Binary Interaction Parameters for the ENRTL Model 
# Name Interaction A σA B σB τ, 298K 

PZ, CO2 5.03 Indt.a - - 5.03 
K+, CO3

2-, CO2 -3.46 0.09 - - -3.46 
K+, HCO3

-, CO2 -4.88 0.24 - - -4.88 
K+, PZCOO-, CO2 -5.46 6.63 - - -5.46 

1 CO2 

K+, PZ(COO-)2, CO2 -4.07 0.98 - - -4.07 
H2O, K+, CO3

2- 9.48 0.05 1582 172 10.31 2 K2CO3/ 
H2O K+, CO3

2-, H2O -4.52 0.01 -377 30 -4.72 
H2O, K+, HCO3

- 7.86 0.04 2863 Indt.a 9.36 3 KHCO3/ 
H2O K+, HCO3

-, H2O -3.44 Indt.a -601 74 -3.75 
H2O, PZ 3.66 0.31 -310 Indt.a 2.62 4 PZ/H2O 
PZ, H2O 6.46 0.15 -2648 Indt.a -2.42 

H2O, PZH+, HCO3
- 9.07 0.44 - - 9.07 

PZH+, PZCOO-, H2O -3.79 0.98 - - -3.79 5b PZ/CO2/ 
H2O 

H2O, H+PZCOO- 3.91 0.57 - - 3.91 
H2O, K+, PZCOO- 10.84 0.55 - - 10.84 

H2O, K+, PZ(COO-)2 8.99 0.34 - - 8.99 
K+, PZCOO-, PZ -14.74 0.88 - - -14.74 

K+, CO3
2-, PZ -9.55 0.98   -9.55 

K+, HCO3
-, H+PZCOO- -7.27 2.90 - - -7.27 

6 PZ/K+/ 
CO2/H2O 

K+, PZ(COO-)2, H+PZCOO- -5.91 2.50 - - -5.91 
a.  Indeterminate:  Represents a high correlation between parameters. 
b.  Six parameters for equilibrium constants also regressed. 

 

5.2.  Physical Solubility 

The solubility of N2O was measured in K+/PZ mixtures to arrive at an activity 

coefficient for CO2 by way of the N2O analogy outlined in Chapter 2.  The physical 

solubility is an important thermodynamic parameter, defining the equilibrium 

concentration of the species in the liquid in the absence of chemical equilibria.  

Representing the data as an activity coefficient enables the incorporation of physical 

solubility in the rigorous ENRTL framework as interaction parameters, not simply an 

empirical equation.   

The activity coefficient can be calculated from physical solubility with the 

following reasoning.  Recall that Henry’s law applies to dilute solutions so that 

2 2 2 2

*
CO CO CO COP H xγ= .       (5.8) 
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In this work, infinite dilution in water is the chosen reference state, so 
2

*
COγ  → 1 and the 

expression for Henry’s constant in pure water can be written 

2

2

2

COw
CO

CO

P
H

x
= .        (5.9) 

The activity coefficient in the mixed solvent can then be calculated from the ratio of an 

apparent Henry’s constant in the mixed solvent and the Henry’s constant in water. 

2

2

2

* CO
CO w

CO

H
H

γ =         (5.10) 

Thus, the solubility of CO2 in this work is interpreted as the Henry’s constant in water 

corrected by the activity coefficient of CO2 in the mixed solvent. 

The physical solubility of N2O was measured in aqueous PZ and interpreted as 

CO2 solubility.  The results of these experiments are shown in Table 5.4 and Figure 5.1.  

The addition of PZ to water has little effect on the activity coefficient of CO2 at 25 or 

40oC.  Even in concentrated solutions (~ 1.5 M), γCO2 increases by less than 10%, which 

is consistent with previous work on amines (Littel et al., 1992c; Browning and Weiland, 

1994; Sada et al., 1978; Versteeg and van Swaiij, 1988).  Only a small increase in 

activity coefficient could be identified at these low amine concentrations. 

The physical solubility of CO2 was also measured in aqueous K2CO3 and 

K2CO3/KHCO3 mixtures (30 and 70% of the total molar salt concentration respectively) 

at 25oC for comparison with previous work.  Results of these experiments are reported 

in Table 5.5.  Figure 5.2 compares these results to those of Joosten and Danckwerts 

(1972), who report the solubility of N2O in equimolar mixtures of K2CO3 and KHCO3, 
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and Weisenberger and Schumpe (1996), who developed an empirical solubility model 

based on van Krevelen coefficients.   

Table 5.4.  Physical Solubility of CO2 in Aqueous PZ 

T (oC) [PZ] (M) 
HCO2 (atm-

L/mol) 
σHCO2

 γCO2,meas γCO2,pred 

0.00 29.65 1.68 1.01 1.00 
0.57 30.36 0.72 1.03 1.01 
1.09 29.91 0.91 1.02 1.03 

25 

1.56 31.60 1.02 1.08 1.05 
0.00 40.02 1.94 0.98 1.00 
1.09 41.98 1.44 1.03 1.01 40 
1.56 39.87 1.02 0.98 1.02 

 

[PZ] (mol/L)
0.0 0.5 1.0 1.5 2.0

γ C
O

2

0.90

0.95

1.00

1.05

1.10

1.15

40oC

25oC

 
Figure 5.1.  Physical Solubility of CO2 in Aqueous PZ 

 

As shown in the figure, the experimental data and model calculations give 

similar estimates of activity coefficients.  At a given ionic strength, KHCO3 has a more 

significant impact on γCO2.  Measurements in K2CO3 closely match the model of 
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Weisenberger and Schumpe (1996).  At a constant ionic strength, the activity coefficient 

increases as K2CO3 is replaced with KHCO3.  Though the solubility in 100% KHCO3 

can not be measured experimentally, the model estimation is shown to be consistent 

with measured data and gives a higher γCO2. 

Table 5.5.  Physical Solubility of CO2 in Aqueous K2CO3/KHCO3 

[K2CO3] 
(M) 

[KHCO3] 
(M) I (M) 

HCO2 
(atm-

L/mol) 
σHCO2

 γCO2,meas γCO2,pred 

1.17 0.00 3.51 65.89 3.97 2.24 2.32 
1.71 0.00 5.14 96.56 2.54 3.29 3.20 
2.23 0.00 6.68 125.77 1.66 4.28 4.20 
2.71 0.00 8.12 152.44 20.47 5.19 5.29 
0.54 1.27 2.89 71.99 2.32 2.45 2.12 
0.76 1.76 4.03 79.54 5.38 2.71 2.70 
0.79 1.85 4.22 91.82 14.21 3.13 2.87 

 

I (M)
0 2 4 6 8 10

γ C
O

2

1

10
Schumpe

100% K2CO3

Schumpe
100% KHCO3

This Work
100% K2CO3

Joosten and Danckwerts
50% K2CO3/50% KHCO3

This Work
30% K2CO3/70% KHCO3

 
Figure 5.2.  Physical Solubility of CO2 in K2CO3/KHCO3 at 25oC 
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The physical solubility of N2O was also measured in K+/PZ mixtures 

representative of the concentrated solutions investigated in this work.  The results are 

reported in Table 5.6 and represented graphically in Figure 5.3.  Empirically, the 

solubility behaves so that the nominal ionic strength is sufficient for calculating the 

Henry’s constant. 

Table 5.6.  Physical Solubility of CO2 in Aqueous K+/PZ Mixtures 

[K2CO3] 
(M) 

[KHCO3] 
(M) 

[PZ] 
(M) 

Nominal 
I (M) 

Calc. I 
(M) 

HCO2
 

(atm-
L/mol) 

σHCO2
 γCO2,meas γCO2,pred 

0.54 0.00 1.09 1.63 0.77 42.97 0.39 1.46 1.46 
1.07 0.00 1.07 3.22 1.53 62.03 5.24 2.11 2.19 
0.00 1.06 1.06 1.06 1.65 46.27 1.32 1.58 1.41 
0.00 2.03 1.02 2.03 3.00 63.40 2.44 2.16 2.09 
0.00 2.83 1.41 2.83 4.18 80.62 9.14 2.74 2.70 
0.00 3.62 1.81 3.62 5.40 102.75 0.69 3.50 3.44 

 

I (M)
0 1 2 3 4 5 6

γ C
O

2

1

10

Schumpe
100% K2CO3

Schumpe
100% KHCO3

This Work, K2CO3/PZ
Calculated I

This Work, KHCO3/PZ
Nominal I

This Work, K2CO3/PZ
Nominal I

This Work, KHCO3/PZ
Calculated I

 
Figure 5.3.  Physical Solubility of CO2 in K+/PZ at 25oC 
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5.3.  Aqueous Potassium Carbonate/Bicarbonate 

The osmotic coefficient of water at 25oC as interpreted from several researchers 

is shown in Figure 5.4.  The osmotic coefficient is defined as 

2

2

ln
3[ ]

H O

H OSalt MW
γ

φ
−

= ,       (5.11) 

where [Salt] is the molal concentration of potassium salt and MWH2O is the molecular 

weight of water in kg/mol.  Only data from Puchkov and Kurochkina (1970) and 

Aseyev (1999) were used in the regression of parameters.  The data are from total 

pressure measurements; the data, and associated limitations, are understood.  Also, the 

data span a comprehensive range of conditions (25 to 140oC and 0 to 60 wt% K2CO3).   

As a result of distinctive differences and potential inaccuracies in the reported 

activities (shown in Figure 5.4 as osmotic coefficient), some data were eliminated from 

the parameter regression.  Sarbar et al. (1982) and Roy et al. (1984) present data as 

obtained through isopiestic and electrochemical methods.  The resulting activity of 

water is based on theoretical calculations.  Apelblat (1992) presents a limited amount of 

data for saturated salt solutions.  The reported activities rely on measurements of 

solvent concentration as well as vapor pressure and may be subject to additional error. 
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K2CO3 (m)
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φ
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Sarbar et al. (1982)
Roy et al. (1984)
Apelblat (1992)
Aseyev (1999)
ENRTL Prediction

 
Figure 5.4.  Osmotic Coefficient of Water in Aqueous K2CO3 at 25oC 

 
Binary interaction parameters found in the regression for K2CO3/H2O are shown 

in Table 5.3.  The values compare well to those found for other salt pairs by Chen et al. 

(1982).  The ENRTL model describes the data well throughout the range of 

concentrations.  It is interesting to note that the form of the model correlation is 

different from measured trends, leading to systematic errors.  Still, the maximum 

deviation from osmotic coefficients is approximately ±15%, or ±5% from activities. 

Also of interest is the temperature dependence of the interaction parameters. 

Though the temperature dependence is weak, it is systematic.  The physical implication, 

noted by Chen et al. (1982), is that the greater the absolute value of the difference in 

interaction parameters for a molecule-ion pair (e.g. 
2 2

2 3 3 2, , , ,H O K CO K CO H O
τ τ+ − + −− ) the greater the 

association of the ion pair.  A lower degree of association between the ion pair at higher 
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temperatures is expected; thus, molecule-ion pair parameters should have positive 

temperature dependence and ion pair-molecule parameters should have negative 

temperature dependence.  This trend is consistent with the values found in this work. 

The equilibrium partial pressure of CO2, PCO2*, reported by Tosh et al. (1959) 

was used to regress parameters for KHCO3/H2O mixtures.  Data for the mixed solvent 

system include 20 to 40 wt% K2CO3 with a range of conversions to KHCO3 at 70 to 

140oC.  As with the previous regression, the interaction parameters obtained (Table 5.3) 

closely resemble behavior demonstrated by other electrolyte systems. 

Figure 5.5 and Figure 5.6 show the equilibrium behavior of the mixed solvent at 

20 and 40 wt% K2CO3 respectively and 70 to 130oC.  The experimental data have a 

high degree of scatter, which is also noted by Chen et al. (1979) in an attempt to 

represent the data with an extended Pitzer model.  Chen et al. also finds the addition of 

an ion-ion interaction parameter significantly improves model representation of the 

data, suggesting an equivalent parameter in the ENRTL model may improve the fit.  

Yet, the ENRTL model adequately represents the data set using only molecule-ion 

parameters, deviating by an average of 13.9% over the entire range of conditions. 
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Figure 5.5.  PCO2

* in 20 wt% K2CO3, Points:  Tosh et al. 
(1959), Lines:  ENRTL 
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Figure 5.6.  PCO2

* in 40 wt% K2CO3, Points:  Tosh et al. 
(1959), Lines:  ENRTL 
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Data for K2CO3/KHCO3 from Roy et al. (1984) and Simonson et al. (1987) were 

not used in the data regressions, but were modeled for comparison to the completed 

ENRTL model.  Figure 5.7 shows the accuracy of the fit.  A systematic deviation from 

experimental observations is shown.  Regardless, the activity is represented well, 

deviating by a maximum of 4.2% over the full range of conditions (25 to 95oC). 

xK+ (mole fraction)
0.000 0.025 0.050 0.075 0.100

a H
2O

,P
re

d.
/a

H
2O

,M
ea

s.
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1.01

1.02

1.03

1.04

1.05

Roy et al. (1984)

Simonson et al. (1987)

 
Figure 5.7.  Error of ENRTL Predictions of aH2O in Aqueous K2CO3/KHCO3 

 

5.4.  Aqueous Piperazine 

5.4.1.  Infinite Dilution Activity Coefficient and Solution Enthalpy 

Data on the behavior of aqueous PZ are limited.  The vapor pressure of PZ has 

been reported at high temperatures (112.8 and 198.8oC) by Wilson and Wilding (1994).  

These data are derived from total pressure measurements, making the accuracy of points 
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important to dilute PZ questionable.  Cabani et al. (1975) gives the Gibbs energy, 

enthalpy, and entropy of hydration of PZ (PZ(g) → PZ(aq)) at infinite dilution.  This 

can be corrected by the vapor pressure of PZ to give PZγ ∞ , but it is not apparent that the 

liquid behavior should be related by a liquid or solid vapor pressure (PZ is a solid at 

room temperature). 

Given the lack of substantial data, predictions of PZ activity coefficient behavior 

were obtained from the UNIFAC model (Gmehling, 1982), a purely predictive model 

based on group contribution methods.  UNIFAC bases its estimates for activity 

coefficients on similar structures that are liquids.  This work, then, must assume a liquid 

reference state for PZ.  UNIFAC is assumed accurate for liquid PZ from infinite 

dilution in water to the solid solubility limit between 25 and 80oC as reported by 

Bishnoi (2000). 

Figure 5.8 shows the attempt to reproduce UNIFAC predictions with the fitted 

ENRTL model.  The models predict a non-linear temperature dependence of γPZ at 

infinite dilution.  The behavior suggested by UNIFAC is complex as the value of the 

activity coefficient varies by a factor of twenty over the given conditions.  The ENRTL 

model does not match UNIFAC exactly with the given interaction parameters; however, 

the fit is acceptable because the accuracy of UNIFAC is unknown.  From the ENRTL 

model, the infinite dilution activity coefficient of PZ can be represented by the equation 

( ) ( )19779ln 318.1 44.42lnPZ T K
T K

γ ∞ = − − .    (5.12) 
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Figure 5.8.  Activity Coefficient of Piperazine, Lines:  ENRTL, Points:  UNIFAC 

 

Various enthalpies of phase change for PZ are reported in the literature and 

summarized in Table 5.7.  Most sources are in close agreement, lending a degree of 

confidence to their findings.  Of particular interest are the heat of fusion and the heat of 

dissolution, ΔHfus and ΔHdis respectively, whose values can be used to calculate a heat 

of solution, ΔHsol.  The heat of solution is related to the temperature dependence of the 

activity coefficient by 

( ) ( )
2

1

,

, 2 1

1 1ln PZ T sol

PZ T

H
R T K T K

γ
γ

⎛ ⎞ ⎛ ⎞Δ
= −⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

.    (5.13) 

The calculated value of ΔHsol from literature in Table 5.7 has been compared to 

model predictions and data from Wilson and Wilding (1994).  As shown in Table 5.8, 
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the comparison is favorable, indicating that the UNIFAC and ENRTL models are 

predicting a reasonable temperature dependence for ∞
PZγ  over a practical range.  ΔHsol is 

predicted to have a significant dependence on temperature. 

 
Table 5.7.  Enthalpies (kJ/mol) of Phase Change for Piperazine 

ΔHvap
a ΔHsub

b ΔHfus
c ΔHdis

d T (K) Source 
43.93 - - -16.43 298.15 Enea and Berthon (1973) 
43.25 - -26.7 - 384.6 
50.1e - -22.2 - 298.15 Steele et al. (1997) 

- - -22.15 - 381.8 Lee et al. (1997) 
44.9 - - - 380.0 Yaws (1994) 

- 72.1 - - 298.15 Verevkin (1998) 
- 72.85 - -17.42 298.15 Cabani et al. (1975) 

 

Table 5.8.  Enthalpy of Solution (kJ/mol) for PZ at Infinite Dilution in Water 
ΔHsol

 T (K) Source 
-37.7a 386 to 471 Wilson and Wilding (1994) 

-38.5 to -44.1b - Calculated Range 
-65.9 to -28.4 298 to 353 UNIFAC Model 
-54.4 to -34.1 298 to 353 Fitted E-NRTL Model 

a. Average value over given temperature range. 
b. Maximum and minimum from possible combinations in Table 5.7.  

Calculated as (ΔHdis - ΔHfus) for values given 
 

5.4.2.  Dissociation of Piperazine 

Several researchers have reported data on the ionization constant of PZ in water 

(Equation (5.4)).  A summary of these works is shown in Table 5.9.  All four works that 

report values for pKa give comparable results at 20 to 25oC.  Only two works report data 

at higher temperatures, however, and the pKa values show significant disagreement.  

This is shown graphically in Figure 5.9.   

a.  PZ(l) → PZ(g) d.  PZ(s) → PZ(aq) 
b.  PZ(s) → PZ(g) e.  Obtained from the an extrapolated Wager equation 
c.  PZ(l) → PZ(s)  
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In addition to pKa values, several researchers have reported data on the heat of 

protonation of PZ in water.  Pagano et al. (1961) and Hetzer et al. (1968) calculate the 

ΔH based on the temperature dependence of pKa.  Paoletti et al. (1963) reports the ΔH 

from a calorimetric study.  The values from Hetzer and Paoletti are consistent, differing 

slightly from the ΔH found by Pagano.  Though the difference is small, extrapolation of 

the data to high temperatures would lead to significantly different pKa values (Figure 

5.9).  Because the pKa values and the ΔH are in agreement with other sources, this work 

assumes the data of Hetzer et al. best represent the pKa of PZ. 

 
Table 5.9.  Summary of pKa (Molarity-based, Infinite Dilution in Water) 

Investigations of Aqueous PZ 

pKa
20oC T (oC) ΔH25oC 

(kJ/mol) 
Δcp

25oC 
(J/mol-oC) 

Source 

9.82 20 - - Schwarzenbach et al. (1952) 
9.89 10 to 40 -38.91 - Pagano et al. (1961) 
9.72a 25 -42.55 - Paoletti et al. (1963) 
9.86 0 to 50 -42.87 75 Hetzer et al. (1968) 

- 25 - 29 Cabani et al. (1976) 
a. Value at 25oC. 

 

In addition to enthalpy effects, the broad temperature range covered in this work 

requires the consideration of heat capacity and the potential change in ΔH as a function 

of temperature.  Evaluation of the pKa values from Hetzer et al. results in a Δcp of 75 

J/mol-oC, consistent with values reported for primary and secondary alkanolamines 

(Oscarson et al., 1989b).  Cabani et al. (1976) reports a heat capacity approximately 

60% less (29 J/mol-oC) based on calorimetric measurements of HCl addition to dilute 

aqueous PZ.  It is difficult to assess the accuracy of these measurements due to the 
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correction for the partial molar heat capacity of HCl.  Regardless, the effect of Δcp is 

relatively small and will have no impact on conclusions derived from this work.  

Because Hetzer et al. is consistent with similar measurements and the ΔH reported 

agrees with other investigators, a value of 75 J/mol-oC was chosen as the heat capacity.  

The resulting expression for the pKa of PZ is Equation (5.4) in Table 5.1. 

Temperature (oC)
0 20 40 60 80 100

pK
a

8

9

10
Pagano et al.

Hetzer et al.

Schwarzenbach et al.

Paoletti et al.
Fit of Pagano et al.

Fit of Hetzer et al.

 
Figure 5.9.  Correlation of the pKa of Piperazine with Temperature 

 

5.4.3.  Regression of Parameters for Aqueous Piperazine 

PZ speciation, total pressure, and PCO2* data were used to regress equilibrium 

constants (Table 5.10) and relevant τ parameters (Table 5.3) for the PZ/H2O/CO2 

system.  Note that the form of the equilibrium constant equations in Table 5.10 differs 

from that in Table 5.1, reducing correlation between regressed parameters. 
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Table 5.10.  Regressed Equilibrium Constants in Electrolyte NRTL Model, Mole 
Fraction-Based 

( )
( )1 1ln ln

298.15 298.15i

T K
K A B C

T K
⎛ ⎞ ⎛ ⎞

= + − +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
 Eq. 

# 
Equilibrium 

Constant 
A σA B σB Ca 

(5.5) 3

2 2

PZCOO H O
PZCOO

PZ CO H O

a a
K

a a a
− +

−

⋅
=

⋅ ⋅
 -10.15 0.17 21980 530 44.42 

(5.6) 3

2

PZCOO H O
H PZCOO

H OH PZCOO

a a
K

a a
− +

+ −

+ −

⋅
=

⋅
 -25.91 0.14 -5700 440 0.0 

(5.7) ( )
( ) 3

2

2
2 2

H OPZ COO

PZ COO
CO H OPZCOO

a a
K

a a a

+−

−

−

⋅
=

⋅ ⋅
 -13.26 0.24 1990 710 0.0 

a. No parameters regressed.  C parameter for KPZCOO- set by PZγ ∞ . 

 

The simultaneous determination of multiple parameters may introduce error into 

the regression if values are strongly correlated with one another.  Of particular interest 

is the dependence of the infinite dilution equilibrium constants on the values of τ 

parameters.  Because data cannot be taken at true infinite dilution, equilibrium constants 

may be particularly susceptible to interference from other parameters.  To determine the 

potential for this type of error, a correlation matrix for the above regression was 

calculated and is presented in Table 5.11.  Calculations show that the equilibrium 

constants and τ parameters are only moderately correlated, suggesting the regressed 

values have little effect on each other and are largely independent. 

Table 5.12 presents a comparison, referenced to infinite dilution in water, of the 

equilibrium constants (Ki) and heats of reaction found by several researchers.  Bishnoi 

(2000) gives estimates based on limited vapor pressure and speciation data and on the 
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assumption that the ΔHrxn for KPZCOO- is equal to that of KPZ(COO-)2 (symmetrically 

normalized). 

 
Table 5.11.  Correlation Matrix for the Simultaneous Regression of Equilibrium 

Constants and τ Parameters in PZ/H2O/CO2 
 KPZCOO- KPZ(COO-)2 KH+PZCOO- τ 
 A B A B A B PZH+,PZCOO-

,H2O 
H2O, 

PZH+,HCO3
- 

H2O, 
H+PZCOO- 

 1 2 3 4 5 6 7 8 9 
1 1.000         
2 0.175 1.000        
3 -0.065 -0.075 1.000       
4 -0.005 -0.505 0.621 1.000      
5 0.724 0.371 -0.273 -0.368 1.000     
6 0.147 0.752 -0.394 -0.615 0.396 1.000    
7 -0.606 0.520 -0.107 -0.272 -0.194 0.364 1.000   
8 0.507 -0.272 -0.061 0.081 0.115 -0.173 -0.650 1.000  
9 -0.430 0.402 0.131 -0.274 0.066 0.039 0.710 -0.780 1.000 

 

 
Table 5.12.  Equilibrium Constants and Temperature Dependences at 40oC (Mole 

Fraction-Based, Infinite Dilution in Water) from Four Studies 

PZH
K +  

H PZCOO
K + −  

PZCOO
K −  

2( )PZ COO
K −  

Source 
Value ΔHrxn

a Value ΔHrxn
a Value ΔHrxn

a Value ΔHrxn
a 

Bishnoi 
(2000)b 6.21E-12 -36.0 6.96E-12 -32.9 4.53E-6 32.4 2.94E-7 77.2 

Ermatchkov 
et al. (2003)c 7.70E-12 -42.8 1.13E-11 -29.0 9.24E-6 25.3 8.86E-7 6.2 

Aroua and 
Salleh (2004)b 6.21E-12 -36.0 2.03E-14 -962.7 2.28E-5 283.3 2.02E-6 210.8 

This Workc 7.70E-12 -44.0 1.40E-11 -47.4 7.47E-6 18.3 1.27E-6 16.5 
a. Values given in kJ/mol. 
b. Values obtained using Pagano et al. (1961) for pKa of PZ. 
c. Values obtained using Hetzer et al. (1968) for pKa of PZ. 

 

Ermatchkov et al. (2003) presents constants regressed from a large amount of 1H 

NMR data using the Pitzer-Debye-Huckel model.  The data are high enough in ionic 

strength that the omitted NRTL contributions may potentially alter the regression.  The 

ΔHrxn for the carbamate pKa is comparable to that obtained by Bishnoi, but is 
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substantially lower than the pKa of PZ.  The heats of reaction for the carbamates are 

substantially lower than those of Bishnoi, particularly for KPZ(COO-)2. 

Aroua and Salleh (2004) regress concentration-based equilibrium constants from 

VLE data at 20 to 50oC and conclude that PZCOO- is not an important species in 

solution at high loading.  All VLE data reported by Aroua and Salleh are above a 

loading of 0.8 where little PZCOO- would be expected to exist.  The authors 

demonstrate an adequate fit of their model to their data, but the reported constants are 

not expected to apply outside of the high loading region or high temperatures.  This is 

particularly evident in the ΔHrxn values predicted by their regression, given that all non-

idealities of the system are lumped into three equilibrium constants. 

This work presents a composite of the previous works discussed.  The 

combination of speciation and VLE data from multiple sources improves the 

significance of regressed parameters.  The value of KPZCOO- is consistent with those 

found previously, but KPZ(COO-)2 is approximately 50% higher than found by other 

researchers.  The ΔHrxn for the carbamates were found to be nearly equal (~17 kJ/mol).  

Likewise, the ΔHrxn for the pKa of PZCOO- is approximately equal to that of PZ as 

reported by Hetzer et al. (1968).  Bishnoi (2000) and Ermatchkov et al. (2003) obtained 

or assumed substantially different values for ΔHrxn of each constant.   

5.4.4.  Liquid Phase Equilibrium 

Ermatchkov et al. (2003) presents a significant amount of data on the speciation 

of CO2 loaded PZ over a broad range of conditions (0.1 to 1.5 m PZ and 20 to 60oC).  

This provides the foundation for the regression of equilibrium constants presented in 
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Section 5.4.3.  The resulting ENRTL model is able to calculate the presented speciation 

with an absolute error of ±5% (Figure 5.10). 
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Figure 5.10.  Absolute Error of ENRTL Model Predictions of Aqueous PZ 

Speciation, Data from Ermatchkov et al. (2003) 
 

The predicted speciation of aqueous PZ is shown in Figure 5.11 to Figure 5.14.  

The effect of concentration on the speciation is trivial in that an increase in total amine 

increases the species proportionally.  This is true at both low and high temperatures.  In 

general, the model predicts the formation of some carbamate, but protonated species 

form preferentially.  At low loadings, PZ/PZH+ buffers the solution and at moderate 

loadings, PZCOO-/H+PZCOO- buffers the solution.  PZ(COO-)2 is never a significant 

fraction of the PZ species; therefore, the regressed value of its equilibrium constant has 

more uncertainty.  Bicarbonate does become important at high loadings, accounting for 

up to 50% of the total CO2 at some conditions.   
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Figure 5.11.  Speciation in 0.6 m PZ at 60oC 
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Figure 5.12.  Speciation in 0.6 m PZ at 110oC 
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Figure 5.13.  Speciation in 1.8 m PZ at 60oC 
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Figure 5.14.  Speciation in 1.8 m PZ at 110oC 
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Another useful perspective for analyzing the speciation is based on the fraction 

of total amine present as a particular species (Figure 5.15).  As the CO2 concentration is 

increased in 1.8 m PZ at 60oC, an immediate reduction in the concentration of free 

amine occurs.  At low loadings (0.25/PCO2* ~100 Pa), the main products are PZCOO- 

and PZH+; approximately 45% of the total PZ has been converted.  At intermediate 

loadings (0.54/~1,000 Pa), the solution is buffered with H+PZCOO-.  The addition of 

CO2 increases the concentration of protonated species, but very little of the carbamate 

or dicarbamate forms.  At high loadings (0.77/~10,000 Pa), PZ(COO-)2 constitutes only 

10% of the PZ and approximately 75% of the PZ is protonated. 
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Figure 5.15.  ENRTL Prediction of Speciation in 1.8 m PZ at 60oC 
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The predicted temperature dependence of the speciation is an important 

consequence of the model regression and is instrumental in calculating the correct VLE 

and rate at varying conditions.  Figure 5.16 shows the model predictions in 1.8 m PZ 

with a loading of 0.275.  As expected, the protonated species are less stable at high 

temperatures.  In general, the carbamate species should be less stable, but the reduction 

of the protonated species results in a net increase in PZ(COO-)2.  Overall, there is a net 

conversion of the carbamates to HCO3
- as temperature increases. 
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Figure 5.16.  Temperature Dependence of Speciation in 1.8 m PZ, Loading = 0.275 

(PCO2* = 100 Pa at 60oC) 
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5.4.5.  Vapor-Liquid Equilibrium 

In addition to speciation data, VLE measurements by Bishnoi and Rochelle 

(2002a) and Kamps et al. (2003) were used in the model regression.  Bishnoi measured 

the VLE of 0.6 M PZ at 40 and 70oC by the same method presented in this work.  

Kamps et al. measured the total pressure over 2 to 4 M PZ at high CO2 loadings.  Some 

data, at extremes of PCO2* (>100,000) and loading (>1.0), are outside the useful range 

for this work and were not included in the regression of equilibrium constants. 

The model is effective in correlating CO2 equilibrium partial pressure as a 

function of loading.  Figure 5.17 shows the comparison of experimental data from 

Bishnoi (2000) and model calculations for 0.6 M PZ.  The average relative error of the 

model is 16%, within the expected accuracy of the VLE measurements.  The 

temperature dependence is also replicated, implying a correct prediction of the heat of 

absorption, ΔHabs, across the temperature range of the data. 

Concentration may also be a significant variable in estimating PCO2*.  As 

demonstrated in Figure 5.18, however, the total amine concentration has little effect on 

the predicted partial pressure at 60oC.  Between the loadings of 0.2 and 0.7, the PCO2* 

for multiple PZ concentrations can be represented as a single curve with only a 10% 

error.  Deviations occur at low and high loadings from complications introduced by 

significant hydroxide and bicarbonate concentrations.  This simplification breaks down 

at 110oC due to differences in the heats of absorption; significant errors would be 

introduced by a similar approximation at high temperatures. 
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Figure 5.17.  VLE of CO2 in 0.6 M PZ, Points:  Experimental (Bishnoi and 

Rochelle, 2000), Lines:  ENRTL Model Predictions 
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Figure 5.18.  Effects of Concentration on PCO2* in Aqueous Piperazine Normalized 

to 0.6 m PZ 

 

262



 

137 

ENRTL predictions of PZ volatility are presented in Figure 5.19.  At conditions 

representative of the top of an absorber (lean solution at 60oC), the predicted volatility 

of 1.8 m PZ is approximately 90 ppm.  Volatility is a strong function of concentration 

and temperature, reaching a value of 700 ppm in 1.8 m PZ at 120oC.  Lean solutions 

have a higher volatility than loaded solutions, where the free amine has been consumed 

by CO2.  Activity coefficients have a minimal and indirect effect on PZ concentration in 

the vapor phase because no parameters were regressed for PZ-ion interactions in 

aqueous solution.   
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Figure 5.19.  Volatility of PZ in Aqueous Solution Predicted by the ENRTL Model 
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5.5.  Aqueous Potassium/Piperazine Mixtures 

5.5.1.  Liquid Phase Equilibrium 

Proton NMR was used to collect speciation data on loaded K+/PZ mixtures 

containing 3.5 to 6.2 m K+ and 0.6 to 3.6 m PZ at 25 to 70oC (Table 5.13).  Note that 

NMR does not distinguish between un-protonated and protonated forms of amines; 

therefore, the value reported is the sum of those species.  These data were used in the 

regression of parameters describing the influence of salt on the solution.  As shown in 

Figure 5.20, the model predicts the reported speciation within an absolute error of 

approximately 5%, comparable to the accuracy of model predictions in aqueous PZ 

(Figure 5.10).  Detailed data can be found in Appendix B. 

Table 5.13.  Piperazine Speciation in K+/PZ as Determined from 1H NMR 

[K+] 
(m) 

[PZ] 
(m) T (K) CO2 

Loadinga 
PZ + 

PZH+ (%)b 

PZCOO- + 
H+PZCOO- 

(%)b 

PZ(COO-)2 
(%)b 

3.59 0.60 300 0.429 94.4 5.6 0.0 
3.60 0.61 300 0.486 48.1 43.8 8.1 
3.59 0.61 300 0.515 31.8 49.5 18.7 
3.56 0.61 300 0.554 17.0 47.3 35.7 
3.58 0.60 300 0.601 11.1 42.1 46.8 
3.59 0.61 300 0.630 8.7 40.3 51.0 
3.60 0.60 303 0.357 99.3 0.7 0.0 
3.60 0.60 303 0.441 78.2 21.8 0.0 
3.60 0.60 313 0.357 99.3 0.7 0.0 
3.59 0.60 313 0.429 94.2 5.8 0.0 
3.60 0.60 313 0.441 79.0 21.0 0.0 
3.60 0.61 313 0.486 48.7 43.4 7.9 
3.59 0.61 313 0.515 33.0 49.6 17.4 
3.56 0.61 313 0.554 19.1 48.6 32.3 
3.58 0.60 313 0.601 12.5 44.0 43.5 
3.59 0.61 313 0.630 10.4 41.3 48.3 
3.60 0.60 333 0.357 99.5 0.5 0.0 
3.59 0.60 333 0.429 92.0 8.0 0.0 
3.60 0.60 333 0.441 78.0 22.0 0.0 
3.60 0.61 333 0.486 51.0 40.9 8.1 
3.59 0.61 333 0.515 35.5 49.4 15.0 
3.56 0.61 333 0.554 22.7 49.2 28.0 
3.58 0.60 333 0.601 15.4 46.9 37.7 
3.59 0.61 333 0.630 12.9 43.8 43.3 
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[K+] 
(m) 

[PZ] 
(m) T (K) CO2 

Loadinga 
PZ + 

PZH+ (%)b 

PZCOO- + 
H+PZCOO- 

(%)b 

PZ(COO-)2 
(%)b 

3.59 0.60 343 0.429 91.0 9.0 0.0 
3.60 0.61 343 0.486 52.1 41.2 6.7 
3.59 0.61 343 0.515 37.6 49.3 13.1 
3.59 1.81 300 0.433 51.5 41.0 7.5 
3.44 1.85 303 0.618 17.3 47.0 35.7 
3.46 1.86 303 0.694 9.5 62.4 28.1 
3.59 1.81 313 0.433 51.6 41.4 6.9 
3.44 1.85 313 0.618 18.1 47.5 34.4 
3.46 1.86 313 0.694 11.4 61.2 27.3 
3.59 1.81 333 0.433 52.2 41.3 6.5 
3.44 1.85 333 0.618 20.4 47.0 32.6 
3.57 3.58 300 0.499 35.4 49.0 15.6 
3.59 3.61 300 0.600 20.2 48.6 31.2 
3.59 3.59 300 0.646 26.0 49.1 24.9 
3.60 3.58 313 0.376 59.2 36.5 4.2 
3.57 3.58 313 0.499 35.3 48.8 15.8 
3.59 3.61 313 0.600 21.2 48.8 29.9 
3.59 3.59 313 0.646 25.9 49.6 24.5 
3.60 3.58 333 0.376 59.5 36.6 3.9 
3.57 3.58 333 0.499 36.0 48.6 15.4 
3.59 3.59 333 0.646 28.1 47.6 24.3 
5.00 2.50 300 0.433 76.3 22.5 1.2 
4.99 2.51 300 0.467 43.9 46.8 9.2 
4.64 2.50 300 0.650 11.5 43.8 44.7 
4.98 2.50 300 0.534 27.9 50.4 21.6 
4.98 2.50 300 0.600 14.9 46.5 38.7 
5.00 2.50 313 0.433 69.8 28.1 2.1 
4.99 2.51 313 0.467 44.0 47.2 8.8 
4.64 2.50 313 0.650 12.3 44.3 43.4 
4.98 2.50 313 0.534 27.5 50.2 22.3 
4.98 2.50 313 0.600 15.2 46.1 38.8 
5.00 2.50 333 0.433 53.6 40.0 6.4 
4.99 2.51 333 0.467 42.0 46.5 11.5 
4.64 2.50 333 0.650 15.2 43.2 41.6 
4.98 2.50 333 0.534 25.1 54.7 20.2 
4.98 2.50 333 0.600 15.8 49.3 34.9 
6.18 1.23 300 0.570 16.0 46.4 37.6 
6.18 1.23 313 0.570 13.2 45.7 41.2 
6.18 1.23 333 0.570 14.5 47.6 37.8 
6.20 1.81 300 0.666 12.4 44.7 42.9 
6.21 1.81 313 0.527 36.1 48.7 15.2 
6.20 1.81 313 0.666 13.2 45.8 41.1 
6.21 1.81 333 0.527 36.9 49.0 14.2 
6.20 1.81 333 0.666 15.0 48.2 36.8 
a. Loading = mol CO2,TOT/(mol PZ + mol K+). 
b. Values reported as % of total PZ. 
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Figure 5.20.  Absolute Error of ENRTL Model Predictions of K+/PZ Speciation 

 

The following figures, Figure 5.21 to Figure 5.26, show the speciation as 

calculated by the fitted ENRTL model for several solvents at 60oC and 110oC.  

Tabulated predictions of the ENRTL model are presented in Appendix D.  With the 

addition of K+, there is a substantial increase in apparent carbamate stability.  Also, the 

solutions are at a higher pH, reducing the protonation of the amine.  Carbonate and 

bicarbonate are present in significant quantities at all loadings.  At 10,000 Pa, as much 

as 70% of the total CO2 is present in an inorganic form in 3.6 m K+/0.6 m PZ compared 

to 50% in aqueous PZ.  In 5.0 m K+/2.5 m PZ, inorganic CO2 is reduced to 30% of the 

total due to the increased carbamate concentration.  Thus, the buffering and bicarbonate 

formation is strongly dependent on the relative amounts of K+ and PZ. 
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Figure 5.21.  Speciation in 3.6 m K+/0.6 m PZ at 60oC 
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Figure 5.22.  Speciation in 3.6 m K+/0.6 m PZ at 110oC 
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Figure 5.23.  Speciation in 3.6 m K+/1.8 m PZ at 60oC 
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Figure 5.24.  Speciation in 3.6 m K+/1.8 m PZ at 110oC 
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Figure 5.25.  Speciation in 5.0 m K+/2.5 m PZ at 60oC 
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Figure 5.26.  Speciation in 5.0 m K+/2.5 m PZ at 110oC 
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Figure 5.27 shows speciation in 5.0 m K+/2.5 m PZ at 60oC in terms of 

fractional PZ content.  The maximum concentrations of PZCOO- and PZ(COO-)2 can 

reach 50% of the total PZ species compared to 10 to 20% in solutions containing no K+.  

The high concentration of CO3
2-/HCO3

- buffers the solution at a high pH, delaying the 

appearance of protonated PZ species until high loadings.  Overall, there is a tradeoff 

between carbamate species and protonated species.   

When considering the reactive forms of PZ (PZ + PZCOO-), the advantages of 

the reduced protonation becomes apparent.  Between 100 and 10,000 Pa, the reactive 

fraction of PZ varies from 85 to 25% compared to 70 to 15% in aqueous PZ.  Despite 

the increased carbamate concentration, a greater amount of reactive PZ exists. 

Loading (mol CO2/(mol K+ + mol PZ)
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fr
ac

tio
n 

of
 T

ot
al

 P
Z

0.0

0.2

0.4

0.6

0.8

1.0

PZ

H+PZCOO-

PZH+

PZ(COO-)2

PZCOO-

PZ + PZCOO-

100 Pa 1000 Pa 10,000 Pa

 
Figure 5.27.  ENRTL Prediction of Speciation in 5.0 m K+/2.5 m PZ at 60oC 
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Figure 5.28 demonstrates the competing effects of buffering and carbamate 

stabilization more clearly.  At a constant PZ concentration, an apparent maximum in the 

reactive species (PZ + PZCOO-) concentration results when the K+/PZ ratio is 2:1.  At 

higher ratios, the PZ(COO-)2 concentration is expected to increase and reduce the total 

reactive PZ.  At lower ratios, protonation of the amine will be more significant.  The 

model does suggest that the reactive PZ concentration always increases with total PZ at 

a constant K+ content.  Effects are similar even as CO2 content is varied between PCO2* 

= 300 to 3,000 Pa. 
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Figure 5.28.  Total Reactive PZ Available in K+/PZ Mixtures at 60oC 
 

The temperature dependence of the speciation in K+/PZ mixtures (Figure 5.29) 

gives trends similar to those observed in aqueous PZ (Figure 5.16).  The stability of the 

protonated and carbamated PZ species decreases as temperature increases.  A higher 
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free PZ concentration results from the temperature increase even though the bicarbonate 

concentration becomes more significant.  The overall effect, then, is storage of more 

CO2 as bicarbonate than as amine carbamate. 
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Figure 5.29.  Temperature Dependence of Speciation in 5.0 m K+/2.5 m PZ, PCO2* 

= 100 Pa at 60oC, Loading = 0.473 mol CO2/(mol K+ + mol PZ) 
 

To test the validity of the model as a rigorous thermodynamic representation of 

the proposed solvent, as opposed to an empirical regression, the activity coefficients 

were predicted from the completed model.  Figure 5.30 shows the activity coefficients 

in 5.0 m K+/2.5 m PZ at 60oC.  The model calculates reasonable trends, including stable 
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behavior for molecules and monovalent ions and a lower activity coefficient for divalent 

ions.  The activity coefficient of water increases slightly throughout the loading range. 
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Figure 5.30.  Activity Coefficient Predictions of the ENRTL Model for 5.0 m K+/2.5 

m PZ at 60oC 

 
The carbamate stability constants for PZ and PZCOO- are reported and 

compared to other amines in Table 5.14.  The stability of the carbamate species is 

generally related to the degree of steric hindrance imposed by the structure of the 

molecule.  Hindered amines such as 2-amino-2-methyl-1-propanol (AMP) have very 

low carbamate stability; conversely, carbamates of primary amines are relatively stable.  

Piperazine, as measured in this work, is shown to be more stable than the typical 

secondary amine (e.g. diethanolamine (DEA)), likely due to the unique ring structure of 

the molecule.  The PZCOO- stability is a factor of six less than free amine.  In the 

presence of K2CO3, the carbamate stability constant is decreased slightly. 
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Table 5.14.  Comparison of Concentration-based (Molarity) Carbamate Stability 

Constants at 40oC 
Amine Structure Environment Kcarb

a Source 

xMEA → 0 45.5 Austgen (1989) 
MEA OH CH2 CH2 N

H

H

 xMEA → 0 12.5 Sartori and Savage 
(1983) 

AMP OH CH2 C N
H

H

CH3

CH3

 
xAMP → 0 < 0.1 Sartori and Savage 

(1983) 

xDEA → 0 2.0 Austgen (1989) 
DEA 

OH CH2 CH2

OH CH2 CH2

N H

 4 M MDEA 0.1 Bishnoi (2000) 
xPZ → 0 10.1 

4 M MDEA 13.2 
Bishnoi (2000) 

xPZ → 0 15.6 PZ NH
C
H2

C
H2

NH
C
H2

C
H2

 2.5 m K2CO3 16.1 This Work 

xPZ → 0 0.5 
4 M MDEA 8.0 

Bishnoi (2000) 

xPZ → 0 2.7 PZCOO- NH
C
H2

C
H2

N
C
H2

C
H2

C
O

O

 2.5 m K2CO3 2.8 This Work 

a.  
[ ] 3

carb

AmCOO
K

Am HCO

−

−

⎡ ⎤⎣ ⎦=
⎡ ⎤⎣ ⎦

 

 

5.5.2.  Vapor-Liquid Equilibrium 

In addition to speciation data, vapor pressure of CO2 over the mixed solvent 

system (2.5 to 6.2 m K+ and 0.0 to 3.6 m PZ) was measured using the wetted-wall 

column.  Data from 40 to 110oC are shown in Table 5.15 as well as model predictions.  

The data were used, in conjunction with the NMR speciation, to regress K+-PZ 

interaction parameters.  Detailed data are presented in Appendix C.  Detailed model 

predictions are shown in Appendix D.   
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Table 5.15.  Vapor Pressure of CO2 over K+/PZ Mixtures at 40 to 110oC 

K+ 
(m) 

PZ 
(m) 

T (K) CO2 
Loadinga 

PCO2* (Pa) σPCO2
b (Pa) PCO2* (Pa), 

Model 
Loading, 
Modelc 

333.2 0.371 79 37 37 0.389 
333.3 0.416 120 -d 120 0.402 
333.6 0.500 919 92 733 0.510 
373.5 0.371 321 136 238 0.379 
372.5 0.425 1833 339 1386 0.433 
383.8 0.415 894 331 1324 0.402 

2.5 2.5 

382.9 0.425 3714 449 1781 0.448 
332.4 0.588 519 49 464 0.590 3.6 0.0 
333.1 0.776 10370 4990 9714 0.781 
313.4 0.553 64 8 61 0.551 
313.2 0.698 1635 338 1602 0.698 
332.9 0.441 4 1 4 0.441 
332.5 0.553 279 27 211 0.562 
331.1 0.698 3539 1306 3944 0.691 
352.4 0.553 502 51 509 0.551 
351.5 0.698 10200 83 8763 0.706 
372.8 0.557 1069 36 1056 0.557 
374.1 0.643 5374 534 6325 0.633 
373.8 0.699 14340 2095 17010 0.688 
382.4 0.557 1693 31 1300 0.567 
382.4 0.643 6797 727 7572 0.636 

3.6 0.6 

383.4 0.699 23000 4666 21090 0.703 
314.6 0.610 156 -d 156 0.564 
334.8 0.610 1544 497 1769 0.603 
332.2 0.735 12830 4268 14300 0.730 
332.3 0.761 36710 1432 21590 0.789 

3.6 1.8 

352.3 0.610 5590 271 4934 0.616 
313.7 0.560 371 251 279 0.595 
314.2 0.684 1711 239 1513 0.704 
331.8 0.500 201 34 201 0.419 
333.7 0.560 1209 20 2034 0.509 
333.1 0.652 6868 682 5471 0.680 
351.8 0.554 7323 116 8492 0.537 

3.6 3.6 

352.5 0.684 34570 4398 40150 0.679 
313.4 0.717 2453 -d 2301 0.719 
333.5 0.717 6212 1072 6144 0.716 4.8 0.6 
352.0 0.717 14160 4894 12620 0.723 
313.4 0.570 136 8 147 0.568 
312.4 0.680 1840 -d 1340 0.701 
314.0 0.716 3331 276 3169 0.723 
333.5 0.445 45 4 43 0.443 
333.1 0.472 56 51 95 0.451 

5.0 2.5 

333.7 0.595 1642 216 1280 0.611 
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K+ 
(m) 

PZ 
(m) 

T (K) CO2 
Loadinga 

PCO2* (Pa) σPCO2
b (Pa) PCO2* (Pa), 

Model 
Loading, 
Modelc 

333.0 0.602 1778 129 1388 0.618 
332.8 0.652 4081 293 3666 0.663 
332.3 0.703 9467 2586 9769 0.706 
352.9 0.689 25720 39 30650 0.684 
351.1 0.716 30460 4017 47900 0.698 
372.8 0.515 1071 199 1617 0.495 
373.4 0.521 1059 21 1893 0.494 
373.6 0.579 4612 1605 6272 0.563 
373.9 0.579 4535 462 6321 0.562 
373.7 0.612 13150 958 13140 0.611 
383.5 0.521 2658 -d 2366 0.525 
383.4 0.570 5869 219 6464 0.564 

5.0 2.5 

383.4 0.612 16300 961 17020 0.610 
6.2 1.2 333.9 0.700 6014 605 5668 0.702 
6.2 1.8 335.2 0.565 216 38 375 0.540 

a. Loading = mol CO2,TOT/(mol K+ + mol PZ). 
b. Standard deviation of points used to determine PCO2*. 
c. Loading calculated by the model from measured PCO2*. 
d. Only two points used to determine PCO2* (i.e. no standard deviation available). 

 

Figure 5.31 and Table 5.15 include model predictions of PCO2* and loading.  The 

prediction of loading gives the loading necessary to match the reported partial pressure 

exactly.  The error in loading is on the order of 5 to 10% whereas the error in PCO2* is 

on the order of 20 to 50%.  This means that small errors in loading can result in large 

errors in PCO2* calculations.  Given this fact, most of the error associated with the 

predicted PCO2* is attributable to small differences in loading, not large discrepancies in 

measured partial pressure values or an inadequate model fit. 
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Figure 5.31.  Error in the ENRTL Predictions of VLE Behavior in K+/PZ Mixtures 

 

A comparison of CO2 equilibrium partial pressure in various solvents at 60oC is 

presented in Figure 5.32 along with a representation of 7 m MEA from Dang (2001).  

(PCO2* is also presented with the speciation in Figure 5.21 to Figure 5.26.)  In 

comparison to the experimental points shown, it is apparent that the ENRTL model is 

successful in capturing the VLE behavior over a range of solvent concentrations.   

In low solvent concentrations (e.g. 3.6 m K+/0.6 m PZ), the VLE curve tends to 

rise faster with loading than in MEA.  A higher CO2 capacity is achieved with an 

increasing solvent concentration, reflected in the shallowing of the VLE curves.  In 

more concentrated solvents, such as 5.0 m K+/2.5 m PZ, the slope of the equilibrium 

line compares favorably with that of 7 m MEA at high PCO2*.  At low PCO2*, the 

behavior is comparable to that of the dilute solvents. 
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Figure 5.32.  VLE of CO2 in K+/PZ Mixtures at 60oC, Points:  Experimental, Lines: 

ENRTL Model Predictions, MEA Curve from Dang (2001) 

 

Both experimental data and model predictions show the temperature dependence 

of PCO2* for three different solvents in Figure 5.33 to Figure 5.35.  In each case, the 

model correlates the observed trends well.  In comparison to the behavior of aqueous 

PZ, the VLE in K+/PZ mixtures is much more linear throughout the range of interest.  

Also, the isotherms represented in the figures are nearly parallel throughout this range, 

indicating the heat of absorption is approximately constant with changes in loading.  

Total solvent concentration appears to have little effect in the temperature dependence 

displayed by the VLE. 
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Figure 5.33.  Temperature Dependence of PCO2* in 3.6 m K+/0.6 m PZ 
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Figure 5.34.  Temperature Dependence of PCO2* in 3.6 m K+/1.8 m PZ 
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Figure 5.35.  Temperature Dependence of PCO2* in 5.0 m K+/2.5 m PZ 

 

Figure 5.36 shows the effect of solvent concentration on the representation of 

PCO2*.  As with aqueous PZ, a simplification may be made.  Mixed solvents containing 

the same ratio of K+:PZ can be represented by the same equilibrium curve.  PCO2* for 

3.6 m K+/1.8 m PZ is essentially the same as 5.0 m K+/2.5 m PZ at intermediate 

loadings.  The same is true for 3.6 m K+/0.6 m PZ and 5.0 m K+/0.83 m PZ.  Deviations 

of only ±10% can be expected by making this approximation. 
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Figure 5.36.  Effects of Concentration on PCO2* in Mixed Solvents at 60oC 

Normalized to 5.0 m K+/2.5 m PZ 
 

The volatility of PZ in aqueous K+/PZ mixtures was calculated with the ENRTL 

model and is presented in Figure 5.37.  The volatility is much less than in aqueous PZ 

(Figure 5.19) due to the significant amount of CO2 present in solution.  At lean 

conditions, much of the PZ is present as the non-volatile carbamate ion.  In 5.0 m 

K+/2.5 m PZ, the volatility is predicted to be 9 ppm at 60oC.  Estimates for 3.6 m K+/1.8 

m PZ are similar, but lower in 3.6 m K+/0.6 m PZ, showing that a larger proportion of 

CO2 to PZ reduced the apparent volatility. 

It should be emphasized that the estimates do not include the anticipated “salting 

out” of PZ as a result of ionic strength; no data were available to support the regression 

of the necessary ENRTL model parameters.  The volatility is expected to increase in 

more concentrated salt solutions. 

281



 

156 

PCO2
* (Pa)

1 10 100 1000 10000 100000

y PZ
 (p

pm
)

0.01

0.1

1

10

100

3.6 m K +/1.8 m PZ
3.6 m K +/0.6 m PZ

5.0 m K +/2.5 m PZ

3.6 m K+/1.8 m PZ

3.6 m K +/0.6 m PZ

5.0 m K+/2.5 m PZ60oC

120oC

 
Figure 5.37.  Volatility of PZ in K+/PZ Mixtures as Predicted by ENRTL Model 

 

5.6.  Capacity 

The VLE of the solution was analyzed to determine the effect of solvent 

concentration and partial pressure limits on the capacity of mixed solvents.  Capacity is 

defined as 

( ) [ ]( )* *
, ,2 2

2 
 CO rich CO leanP P

mol COCapacity K PZ
kg Solvent

α α +⎛ ⎞
⎡ ⎤= − +⎜ ⎟ ⎣ ⎦

⎝ ⎠
,  (5.14) 

where α represents loading in mol CO2/(mol K+ + mol PZ) and the solvent 

concentration is given in mol/kg-solvent.  This gives a molar quantity of CO2 absorbed 

per kg of solvent over a given partial pressure range, PCO2*,rich to PCO2*,lean.   
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In Figure 5.38, the effects of lean loading and concentration are demonstrated.  

One observation is that the capacity, regardless of the partial pressure range, is a nearly 

linear function of the total solution alkalinity.  Another is that capacity increases with a 

decrease in lean loading, which is expected as more of the VLE curve is used.  In 

comparison to 5 M MEA, the capacity of the K+/PZ solvent is less competitive as the 

lean loading is decreased.  This is a function of the shape of the VLE curves.  From 

Figure 5.32, it is shown that MEA has a much shallower VLE curve at low PCO2*, 

increasing its effective capacity.  Operating at PCO2*,lean = 100 Pa, a total alkalinity of 7 

mol/kg is required to equal the capacity of 5 M MEA.  At PCO2*,lean = 10 Pa, MEA has a 

significant capacity advantage over even concentrated K+/PZ blends. 
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Figure 5.38.  Capacity of K+/PZ Solvents at 60oC, PCO2*,rich = 3,000 Pa, Points:  

Calculated from ENRTL Model, Lines:  Straight Line Fit of Points 
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Figure 5.39 gives a similar comparison, but with a fixed lean PCO2* of 100 Pa.  

Again, the capacity increases linearly with the total solvent alkalinity.  Increasing the 

rich PCO2* has essentially the same effect as lowering the lean PCO2*; however, the 

capacity benefits are greater for K+/PZ than in 5 M MEA.  This difference is due to the 

shallow VLE curve in K+/PZ at higher PCO2*.  By utilizing the upper part of the curve, 

the capacity is increased over that of MEA, even in less concentrated solvents (e.g. 3.6 

m K+/1.8 m PZ). 
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Figure 5.39.  Capacity of K+/PZ Solvents at 60oC, PCO2*,lean = 100 Pa, Points:  

Calculated from ENRTL Model, Lines:  Straight Line Fit of Points 

 

It is also striking that the 10 to 3,000 Pa range gives nearly an identical capacity 

as the 100 to 10,000 Pa range in K+/PZ.  Thus, by increasing the partial pressure range 

by virtue of either the lean or rich end of the VLE curve, similar effects can be obtained.   
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It is a somewhat trivial conclusion that increasing the partial pressure range 

increases capacity.  Given the previous two analyses, the direction of the most effective 

increase is not obvious.  For K+/PZ mixtures, additional capacity benefits above those 

found in MEA can be realized by increasing the rich PCO2*.  Also, increasing the rich 

end has a larger impact on the capacity than an analogous decreasing of the lean end. 

5.7.  Heat of Absorption 

The heat of CO2 absorption into a solvent is an important parameter in that it 

describes the chemical energy released during the absorption process.  Likewise, it 

represents the minimum energy needed to reverse the reaction and release CO2 from 

solution.  The heat of absorption of CO2 into aqueous PZ and K+/PZ blends has been 

estimated using VLE calculations from the ENRTL model according to the equation 

2

*ln
1

CO
abs

P
H R

T

∂
Δ = ⋅

⎛ ⎞∂ ⎜ ⎟
⎝ ⎠

.       (5.15) 

The calculated heat of absorption for aqueous PZ is shown in Figure 5.40 as a 

function of loading.  At low to intermediate loadings, the calculated average of ΔHabs 

between 40 and 70oC is constant at -80 kJ/mol.  The small perturbation at loadings less 

than 0.05 is caused by absorption by hydroxide.  As loading increases above 0.5, the 

formation of bicarbonate becomes more significant, decreasing the ΔHabs sharply.  As 

loading increases past 1.0, ΔHabs should approach that of physical absorption (~ -20 

kJ/mol).  This trend with loading is similar to experimental observations for 

alkanolamines, such as DGA and DEA (Oscarson et al., 1989a). 
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A temperature dependence of ΔHabs, a heat capacity of absorption (Δcp,abs), is 

predicted by the ENRTL model.  A substantial decrease in ΔHabs accompanies an 

increase in temperature, contradicting previous work (Oscarson et al., 1989b).  Partial 

pressure data are a poor predictor of derived properties such as ΔcP, particularly over a 

narrow temperature range as is available in this work, and should not be the sole basis 

for such extrapolations.  An average value spanning the range of available experimental 

data (40 to 70oC) is recommended for estimating ΔHabs. 
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Figure 5.40.  Heats of Absorption of CO2 in 1.8 m PZ 

 

The ΔHabs was also calculated for mixed solvents to determine the effect of K+ 

on the overall heat of reaction.  Figure 5.41 shows the ENRTL predictions for 5.0 m 

K+/2.5 m PZ.  The behavior is strikingly different from aqueous PZ.  Using the 40 to 
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70oC average, the ΔHabs is nearly constant as a function of loading, suggesting that the 

larger quantity of CO3
2-, relative to PZ, effectively lowers the overall energy 

requirement.  The ΔHabs is 20% less than in aqueous PZ.  The model predicts a similarly 

unexpected dependence of ΔHabs on temperature. 
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Figure 5.41.  Heat of Absorption of CO2 in 5.0 m K+/2.5 m PZ 

 

Figure 5.42 demonstrates the effect of the relative amounts of K+ and PZ on the 

heat of absorption.  At low fractions of PZ, the dominating contribution of the CO3
2-

/HCO3
- buffer drives the ΔHabs down.  At high fractions, the ΔHabs behaves more like 

aqueous amines where protonation and carbamate formation drive the reaction enthalpy.  

This behavior is also independent of total concentration at most conditions.  This 

generalization breaks down at a high fractional PZ content due to differences in 
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speciation at a given partial pressure.  Overall, the ΔHabs of the solvent may be 

selectable when considering process requirements and other tradeoffs. 
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Figure 5.42.  The Effect of K+/PZ Ratio on the Heat of Absorption (40 to 70oC 

Average) at PCO2* = 3,000 Pa 

 

5.8.  Stoichiometry and Enthalpy 

Examining the stoichiometry of the reactions provides a better look at 

contributions to the reaction enthalpy and highlights species controlling thermodynamic 

behavior at a given loading.  The stoichiometry was calculated numerically by the 

ENRTL model as the change in moles of each species resulting from a small differential 

in loading. 

Reaction stoichiometry for 1.8 m PZ at 25oC is shown in Figure 5.43.  The 

loading can be broken down into three sections:  low loading (< 0.4), medium loading 
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(0.4 to 0.8), and high loading (> 0.8).  At low loadings, PZH+ and PZCOO- are the main 

reaction products.  PZ accounts for a majority of the reactant through nearly the entire 

loading range (up to 0.7).  At medium loadings, PZCOO- is actually consumed as 

H+PZCOO- buffers the solution.  At high loadings, bicarbonate becomes the buffering 

species and the main product.  Aqueous CO2 becomes important also and will be the 

main product at loadings greater than 1.0.  PZ(COO-)2, though never an important 

species at most conditions, is consumed in this region.  Stoichiometry was found to be a 

weak function of temperature. 

Loading (mol CO2/mol PZ)
0.0 0.2 0.4 0.6 0.8 1.0

   δ ni   
 δ nCO2

-2

-1

0

1

2

CO3
2-

H+PZCOO-PZH+

PZCOO-

PZ

PZ(COO-)2

HCO3
-

OH-

CO2

H2O

 
Figure 5.43.  Reaction Stoichiometry in 1.8 m PZ at 25oC 

 

The stoichiometry for 5.0 m K+/2.5 m PZ at 25oC is given in Figure 5.44.  PZ is 

still the main reactant and PZCOO- the main product at low loadings (< 0.5); however, 

CO3
2- also contributes to the reaction.  At intermediate loadings (0.5 to 0.7), bicarbonate 
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and PZ(COO-)2 form while PZ, PZCOO-, and CO3
2- are consumed.  Interestingly, at 

high loadings, PZ(COO-)2 is the main PZ reactant.  The buffering of the solution by 

CO3
2- and HCO3

- is significant at all loadings, as expected, and protonated species are 

less important.   
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Figure 5.44.  Reaction Stoichiometry in 5.0 m K+/2.5 m PZ at 25oC, CO2 and OH- 

Changes Negligible Under Given Conditions 

 

The apparent change of ΔHabs with temperature is based on contributions of 

equilibrium constants and activity coefficients to the solution enthalpy, which is the 

sum of the enthalpy of formation (ΔHf) and the excess enthalpy (ΔHex).  The sum over 

all species in solution represents the total solution enthalpy.   

2

,
exi

abs f i i
CO

nH H H
n
∂ ⎡ ⎤Δ = Δ + Δ⎣ ⎦∂∑      (5.16) 
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The enthalpies are multiplied by the stoichiometry to normalize values to CO2.  

To simplify the analysis, stoichiometry is assumed constant over a small differential in 

temperature.   

The enthalpies of formation for each PZ species have been calculated using the 

regressed equilibrium constants and literature values for common molecules.  ΔHf for 

PZ(l) was estimated as the ΔHf for PZ(s), -45.6 kJ/mol, minus the enthalpy of fusion, 

22.2 kJ/mol (DIPPR, 2004).  Values are reported at standard state conditions at 25oC in 

Table 5.16.  ΔHi
ex is calculated as 

ln
1

ex i
iH R

T

γ∂
Δ = ⋅

⎛ ⎞∂ ⎜ ⎟
⎝ ⎠

.       (5.17) 

 
Table 5.16.  Calculated Heats of Formation at 25oC 

Species ΔHf
o (kJ/mol) Source 

H2O (l) -285.83 
H3O+ (aq) -285.83 
OH- (aq) -230.02 
CO2 (aq) -413.26 

CO3
2- (aq) -675.23 

HCO3
- (aq) -689.93 

CRC (2000) 

PZ (l) -67.8 DIPPR (2004) 
PZH+ (aq) -110.55 

PZCOO- (aq) -542.14 
H+PZCOO- (aq) -589.50 
PZ(COO-)2 (aq) -971.93 

This Work 

 

Figure 5.45 demonstrates that the sum of enthalpies from activity coefficients 

and equilibrium constants is indeed equivalent to the ΔHabs predicted by differentiating 

the ln(PCO2*) with respect to inverse temperature.  Excess enthalpy is relatively small at 
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25oC, accounting for approximately 20% of the total enthalpy at low loadings.  Between 

25 and 100oC, the ΔHf changes by 60 kJ/mol at a loading of 0.5 whereas the ΔHex 

changes by 10 kJ/mol.  The dramatic difference at low loadings is the result of heat 

capacities included in the symmetric equilibrium constants.  Specifically, it is a result of 

the strong non-linear temperature dependence from the UNIFAC estimation of γPZ, 

which produces unusual predictions for temperature behavior.  Information on PZγ ∞  and 

calorimetric data of the mixed solvent is needed to clarify this trend and correct the 

model predictions.   
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Figure 5.45.  Calculation and Comparison of Contributing Enthalpies in 5.0 m 

K+/2.5 m PZ at 25oC and 100oC 
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5.9.  Solid Solubility 

One practical limit of operation is the solid solubility of the components in the 

K+/PZ mixtures.  The results of solid solubility measurements of K2CO3/PZ and 

KHCO3/PZ are presented in Table 5.17 and Table 5.18 respectively at 25 and 40oC.  

The challenge is recognizing the competing effects of PZ salting out by ionic strength 

and an apparent salting in by reaction with CO2. 

Figure 5.46 shows the results of the experiments at 25oC.  At this temperature, it 

is believed that the solid form of PZ is actually a hexahydrate, PZ-6·H2O (Bishnoi, 

2000).  The addition of K2CO3 to aqueous PZ significantly decreases the solid 

solubility.  In 2 mol K+/kg-solution, the solubility of PZ is reduced by 65%.  At high 

salt concentrations, PZ is nearly insoluble.  At 4 m K+, the PZ solubility is < 0.1 

mol/kg-solution, consistent with a further salting out of the organic hydrate.  Likewise, 

it is apparent that small amounts of PZ reduce the solid solubility of K2CO3 by greater 

than 50%.  This is due the consumption of water as PZ forms the hexahydrate solid, 

increasing the apparent concentration of K2CO3. 

KHCO3 has a markedly different effect on the solubility.  As the excess CO2 

reacts with PZ to form soluble ionic species, such as PZCOO-, PZH+, and PZ(COO-)2, 

the apparent solubility of PZ and KHCO3 actually increases.  This effect is observed at 

both high PZ and high KHCO3 concentrations.  The result is a significant difference in 

soluble concentrations in loaded (KHCO3) and unloaded (K2CO3) solutions. 
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Table 5.17.  Phase Behavior in K2CO3/PZ at 25 and 40oC 
Nominal Conc. 

(mol/kg-solution) 
Measured Conc. 
(mol/kg-solution) T 

(oC) 
[K+] [PZ] [K+] [PZ] [CO2] K+:CO2

Observations 

0.20 2.00 0.53 1.45 0.256 0.48 no precipitate in a yellow liquid 
0.19 2.32 0.55 1.47 0.269 0.49 Thick yellowish suspension, yellow liquid extracted 
0.39 1.95 1.13 1.09 0.497 0.44 Thick white suspension, yellow liquid extracted 
0.46 2.23 1.30 1.02 0.664 0.51 Thick white solid; very little yellow liquid extracted 
0.63 2.17 1.87 0.66 0.925 0.49 Thick white solid, some yellow liquid extracted 
0.72 2.15 2.11 0.57 0.991 0.47 Thick white suspension, yellow liquid extracted 
1.34 1.68 3.88 0.09 1.821 0.47 Fluffy white solid over small amount of clear liquid 
1.84 1.53 5.07 0.04 2.883 0.57 Thick white suspension, clear liquid extracted 
2.20 1.69 5.90 0.01 3.774 0.64 Fluffy white solid over in clear liquid 
3.51 0.88 7.61 0.01 4.261 0.56 Solid floating layer, white liquid underneath 
3.65 0.46 7.48 0.03 3.355 0.45 Solid floating layer, white liquid underneath 
3.39 1.27 7.59 0.02 3.569 0.47 Solid floating layer, white liquid underneath 

25 

3.27 1.63 7.60 0.02 3.894 0.51 Solid floating layer, white liquid underneath 
0.51 4.57 0.143 0.28 2 liquid layer, yellow liquid on top 0.22 4.60 
2.88 2.27 2.265 0.79 2 liquid layer, small clear bottom layer 
0.51 4.71 0.087 0.17 2 liquid layer, yellow liquid on top 0.28 4.55 4.08 1.21 2.680 0.66 2 liquid layer, small clear bottom layer 
0.39 5.68 0.042 0.11 2 liquid layer, yellow liquid on top 1.01 4.15 6.44 0.11 4.234 0.66 2 liquid layer, small clear bottom layer 
0.37 6.54 0.319 0.86 2 liquid layer, yellow liquid on top 1.79 3.57 7.15 0.11 3.934 0.55 2 liquid layer, small clear bottom layer 

2.38 3.18 7.47 0.11 3.346 0.45 Viscous, white liquid 
3.65 0.46 7.45 0.09 3.569 0.48 Floating white precipitate, milky solution 
3.51 0.88 7.61 0.09 4.040 0.53 Floating, solid yellow layer, clear liquid w/ white powder ppt. 
3.39 1.27 7.65 0.11 4.800 0.63 Floating, solid yellow layer, clear liquid w/ white powder ppt. 

40 

3.27 1.63 7.68 0.08 3.485 0.45 Floating, solid yellow layer, clear liquid w/ white powder ppt. 
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Table 5.18.  Phase Behavior in KHCO3/PZ at 25 and 40oC 
Nominal Conc. 

(mol/kg-solution) 
Measured Conc. 
(mol/kg-solution) T 

(oC) 
[K+] [PZ] [K+] [PZ] [CO2] K+:CO2

Observations 

0.34 3.38 0.49 1.92 0.717 1.46 Thick white solution, little yellow liquid extracted 
0.65 3.29 1.27 1.88 2.029 1.60 White slush, yellow liquid extracted 
1.23 3.07 1.82 2.00 1.729 0.95 White slush, yellow liquid extracted 
2.19 2.71 2.45 2.27 2.912 1.19 Yellowish slush, thick yellow liquid extracted 
2.39 2.66 2.53 2.35 2.270 0.90 Clear liquid on top of thick suspension, yellow liquid extracted 
2.71 2.17 2.51 2.03 2.326 0.93 Clear liquid with white granular ppt. 
3.65 0.30 2.97 0.32 2.546 0.86 Clear liquid with white granular ppt. 
3.56 0.59 2.94 0.62 2.682 0.91 Clear liquid with white granular ppt. 
3.39 1.13 3.20 1.09 3.451 1.08 Clear liquid with white granular ppt. 
3.23 1.62 3.07 1.43 2.992 0.97 Clear liquid with white granular ppt. 
3.16 1.84 2.87 1.60 2.520 0.88 Clear liquid with white granular ppt. 
2.95 2.46 2.54 2.15 2.458 0.97 Clear liquid with white granular ppt. 
2.83 2.83 2.47 2.58 2.244 0.91 Clear liquid with white granular ppt. 

25 

3.89 1.46 3.24 1.28 3.309 1.02 Yellow liquid with white granular ppt. 
0.21 6.59 0.57 6.54 0.208 0.36 Opaque yellow solution with a white ppt. 
0.51 5.10 1.03 4.86 0.218 0.21 Yellow liquid with ppt. 
0.97 4.85 1.67 4.37 0.834 0.50 Yellow liquid with ppt. 
1.92 3.83 1.74 3.64 1.668 0.96 White viscous liquid 
3.89 1.46 3.33 1.21 3.265 0.98 Yellow liquid with white powder ppt. 
3.21 3.21 1.97 2.75 2.032 1.03 Thick white suspension, filtered to a yellow liquid 
4.27 1.71 3.54 1.16 3.667 1.04 Yellow liquid over a white ppt. 
4.11 2.06 3.00 1.55 2.843 0.95 Yellow liquid over a white ppt. 
3.72 2.97 2.24 3.15 2.225 0.99 Yellow liquid over a white ppt. 
4.72 1.57 3.23 1.28 3.526 1.09 Yellow liquid over a white ppt. 
5.96 0.37 3.15 0.62 2.395 0.76 Clear solution white ppt. 
5.77 0.72 3.46 1.08 2.297 0.66 Clear solution white ppt. 

40 

5.60 1.05 3.50 1.14 2.331 0.67 Clear solution white ppt. 
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Figure 5.46.  Solubility of K+/PZ at 25oC,  Open Points:  This Work, Closed Points:  

Aqueous PZ from Bishnoi (2000) and K2CO3 and KHCO3 from Linke (1966) 
 

In Figure 5.47, the results of experiments at 40oC are shown.  A dramatic 

difference in PZ solubility is noted and is explained by the melting of the hexahydrate, 

which occurs at approximately 43oC (Schwarzenbach, 1968).  Salting out of the PZ still 

occurs with the additions of K2CO3, though the solubility is significantly higher up to 6 

mol K+/kg-solution.  Also, the difference between solubilities in K2CO3 and KHCO3 is 

reduced.  At the higher PZ concentrations, more CO2 than is available from KHCO3 

would be required to increase the apparent solubility.  Thus, the ionic strength salts out 

PZ and the behavior is similar to that of K2CO3 up to 3 mol K+/kg-solution.   
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It should be recognized that at 40oC with K2CO3, the solution often does not 

precipitate a solid, but instead forms two liquid phases.  The two layers are thought to 

be an organic phase, with little salt, and a salt phase, with some PZ.  At 25oC, phase 

splitting occurs at similar conditions, but the organic phase is a solid.  The molten 

organic phase is possible due to the melting of the hexahydrate near 40oC.   
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Figure 5.47.  Solubility of K+/PZ at 40oC,  Open Points:  This Work, Closed Points:  

Aqueous PZ from Bishnoi (2000) and K2CO3 and KHCO3 from Linke (1966) 
 

A K+:CO2 ratio is also included in the tables as an estimate of CO2 distribution 

between phases.  If the ratio is near 0.5 in a solution dominated by K+, the solid 

precipitate is likely a potassium carbonate salt.  Similarly, if the ratio is near 1.0, a 

potassium bicarbonate salt is expected.  In general, the CO2 tends to pair with the 

potassium salt as opposed to the aqueous PZ. 
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5.10.  Conclusions 

The ENRTL model adequately predicts the activity of water and PCO2* in 

aqueous K2CO3 and KHCO3 solutions at various temperatures.  The fit was achieved 

using four τ parameters each with a small, linear temperature dependence.  Future 

inclusion of ion pair-ion pair interactions may improve inaccuracies at high salt 

concentrations. 

The ENRTL was fit to the UNIFAC predictions for γPZ.  The model shows a 

strong, non-linear dependence of γPZ on temperature and PZ concentration.  Behavior at 

infinite dilution in water gives a heat of solution that compares favorably with literature 

values. 

Relevant equilibrium constants for the reaction of CO2 with PZ have been 

regressed as well as for the protonation of PZCOO-.  The heats of reaction for the 

formation of PZCOO- and PZ(COO-)2 are similar, 18.3 and 16.5 kJ/mol, as would be 

expected by an analysis of structure.  Likewise, the heat of reaction for the protonation 

of PZCOO- is comparable to the heat of PZ protonation, at a value of -47.4 kJ/mol. 

The fitted ENRTL model is able to represent aqueous PZ and K+/PZ speciation to 

within an absolute error of 5%.  VLE behavior is fairly well represented, deviating by 

an apparent 25%.  Most of the error, however, has been identified as in the solution 

loading.  A 10% error in loading can result in a 30% “error” in PCO2*.  VLE behavior 

suggests the solvent capacity increases as a linear function of solvent equivalents. 
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The speciation of PZ shows significant differences between aqueous PZ and 

K+/PZ mixtures.  In aqueous PZ, the carbamate species are never more than 20% of the 

total PZ concentration.  In contrast, each can account for as much as 50% with the 

addition of K+.  Protonation represents a significant amount of product from the 

addition of CO2 to aqueous PZ.  A high K+ concentration increases the prevalence of the 

CO3
2-/HCO3

- buffer and delays protonation of the amine to high loadings.  Thus, 

carbamation of amines will increase in the presence of K+ to an extent related to the 

carbamate stability.  This effect is countered by the reduction of protonation afforded by 

the strong buffer.  The overall effect is an increase in reactive PZ concentration. 

Model predictions show that the maximum reactive PZ concentration (PZ + 

PZCOO-) occurs when the PZ concentration is maximized and K+ is added in a 2:1 ratio 

of K+:PZ.  The maximum concentration will be defined by the solid solubility limit 

under any given condition. 

VLE curves are depressed as total solution concentration increases, indicating 

improved CO2 capacity in concentrated solvents.  The addition of potassium improves 

the VLE behavior of aqueous PZ. 

The ΔHabs, at 40 to 70oC, is calculated to be -80 kJ/mol for aqueous PZ and -65 

kJ/mol for K+/PZ mixtures, a reduction of 20%.  Stoichiometry shows that the lower 

enthalpy is obtained due to significant contribution of CO3
2- and the reduction in 

protonation in mixed solvent reactions.  Additionally, the ΔHabs may be “tuned” simply 

by variation of the K+ to PZ ratio. 
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ΔHabs is predicted to be a strong function of temperature and is a result of the 

heat capacity predicted by UNIFAC for PZγ ∞   The model is therefore limited in 

extrapolating second-order temperature effects, such as enthalpies, over broad ranges 

and should be used with care to predict heats of CO2  absorption at extreme temperature.  

Gathering experimental data for  γPZ and ΔcP for the solution at various loadings should 

be considered to correct this shortcoming. 
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Equation Chapter 6 Section 1 

 

 

 

Chapter 6:  Rate and Kinetics of Potassium Carbonate, 

Piperazine and Carbon Dioxide Mixtures 

 

 

 

 

This chapter presents experimental data and modeling results on CO2 absorption 

into K+/PZ mixtures.  The absorption rate of CO2 was measured in a wetted-wall 

column in 0.45 to 3.6 m piperazine (PZ) and 0.0 to 3.1 m potassium carbonate (K2CO3) 

at 25 to 110oC.  A rigorous kinetic model was used to interpret diffusivities and rate 

constants.  The kinetics of important reactions were interpreted with the termolecular 

mechanism.  The rate constants were found to follow correlations provided by base 

catalysis theory.  The effect of neutral salts on the absorption rate in aqueous PZ was 

also measured and accounted for within the rigorous model.  Approximations were 

developed to represent the absorption rate from the range of pseudo-first order to 

instantaneous behavior.  Limitations to the approximations and to the performance of 

K+/PZ mixtures as applied at industrial conditions are discussed. 
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6.1.  Model Description 

The rigorous rate model is made up of several reactions as discussed in Section 

4.2.3.  The reactions include PZCOO- formation, PZ(COO-)2 formation, and base-

catalyzed bicarbonate formation.  The reactions of PZ with CO2 are considered 

termolecular according to previous experience and include effects of catalyzing bases. 

Experimental data on the absorption rate were collected and used to sequentially 

regress rate constants for aqueous PZ and K+/PZ mixtures, satisfying the imposed 

reactive conditions.  The results of the regressions are shown in Table 6.1 and discussed 

throughout the chapter. 

Table 6.1.  Regressed Constants for Modeling CO2 Absorption into K+/PZ 

i a,Am-ipK
a 

i × 10-3 b σ × 10-3 c Relation for ln(i) 

2

o
PZ H Ok −

d -1.74 0.6 0.09 Regressed from aqueous PZ 
o
PZ PZCOO

k −−
 9.51 48.9 - ( ),,

ln 0.457o
PZ PZ a PZa PZCOO

k pK pK−−= + −  

o
PZ PZk −  10.30 70.1 9.6 Regressed from aqueous PZ 

2
3

o
PZ CO

k −−
 10.33 145.1 - Regressed from K+/PZ 

o
PZ OH

k −−
 15.74 1857 486 Regressed from aqueous PZ 

2

o
PZCOO H O

k − −
 -1.74 0.4 - ( )2 223 3

, ,
ln 0.457o

a H OPZCOO CO a CO
k pK pK− − −−

= + −  

o
PZCOO PZCOO

k − −−
 9.51 66.3 - ( )2 2

3 3, ,
ln 0.457o

PZCOO CO a PZCOO a CO
k pK pK− − − −−

= + −  

o
PZCOO PZ

k − −
 10.30 95.1 - ( )2 2

3 3
, ,

ln 0.457o
a PZPZCOO CO a CO

k pK pK− − −−
= + −  

2
3

o
PZCOO CO

k − −−
 10.33 96.7 - Regressed from K+/PZ 

aHΔ
 

- 35.02 2.0 Regressed from aqueous PZ 

ξe - 0.00151 - Regressed from K+/PZ 
a. pKa of the extracting base. 
b. Rate constants given as m6/kmol2-s.  ΔHa given as kJ/kmol. 
c. Standard deviation of the regressed value. 
d. Regressed as pseudo-first order rate constant with [H2O] = 55.55 kmol/m3. 
e. Parameter for diffusivity correction. 
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6.2.  Aqueous Piperazine 

6.2.1.  Rate Constants 

Bishnoi and Rochelle (2000) measured the rate of CO2 absorption into 0.2 and 

0.6 M PZ at 25 to 60oC and zero loading and reported a rate constant assuming first-

order rate dependence on PZ.  The reported rate constant is 53,700 m3/kmol-s at 25oC 

with an activation energy of 33.6 kJ/mol.  In this work, the absorption rate was 

measured in 0.45 to 1.5 mol-PZ/kg-H2O (m) at 25 and 60oC and zero loading.  Data 

were also obtained in 0.6 m PZ containing 0.15 m KOH.  Table 6.2 provides a summary 

of the experiments.   

All data on aqueous PZ are represented as an apparent second-order rate 

constant, k2,app, in Figure 6.1.  This is equivalent to a pseudo-first order simplification in 

which the rate is first-order with PZ.  The dependence of k2,app on PZ concentration 

shows that the reaction is not first-order with PZ as had been previously assumed.  As 

PZ concentration is increased above a concentration of 0.5 M, the reaction order 

approaches 2.  The curvature at low PZ concentrations is due to contributions of water 

as the dominant catalyzing base at low PZ concentrations.   

In addition to the second-order dependence on the amine, a significant rate 

enhancement is observed with hydroxide in solution.  With 0.15 m KOH, the flux 

increases by a factor of two in 0.6 m PZ solution.  This suggests that strong bases 

contribute to the overall reaction rate and must be included in the rate expression, 

consistent with the termolecular mechanism.   

303



 

178 

Table 6.2.  Absorption rate of CO2 into Aqueous PZ 

NCO2 × 107 (kmol/m2-s) T 
(oC) 

[PZ] 
(m) 

Loading 
(mol-CO2/ 
mol-PZ) 

PCO2,b 
(Pa)a 

kg × 109 
(kmol/m2-

Pa-s) 

kl
o × 105 
(m/s) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

HCO2 × 
10-6 (m3-
Pa/kmol) 

DCO2 × 
109 

(m2/s) Measured Predicted 

0.008 51 2.99 7.9 50.8 40.1 3.01 1.83 0.78 0.66 
0.008 98 3.01 8.0 44.5 36.1 3.03 1.84 1.31 1.26 0.45 
0.008 167 2.98 8.0 40.1 32.8 3.04 1.85 2.00 2.14 
0.012 448 2.61 9.0 51.0 38.9 3.35 1.85 5.86 6.15 
0.012 65 2.58 9.0 58.5 39.3 3.35 1.85 0.82 0.89 0.68 
0.012 356 2.59 8.9 53.1 40.3 3.35 1.85 4.78 4.87 
0.008 34 2.54 8.7 58.0 43.6 3.12 1.43 0.47 0.53 
0.010 64 2.70 8.7 61.3 46.4 3.14 1.44 1.06 1.02 
0.013 287 2.89 8.7 58.0 44.3 3.18 1.46 4.78 4.76 
0.016 93 2.53 8.9 60.4 46.2 3.25 1.49 1.39 1.43 

1.20 

0.019 247 2.71 8.7 59.5 45.5 3.25 1.50 3.95 3.93 
0.007 50 2.53 8.2 66.6 49.4 3.49 1.46 0.84 0.82 
0.007 302 2.59 8.2 67.0 48.8 3.49 1.46 5.24 4.98 
0.007 93 2.48 8.2 69.9 50.2 3.49 1.46 1.60 1.49 

1.50 

0.005 422 2.61 8.2 64.3 46.9 3.49 1.46 7.09 7.02 
0.000 55 2.23 9.5 80.8 54.4 3.22 1.82 0.90 0.88 
0.000 287 2.21 9.5 72.4 51.7 3.22 1.82 4.52 4.57 
0.000 181 2.22 9.5 75.2 53.5 3.24 1.83 2.95 2.90 

25 

0.60b 

0.000 87 2.23 9.6 79.4 54.8 3.25 1.84 1.45 1.40 
0.009 32 2.73 11.7 60.3 47.5 6.40 3.28 0.53 0.61 
0.010 58 2.73 11.8 73.0 54.0 6.51 3.36 1.16 1.10 
0.012 215 3.04 12.0 66.9 50.9 6.65 3.45 4.38 4.36 
0.015 334 3.45 11.8 62.1 47.3 6.62 3.43 7.14 7.28 

60 1.20 

0.017 238 3.40 11.9 65.3 48.9 6.72 3.50 5.29 5.16 
a. Log mean average of bulk partial pressure of CO2. 
b. Solution also contains 0.15 m KOH. 
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Figure 6.1.  Apparent Second-Order Rate Constant for CO2 Absorption into 
Aqueous PZ, Lines:  Model (PCO2,i = 100 Pa, kl

o = 1×10-4 m/s), Open Points:  
Bishnoi and Rochelle (2000), Filled Points:  This Work 

 

Data on aqueous PZ from Bishnoi (2000) and this work were combined in a 

regression of PZ rate constants for CO2 absorption into aqueous PZ.  The regressed 

constants, reported in Table 6.1, are kPZ-PZ, kPZ-H2O, kPZ-OH, and ΔHa.  Calculated values 

of the flux (Table 6.2), were within approximately 20% of the measured values.  The 

value of the rate constant for PZ found in this work is consistent with previous work at 

similar concentrations.  In 0.6 M PZ, the overall rate constant is 61,320 s-1 compared to 

53,700 s-1 as given by Bishnoi.  The activation energies were assumed equal for all rate 

constants, with a regressed value of 33.0 kJ/mol, comparable to Bishnoi (33.6 kJ/mol). 

The curves in Figure 6.1 represent a model correlation of k2,app under typical 

experimental conditions.  The model correlation of the experimental flux data deviates 
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by less than 25% on average.  The model captures the non-first-order behavior 

displayed by the experimental data and the addition of kPZ-OH effectively compensates 

for the accelerated rate in the presence of excess hydroxide.  The activation energy 

provides an adequate fit between 25 and 60oC. 

A comparison between overall rate constants of several amines at 1.0 M and 

25oC is shown in Table 6.3.  The fact that piperazine has the highest rate constant may 

be attributed to the moderately high pKa.  Also, the cyclic diamine structure yields rates 

faster than would be expected from simple chemical classifications or pKa correlations.  

These characteristics are also observable in diamines such as ethylenediamine and 

heterocycles such as piperidine and morpholine. 

Table 6.3.  Overall Rate Constants for 1.0 M Amines at 25oC 

Amine Sourcea 
(Rate/pKa) 

pKa 
Rate Constantb 

(s-1) 
ΔHr 

(kJ/mol) 
Piperazine This Work 9.73 102.2×103 35.0 

Monoethanolamine 1/2 9.55 5.9×103 41.2 
Diethanolamine 1/2 8.88 1.3×103 53.1 

3/4 4.52×103 39.4 Diglycolamine 5/4 9.46 6.7×103 40.1 

Ethylenediamine 6/2 9.91 15.1×103 - 
7/2 93.3×103 - Piperidine 8/2 11.12 60.3×103 - 
3/2 20.6×103 - 
7/2 20.0×103 - Morpholine 
5/2 

8.49 
22.3×103 23.3 

a. 1. Hikita et al. (1977).  2. Perrin et al. (1981).  3. Alper (1990a).  4. Littel et 
al. (1990a).  5. Al-Juaied (2004).  6. Jensen and Christensen (1955).               
7. Sharma (1965).  8. Jensen et al. (1952).   

b. Overall rate constant ( [ ] [ ] [ ]
2

2 '  or  Am Am Am Am H Ok k Am k Am k Am− −= + ) assuming 
25oC, negligible loading, and negligible hydroxide contributions. 
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The sensitivity of the model to the regressed parameters, i, is presented as 
'ln

ln
gd k

d i
 

in Figure 6.2 for 1.8 m PZ at 60oC and typical experimental conditions.  Parameters 

with sensitivities under 0.05 have been omitted.   

Kinetics are the dominant contributor to kg’ at low PCO2* (< 1,000 Pa).  

Specifically, the self-catalysis of PZ is most significant.  The contribution of water to 

the reaction is also important, signifying a potential change in observed reaction orders 

as the PZ concentration varies.  Because PZCOO- is also an important species in loaded 

solutions, there is an associated sensitivity to it as a reactant and a base. 
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Figure 6.2.  Sensitivity of Model Parameters in 1.8 m PZ at 60oC, kl

o = 1.0×10-4 m/s, 
PCO2,i = 1.5×PCO2* 

 

At high PCO2* (> 1,000 Pa), the dominant effect on rate is the diffusion of ions in 

solution (all ions have the same diffusivity).  Physically, this is either the diffusion of 
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products away from the interface, or the diffusion of PZCOO- reactant to the interface.  

Because PZ is of diminished in importance to the reaction mechanism at high loadings, 

its diffusion coefficient has a marginal effect on the rate. 

6.2.2.  Absorption Rate of Carbon Dioxide 

The absorption rate of CO2 into aqueous PZ is given in Figure 6.3 as normalized 

flux, kg’.  The rate in the aqueous amine decreases sharply as PCO2* increases, as 

expected, due to the consumption of reactive amine.  The effect of PZ concentration is 

more pronounced at low PCO2*, likely the result of increased pH, than at high PCO2*.  

The model accurately represents data in loaded 0.64 m PZ as reported by Bishnoi 

(2000), though the points were not included in the regression.  (These points rely on rate 

constants determined by the regression of K+/PZ data presented in Section 6.3.1.)   
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Figure 6.3.  Normalized Flux in Aqueous PZ at 40oC, Points:  Data from Bishnoi 

(2000), Lines:  Model Predictions (kl
o = 1×10-4 m/s, PCO2,i = 3.0×PCO2*) 
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The temperature dependence of absorption rate in 1.8 m PZ is shown in Figure 

6.4.  At low temperatures, there is a marked distinction between absorption rates, 

reflecting the influence of temperature on the kinetics.  At high temperatures, the 

normalized flux at 100oC and 110oC are nearly equal; the physical solubility of CO2 

effectively limits the rate increases associated with temperature. 
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Figure 6.4.  Temperature Dependence of Normalized Flux of 1.8 m PZ, Lines:  

Model Prediction (kl
o = 1×10-4 m/s, PCO2,i = 3.0×PCO2*) 

 

6.2.3.  Neutral Salt Effects 

The potential for ionic strength to alter reaction rates through primary and 

secondary salt effects has been recognized in many types of reactions (Section 2.3.2.).  

To quantify the influence of salt on CO2 absorption into aqueous PZ, the absorption rate 

has been measured in 0.6 m PZ with various salts at 25 and 60oC.  The data are 
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presented in Table 6.4.  For modeling neutral salts, the Henry’s constant of CO2 was 

estimated by the model of Weisenberger and Schumpe (1996). 

The salt effect is commonly represented by a function (Brønsted, 1928) so that 

ln lnk k bI∞= +        (6.1) 

where b is a constant and I is the ionic strength.  The rigorous rate model has been run 

with rate constants of the form shown in Equation (6.1) to interpret the effect of neutral 

salts.  The average value of b was found to be 0.45 ± 0.10.  The constant b can be 

specific to both the ion and the reaction involved; the limited data presented here 

prevent a rigorous interpretation of its value for individual species.   

Other studies on ionic strength effects show similar acceleration of reaction 

rates.  French (1928) studied the iodine-catalyzed decomposition of hydrogen peroxide.  

The influence of up to 2 M of several neutral salts increased reaction rates by as much 

as factor of two.  As interpreted through Equation (6.1), reported values of b include 

0.32 for LiCl, 0.13 for NaCl, and 0.08 for KCl.  Grube and Schmid (1926) determined 

the effect of concentrated neutral salts on the hydrolysis of cyanamide.  The authors 

conclude that the value of b ranges from 0.16 in KNO3 to 0.40 in Mg(NO3)2.  Again, the 

reaction rates in 2 M ionic strength increase by a factor of two.   

Neutral salts have also been shown to positively influence the absorption rate of 

CO2 into amines.  Data from Danckwerts and Sharma (1966) give a value for b of 

approximately 0.4 for CO2 absorption into ammonia with NaCl.  Laddha and 

Danckwerts (1982) suggest 0.4 and 0.6 for Na2SO4 and K2SO4 in DEA respectively. 
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Table 6.4.  Absorption rate of CO2 into 0.6 m PZ at High Ionic Strength 

T (oC) Salt [Salt] 
(M) 

PCO2,b 
(Pa) 

kg × 109 
(kmol/cm2-

Pa-s) 

kl
o × 105 
(m/s) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 × 107 
Measured 

(kmol/m2-s) 

Avgerage 
γCO2

a 

Estd. k2 × 
10-4 

(m3/kmol-s)b 
57 2.85 9.01 47.6 42.7 0.80 

103 2.81 8.97 44.3 39.8 1.31 
59 2.80 8.97 44.1 40.3 0.75 

KHCO2 1.81 

38 2.82 8.97 43.4 40.4 0.49 

1.93 23.6 

117 2.54 6.78 52.6 37.7 1.57 
157 2.53 6.80 51.1 37.0 2.03 
90 2.50 6.83 53.6 38.2 1.20 
68 2.51 6.84 53.5 38.2 0.91 

NaCl 2.81 

43 2.46 6.84 52.2 37.7 0.56 

2.06 34.8 

66 2.27 10.2 76.0 54.2 1.02 
311 2.25 10.2 68.9 54.4 4.70 
195 2.71 10.3 68.0 52.3 3.48 
80 2.73 10.3 72.0 52.9 1.44 

25 

KCl 3.04 

219 2.92 10.3 62.6 49.4 3.87 

1.92 81.4 

113 3.31 10.8 49.9 43.0 1.88 
155 3.32 10.8 47.8 41.5 2.47 
203 3.06 10.7 50.5 43.3 3.14 
66 2.97 10.8 49.5 43.1 0.98 
36 2.98 10.8 54.4 46.5 0.59 

K2SO4 1.38 

87 3.01 10.8 50.5 43.6 1.33 

1.55 68.4 

54 2.38 12.6 72.3 55.1 0.93 
15 2.37 12.5 71.8 55.4 0.28 
28 2.33 12.6 74.8 56.3 0.49 

111 2.37 12.9 68.8 52.9 1.82 
167 2.41 12.7 59.6 51.5 2.68 
187 2.39 12.8 59.7 51.1 2.96 
283 2.38 12.8 60.1 49.7 4.34 

KCl 1.78 

299 2.41 12.9 59.4 49.1 4.57 

1.33 98.3 

31 2.79 11.0 55.1 51.1 0.55 
67 2.79 11.0 54.9 48.5 1.10 

248 2.84 11.0 54.6 46.3 3.91 
183 2.82 11.0 54.7 46.7 2.90 
131 2.84 11.0 54.7 47.1 2.11 

60 

KHCO2 1.75 

101 2.79 11.0 56.1 48.4 1.66 

1.75 132.3 

a.  Estimated from the model of Weisenberger and Schumpe (1996).  KHCO2 assumed to be the same as KHCO3. 
b.  Estimated from pseudo-first order analysis. 
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Pohorecki et al. (1988) quantified the effect of KCl addition on  CO2 absorption 

into K2CO3-promoted ethylaminoethanol.  Interpreting the results in terms of Equation 

(6.1), a value of 0.31 is obtained for b.  Because K2CO3 constitutes a significant portion 

of the ionic strength and similar results for KCl have been found in other studies, the 

contribution to ionic strength effects by K2CO3 must be similar to that of neutral salts.   

A comparable effect is expected to apply to CO2 absorption by concentrated 

K+/PZ.  Assigning a definitive value in this instance is difficult due to the reactive 

nature of the carbonate, its contribution to the reaction mechanism, and complications 

arising from speciation of the amine, though some effort has been made to reconcile the 

ionic strength effect with kinetics.   

From the conclusions of previous studies, a value of 0.3 was chosen for b for use 

in this work.  This value is the most consistent, and moderate, choice based on the wide 

range of b values presented in the literature. 

Figure 6.5 illustrates the influence of neutral salts in 0.6 m PZ on the apparent 

rate constant and important physical parameters, represented as 
2 2CO COD H .  

Experiments show that the apparent rate constant is elevated by ionic strength.  The 

addition of 1.8 M ionic strength increases the k2,app by a factor of 2.5 at 25oC and 60oC.  

With 3 M KCl, the apparent rate constant increases by a factor of 15.  The rate model 

for K+/PZ shows similar results and suggests the value of 0.3 for b is a reasonable 

estimate for the ionic strength contribution to PZ reactions. 

It is important to recognize that ionic strength also changes the effective 

diffusion coefficient and physical solubility of CO2; therefore, the interpretation of a 
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rate constant strongly depends on the ability to estimate 
2 2CO COD H .  In 3 M K2CO3, the 

parameter decreases by 70%.  The normalized flux, kg’, is only a weak function of ionic 

strength.  The competing effects of kinetics and changes in DCO2 and HCO2 result in a 

diminishing absorption rate when not considering the catalytic benefit of carbonate. 
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Figure 6.5.  Effect of Ionic Strength on the Apparent Rate Constant and Physical 
Parameters in 0.6 m PZ, Closed Points:  25oC Experiments, Open Points:  60oC 
Experiments, Lines:  Model for K2CO3/PZ (k2,app excludes CO3

2- catalysis effect) 
 

6.3.  Aqueous Potassium Carbonate/Piperazine 

The absorption rate of CO2 into K+/PZ mixtures was measured in the wetted-

wall column.  This study includes 2.5 to 6.2 m K+, 0.6 to 3.6 m PZ, and 40 to 110oC.  

All data points collected are presented in Appendix C.  Predictions of absorption rate 

and concentration profiles are tabulated in Appendix D. 
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6.3.1.  Parameter Regression and Correlation 

The data were used to regress rate constants and a correction to the diffusion 

coefficient of ions.  The heats of activation were assumed to be the same as in aqueous 

PZ.  Table 6.1 shows the specific rate constant regressed for each parameter as well as 

the correlation used, if applicable. 

Recall from Section 2.3.1. that the rate constant for a reaction catalyzed by a 

base may be written in a logarithmic form 

1 1,ln b a bk x pKχ= + .       (6.2) 

From the regression of rate constants in aqueous PZ (kPZ-PZ, kPZ-H2O, kPZ-OH), the slope of 

the Brønsted relationship, χ, was found to be 0.457.  This value was used to correlate 

several of the rate constants for the K+/PZ data according to differences in base strength. 

( )2 1 2 1, ,ln lnAm b Am b a b a bk k pK pKχ− −= + −     (6.3) 

Because base catalysis has been widely recognized as a contributing factor in the 

reaction of some amines with CO2 (Sharma, 1965), the correlation of unknown rate 

constants to regressed rate constants is thought to be a reasonable approximation of 

kinetic behavior.   

Independent regression of all necessary rate constants proved to be statistically 

unachievable.  Figure 6.6 illustrates the relationship of base strength with rate, showing 

the slope of 0.457 with both regressed and correlated values. 

A representation of the pKa of H2O and OH- was calculated from assuming 

( )10log 14wpK H OH+ −⎡ ⎤ ⎡ ⎤= − =⎣ ⎦ ⎣ ⎦ .      (6.4) 
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Thus, 

[ ]10,
2

log 15.74
a OH

H OH
pK

H O−

+ −⎛ ⎞⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦⎜ ⎟= − =
⎜ ⎟
⎝ ⎠

,     (6.5) 

and 

2, , ,
1.74a H O a w a OH

pK pK pK −= − = − .      (6.6) 
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Figure 6.6.  Fit of Specific Rate Constants to Brønsted Theory of Acid-Basic 
Catalysis, Circles:  Independently Regressed, Squares:  Correlated by Slope 

 

This type of approximation is supported by previous work on other amines.  

Data on CO2 absorption into aqueous morpholine (MOR), diethanolamine (DEA), and 

diisopropanolamine (DIPA) have been reanalyzed in terms of a termolecular 

mechanism to give rate constants for comparison to PZ in this work.  The rate constants 

are presented in Figure 6.7 and Table 6.5. 
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As the analysis shows, the effect of base strength on the rate is nearly 

proportional for the given amines (i.e. χ ~ 0.5).  It is also striking that the effect does 

not depend on the type of molecule, only the pKa; thus, water and hydroxide can be 

represented by the same correlation used for amines.  Deviations from the correlation, 

as observed for TEA, can be explained in terms of steric effects.   

The vertical displacement is also a function of base strength and steric effects.  

DEA and DIPA are of approximately the same pKa, but are differentiated by structure.  

In constrast, MOR and PZ have similar structures, but the PZ has a higher pKa and, 

consequently, a larger rate constant. 

pKa,base

-2 0 2 4 6 8 10 12 14 16

ln
 k

Am
-b

as
eo  ( m

6 /k
m

ol
2 -s

)

0

5

10

15

PZ

DIPA

DEA

PZ

H2O
TEA

OH-

DIPA

MDEA

DEA

χ = 0.457

χ = 0.453

χ = 0.403

MOR

MOR

χ = 0.536

OH- at 0oC

 
Figure 6.7.  Correlation of Rate Constants to Base Strength for Four Secondary 

Amines Given by the Termolecular Mechanism at 25oC 
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Table 6.5.  Termolecular Rate Constants (kAm-base (m6/kmol2-s)) for Four 
Secondary Amines Interpreted from Previous Work at 25oC 

  base 
  H2O TEA MOR MDEA DEA DIPA PZ OH- 
 pKa -1.74 7.88 8.49 8.63 8.88 8.89 9.73 15.74 

MOR1 1.2 - 1715 - - - - - 
DEA2 3.2 70.7 - 281 315 - - 3.38×103 a 
DIPA3 0.8 33.8 - 85.3 - 147 - - Am 

PZ4 550 - - - - - 70.1×103 1.86×106 
1. Alper (1990a)  2. Jorgensen (1956) per Danckwerts (1979), Blauwhoff et al. (1984), Littel 

et al. (1992a), Versteeg and Oyevaar (1989)  3. Blauwhoff et al. (1984), Littel et al. 
(1992a),  Versteeg and van Swaaij (1988a)  4. This Work 

a. Point given by Danckwerts (1979) as interpreted from Jorgensen (1956) data at 0oC. 
 

As previously mentioned, a correction to the diffusion coefficient representing 

ions in solution was regressed in addition to the kinetic parameters.  The correction was 

added to the diffusion coefficient estimate so that  

w
Am Am

Sol

D D ηβ
η

∞ ⎛ ⎞
= ⎜ ⎟

⎝ ⎠
.       (6.7) 

β was found to be 1.51, correcting for discrepancies in the correlation used for diffusion 

coefficients of ions and for kl
o in the calculation of film thickness.  Only the coefficient 

for ions was adjusted; molecular diffusion coefficients remained unchanged. 

The incorporation of the above parameters into the model results in a good 

representation of the experimental data.  Of the predictions of flux, 91% fall within 

±30% of the experimental data and 79% fall within ±20%.  Figure 6.8 illustrates the 

ability of the model to correlate the flux under the given conditions. 
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Figure 6.8.  Model Correlation of CO2 Flux into K+/PZ 

 

Figure 6.9 shows the sensitivity of the model to variations in parameter i 

(
'ln

ln
gd k

d i
) in 5.0 m K+/2.5 m PZ at 60oC.  The conditions represent values typical of 

experiments in this work.  Parameters with sensitivities under 0.05 have been omitted. 

In the region of low PCO2* (< 300 Pa), kinetics dominate the model sensitivity.  

Specifically, the catalysis of the PZ reaction by CO3
2- is the most significant parameter.  

While the self-catalysis of PZ is important, the reaction of CO2 with PZCOO- is 

impacting the absorption rate, even at the low loadings. 

Between PCO2* of 300 and 3,000 Pa, the kinetics are still the major determinant 

of the absorption rate though the diffusion of ions is now a contributing factor.  

Carbonate is still the most influential catalyst for reaction, but the main reactant is 
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PZCOO- rather than PZ.  The self-catalysis of PZCOO-, represented by kPZCOO--PZCOO-, 

is also important. 
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Figure 6.9.  Sensitivity of Model Parameters in 5.0 m K+/2.5 m PZ at 60oC, kl

o = 
1.0×10-4 m/s, PCO2,i = 1.5×PCO2* 

 

Above a PCO2* of 3,000 Pa, the diffusion of the ions has the greatest effect on 

absorption rate.  It is expected that, under these conditions, there will be a significant 

accumulation of products at the gas-liquid interface as the diffusion coefficients limit 

the reaction rate.  Nearly all of the PZ has been consumed and PZCOO- is the main 

reactant.  While the catalysis by CO3
2- is still significant, H2O also contributes to the 

rate through kPZCOO--H2O.  As the pH decreases, kPZCOO--CO3
2- diminishes in importance 

as CO3
2- is converted to HCO3

-. 
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In addition to discerning common trends for model sensitivity, Figure 6.9 also 

highlights the complexity of regressing parameters within a multi-parameter reaction 

mechanism.  It is typical for several parameters to have approximately the same 

significance under similar conditions.  In these cases, independent regression of these 

parameters is difficult and a method of correlating the values may be justified. 

6.3.2.  Absorption Rate of Carbon Dioxide 

Given the ability of the model to represent the experimental data accurately, it is 

useful to compare model correlations to arrive at conclusions concerning solvent 

performance at various conditions.  Solvent concentrations and temperature dependence 

are of particular interest as these properties often dictate overall performance. 

The normalized flux (kg’) of several K+/PZ solvents is shown in Figure 6.10.  In 

promoted K2CO3 (i.e. 3.6 m K+/0.6 m PZ), the absorption rate is fast, though 20 to 30% 

less than 5 M MEA under similar conditions.  More concentrated solvents, such as 3.6 

m K+/1.8 m PZ, have absorption rates a factor of 2 higher than the promoted solvent and 

a factor of 1.5 higher than 5 M MEA.  The 3.6 m K+/3.6 m PZ solvent has an absorption 

rate 2 to 3 times that of 5 M MEA.  From Section 5.6, this solvent is expected to have a 

high capacity; however, volatility may prevent concentrated PZ solvents from being 

commercially viable. 

Interestingly, 5.0 m K+/2.5 m PZ has a normalized flux nearly identical to 3.6 m 

K+/1.8 m PZ.  The similarity can be explained by two mechanisms.  First, in the 

concentrated solvents, the viscosity is higher, leading to smaller diffusion coefficients.  

Second, the physical solubility of CO2 is less in the higher ionic strength environment.  
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The competing effects of kinetics and diffusivity and solubility appear to play a 

significant role in determining the absorption rate in some concentrated solvents. 
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Figure 6.10.  Normalized Flux in K+/PZ Mixtures at 60oC, Points:  Experimental 

Data (MEA from Dang (2001)), Lines:  Model Prediction (kl
o = 1×10-4 m/s, PCO2,i = 

3.0×PCO2*) 

 

The relative impact of K+ and PZ on the absorption rate is compared in Figure 

6.11.  The two lines demonstrate the changing ratio of K+:PZ where one component is 

constant.  As the amount of PZ increases relative to the K+ concentration, an increase in 

the rate of absorption is observed in both the cases of constant K+ and constant PZ.  

From a K+:PZ ratio of 8:1 to 1:1, the normalized flux increases by a factor of three. 

As suggested previously, more concentrated solvents do not necessarily yield 

faster absorption rates.  This is somewhat unexpected since previous investigations of 

speciation suggest more reactive species are present at higher total solvent 
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concentrations (Cullinane and Rochelle, 2004).  The predictions of absorption rate of 

5.0 m K+/2.5 m PZ and 6.2 m K+/1.2 m PZ in Figure 6.11 clearly demonstrate that, 

though the amount of PZ is high, other effects, such as diffusion coefficients and 

physical solubility, contribute to the absorption rate.  Over the concentration ranges 

considered, the K+:PZ ratio is more significant in determining the absorption rate than 

the total PZ concentration. 
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Figure 6.11.  The Effect of K+/PZ Ratio on the Absorption Rate of CO2 at 60oC and 

PCO2* = 1,000 Pa, kl
o = 1.0×10-4 m/s, PCO2,i = 1.05×PCO2* 

 

The absorption rate of K+/PZ mixtures is compared to other promoted-K2CO3 

solvents in Figure 6.12.  The solvents included in the comparison are from Exxon 

(Sartori and Savage, 1983).  (In the preferred embodiment of the DEA- and hindered 

amine-promoted solvents, the absorber/stripper would be operated at high temperature, 

leading to the high temperature comparison.)  The absorption rate of 3.6 m K+/0.6 m PZ 
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at 60oC is nearly equivalent to the hindered amine-promoted solvent at 90oC.  At 90oC 

the 3.6 m K+/0.6 m PZ has an absorption rate slightly faster, though the rate declines 

faster at high loadings.  This effect can be attributed to the formation of stable 

piperazine carbamates.  The 5.0 m K+/2.5 m PZ gives 2 to 4 times faster at 60oC and 

90oC.  The concentrated solvent exhibits much faster absorption rates at high loadings, 

demonstrating the advantage of using a diamine promoter in large quantities. 
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Figure 6.12.  Normalized Flux Comparison of PZ to Other Promoters in K2CO3, 

Points:  Experimental Data, Lines for K+/PZ:  Model 
 

Figure 6.13 to Figure 6.15 illustrate the dependence of normalized flux on 

temperature.  At low to moderate temperatures (40 to 80oC), an increase in kg’ is 

observed with temperature at constant PCO2*.  This corresponds to increasing kinetics 

and mass transfer properties that accompany a higher temperature.  This is also 
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observed at 100 to 110oC and low PCO2*.  At the high temperatures and high PCO2*, a 

relatively small difference in kg’ is observed.  This indicates an approach to 

instantaneous behavior, where the diffusion of reactants and products becomes limiting. 
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Figure 6.13.  Temperature Dependence of kg’ of 3.6 m K+/0.6 m PZ, Points:  

Experimental Data, Lines:  Model Prediction (kl
o = 1×10-4 m/s, PCO2,i = 3.0×PCO2*) 

 

Conclusions are markedly different when viewed at constant loading as in 

Figure 6.16.  With a constant CO2 concentration, kg’ increases by a factor of 3 as the 

temperature increases from 40 to 110oC at low loadings.  At high loadings, however, an 

increasing temperature brings about a similarly large reduction in absorption rate with 

increasing temperature.  This occurs because the relative increase in PCO2* with 

temperature is greater than in changes in speciation.  Over the loading range of 0.55 to 

0.65, kg’ is nearly independent of temperature. 
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Figure 6.14.  Temperature Dependence of kg’ of 3.6 m K+/1.8 m PZ, Points:  

Experimental Data, Lines:  Model Prediction (kl
o = 1×10-4 m/s, PCO2,i = 3.0×PCO2*) 
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Figure 6.15.  Temperature Dependence of kg’ of 5.0 m K+/2.5 m PZ, Points:  

Experimental Data, Lines:  Model Prediction (kl
o = 1×10-4 m/s, PCO2,i = 3.0×PCO2*) 
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It is this viewpoint that will be of utility when describing absorber/stripper 

processes.  When transferring solvent from the absorber to the stripper, the solution will 

be heated at a constant high loading.  Thus, based on a constant driving force, kg’ at the 

top of the stripper is expected to be less than at the bottom of the absorber.  Likewise, 

the rate in the bottom of the stripper will be faster than in the top of the absorber. 
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Figure 6.16.  Temperature Dependence of kg’ of 5.0 m K+/2.5 m PZ at Constant 
Loading, Points:  Experimental Data, Lines:  Model Prediction (kl

o = 1×10-4 m/s, 
PCO2,i = 3.0×PCO2*) 

 

6.3.3.  Approximations 

As previously discussed, approximate solutions to the rigorous model have 

advantages in that simple calculations based on bulk properties are possible.  

Additionally, simple models aid the understanding of complex physical phenomena.  In 
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light of these advantages, solvent performance at typical experimental conditions was 

analyzed to determine the validity of the proposed expressions. 

Figure 6.17 shows various representations of normalized flux at 60oC with a low 

driving force (PCO2,i = 1.05×PCO2*).  At low loadings, the normalized flux, kg’, is 

described well by pseudo-first order approximation, kg’,PFO.  At high loadings, the 

reaction approaches an instantaneous condition and deviates from simple kinetic 

considerations.  The values of kg’,PZ,INST and kg’,GBL,INST are approximately equal at low 

loadings, but diverge at high loadings, indicating an increase in the contribution of 

bicarbonate formation to the overall absorption rate relative to the reaction with PZ 

species.  A simple, series addition of the pseudo-first order approximation and the PZ-

instantaneous condition provides a good representation of actual rate performance over 

the entire loading range. 

' ' '
, , , ,

1 1 1

g SR g PFO g PZ INSTk k k
= +       (6.8) 

As shown in Figure 6.18, the behavior of the absorption rate at 110oC is similar, 

but the loading ranges in which approximations are valid change considerably.  The 

pseudo-first order approximation is less likely to apply.  In this case, kg’,PFO would give 

a 40% error in predicting kg’ at a loading of 0.5.  At high loadings, the reaction is much 

closer to an instantaneous condition though kinetics still play a significant role in 

determining the absorption rate.  An 80% error would be obtained by assuming the 

absorption rate is instantaneous at a loading of 0.6.  Also at the higher temperature, 

kg’,PZ,INST and kg’,GBL,INST no longer diverge at high loadings.  This suggests that 
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reactions to form bicarbonate are sufficiently fast due to increased temperature that they 

may be considered instantaneous. 
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Figure 6.17.  Approximate Solutions to Normalized Flux in 5.0 m K+/2.5 m PZ at 

60oC, kl
o = 1.0×10-4 m/s, PCO2,i = 1.05×PCO2* 

 

The previous examples illustrate the usefulness of approximations under low 

driving force conditions.  With the imposition of a large driving force, the transport of 

species becomes less empirical and simple representations may break down.  Figure 

6.19 demonstrates that the simple, series resistance model is not a satisfactory 

representation at higher driving forces.  Much of the inaccuracies fall in the high 

loading region where equilibrium effects, not pseudo-first order conditions, must 

change across the boundary layer. 
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Figure 6.18.  Approximate Solutions to Normalized Flux in 5.0 m K+/2.5 m PZ at 

110oC, kl
o = 1.0×10-4 m/s, PCO2,i = 1.05×PCO2* 
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Figure 6.19.  Effect of Driving Force on Approximate Solutions to Normalized Flux 

in 5.0 m K+/2.5 m PZ at 60oC, kl
o = 1.0×10-4 m/s 
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The analysis presented in Table 6.6 shows the difficulty.  The ability to 

represent the absorption rate empirically based on bulk solution properties rests on the 

change in species concentrations across the interface.  At low loadings and low and high 

temperatures, the absorption rate can be still described by the pseudo-first order 

approximation even with a factor of 10 driving force.  At 110oC and a loading of 0.473, 

the concentrations of PZ and PZCOO- change by less than 5% across the boundary 

layer; however, substantial differences in the buffering species carbonate and 

bicarbonate are predicted.  This indicates a changing equilibrium across the boundary 

layer and shows that an equilibrium representation of instantaneous behavior is not 

sufficient. 

Table 6.6.  Concentration (kmol/m3) Across the Liquid Boundary Layer in 5.0 m 
K+/2.5 m PZ, kl

o = 1.0x10-4 m/s 

 PCO2,i = 10.0×PCO2*, T = 60oC PCO2,i = 0.1×PCO2*, T = 110oC 
Loadinga 0.473 0.586 0.473 0.586 

PCO2* (Pa) 100 1,000 810 7,600 
 Interface Bulk Interface Bulk Interface Bulk Interface Bulk 

CO3
2- 1.155 1.179 0.518 0.633 1.161 1.118 0.644 0.479 

HCO3
- 0.281 0.258 0.663 0.548 0.299 0.340 0.469 0.624 

PZ 0.810 0.831 0.26 0.344 0.965 0.931 0.547 0.447 
PZH+ 0.019 0.017 0.07 0.062 0.002 0.002 0.006 0.009 

PZCOO- 0.863 0.859 0.671 0.733 0.700 0.711 0.659 0.638 
H+PZCOO- 0.027 0.024 0.143 0.106 0.003 0.003 0.008 0.014 
PZ(COO-)2 0.248 0.237 0.771 0.679 0.268 0.286 0.682 0.781 
a. Loading given in mol CO2/(mol K+ + mol PZ) 

 

At high loadings, substantial differences in concentrations are obtained for most 

of the species; simple models based on bulk solution equilibrium will not describe the 

absorption rate.  At 60oC, PZ and PZCOO- are depleted by 24% and 9% respectively.  

Also, an accumulation (or depletion) of PZ(COO-)2 occurs at the interface.  Although 
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PZH+ and H+PZCOO- are accumulating to a notable extent, most of the buffering still 

occurs with the CO3
2-/HCO3

-.   

Figure 6.20 illustrates changes in the liquid boundary layer as a result of 

approaching instantaneous behavior.  Under kinetically controlled conditions (60oC and 

PCO2,i = 10.0×PCO2*), the influence of chemical reaction is apparent in the large region 

of nonlinear approach to the interface concentration of CO2 near the interface (r < 0.01).  

Further away (r > 0.01), the profile is linear, extending to the equilibrium concentration 

of CO2 in the bulk solution, [CO2]b.  Only 10% of the mass transfer occurs in the linear 

diffusion region, whereas 90% occurs as a result of reaction with amines near the 

interface.   
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Figure 6.20.  Concentration Profile in 5.0 m K+/2.5 m PZ, Loading = 0.586 mol 

CO2/(mol K+ + mol PZ), (PCO2* = 1,000 Pa at 60oC), kl
o = 1.0×10-4 m/s, Solid Line:  

PCO2,i = 10.0×PCO2* and T = 60oC, Dashed Line:  PCO2,i = 0.1×PCO2* and T = 110oC 
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The mass transfer characteristics change dramatically at high temperatures as 

instantaneous conditions are approached.  At 110oC and PCO2,i = 0.1×PCO2*, the zone of 

chemical reaction is much closer to the interface, terminating at r = 0.001.  Now, 58% 

of the mass transfer occurs in the diffusion boundary layer and 42% in the reaction 

zone.  In this case, diffusion of reactants and products has become much more 

significant in determining the absorption rate. 

6.3.4.  Applications 

A useful function of the fundamental modeling provided by this work is its 

application to estimating the behavior of the K+/PZ solvent under typical industrial 

conditions.  As an exercise, the solvent performance was analyzed under conditions that 

may be encountered in treating flue gas from a coal-fired power plant. 

Figure 6.21 shows the calculated kg’ with a low driving force and a variation of 

kl
o.  The wetted-wall column in this work typically operates at a kl

o of 10-4 m/s, which is 

in the pseudo-first order region under most conditions.  Low values of kl
o, as would be 

typical of quiescent liquids, result in a sharply decreasing kg’ as the reaction moves into 

the instantaneous region.  At 60oC, the transition occurs at approximately 2×10-5 m/s.  

The difference in kg’ with temperature in the instantaneous region is a function of 

equilibrium at the given conditions.  Increasing the value of kl
o from pseudo-first order 

conditions yields a transition to physical absorption.  This occurs at very large kl
o (i.e. > 

0.1 m/s) indicative of rapid mixing of the fluid.  The difference in temperature in the 

physical mass transfer region is a result of the physical solubility of CO2.   
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In general, industrial conditions give larger liquid film mass transfer coefficients 

than the wetted-wall column used in this work.  It is expected that kinetics will play a 

larger role in determining the absorption rate in industrial absorbers.  It is also important 

to recognize that the influence of kinetics at stripper conditions will increase. 
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Figure 6.21.  Model Sensitivity to kl

o for 5.0 m K+/2.5 m PZ, PCO2,i = 1.05×PCO2*, 
PCO2* = 1,000 Pa 

 

Another important parameter influencing mass transfer is the gas film resistance, 

kg.  The percent gas film resistance, defined as the ratio of the gas film resistance to the 

overall resistance (i.e. KG/kg), provides an estimate of the importance of the kinetics in 

determining the absorption or stripping rate of CO2 from K+/PZ mixtures.  Figure 6.22 

shows the predicted contribution of gas film resistance under industrially significant 
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conditions.  The mass transfer coefficients were previously estimated by Bishnoi (2000) 

and are applied here as representative of commercial conditions.   

Gas film resistance is significant at low loadings, due to the fast reaction rates at 

low PCO2*.  This is particularly important at high temperatures where gas film resistance 

can be up to 90% of the total resistance at 100 Pa.  At high loadings, kinetics become 

increasingly important as PCO2* increases and the effective absorption rate decreases.  

The KG/kg at 10,000 Pa ranges from 30 to 40% at 60 to 110oC.  In general, gas film 

resistance is expected to be significant at the top of the absorber and the bottom of the 

stripper; conversely, kinetics will determine the mass transfer rate at the bottom of the 

absorber and the top of the stripper. 
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Figure 6.22.  Contribution of Gas Film Resistance to Overall Mass Transfer in 5.0 

m K+/2.5 m PZ, PCO2,i = 3.0×PCO2*, kl
o = 6×10-5 m/s, kg = 1.0×10-9 kmol/m2-Pa-s 

 

334



 

209 

6.4.  Conclusions 

Investigations on the rate of CO2 absorption into aqueous PZ reveal that the 

reaction can approach second-order with respect to PZ.  The addition of 0.15 m KOH 

increases the absorption rate in 0.6 m PZ by a factor of 2, suggesting that strong bases 

must be included in the reaction mechanism.  The kinetics can be represented by both 

the “zwitterion” and termolecular mechanisms.   

The rigorous rate model was used to regress rate constants to describe aqueous 

PZ.  The values are consistent with the Brønsted theory of base catalysis and with 

behavior of other amine studies.  The apparent rate constant of 1 M PZ is a factor of 20 

greater than MEA and a factor of 100 greater than DEA.  The rapid reaction of the PZ 

with CO2 can be attributed to its unique, cyclic diamine structure. 

Neutral salts in aqueous PZ significantly influence the reaction rate; the addition 

of 1.8 M KCl increases the apparent rate constant by a factor of 2.5 at 60oC.  This 

neutral salt effect suggests that amine-promoted K2CO3 exhibits kinetics above what 

would be expected.  A correction for the rate constants in K+/PZ was introduced to 

account for promotion from ionic strength.  The correction results in increases similar to 

those observed from neutral salts.  While the rate constants increase, an opposite effect 

is observed for the diffusion coefficient and Henry’s constant, resulting in a net 

decrease on the overall absorption rate. 

Data on K+/PZ show that strong bases, such as carbonate or other amines, 

accelerate the absorption rate of CO2.  Based on the experimental data, the rate 

constants, though correlated, were in agreement with work on aqueous PZ in that base 
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strength adequately correlates the rate constants of additional bases.  PZ, PZCOO-, and 

CO3
2- are recognized as significant rate contributors.   

The sensitivity of the model to changes in kinetic and mass transfer parameters 

indicates that, at low CO2 loadings, kinetics determine the absorption rate.  The most 

significant reactions involve PZ-CO3
2- and PZCOO--CO3

2-.  At higher loadings, the 

diffusion of ions across the reaction boundary layer dictates the rate.  The diffusion of 

PZ to the gas-liquid interface is not a significant parameter under the tested conditions. 

With typical experimental conditions, concentrated K+/PZ mixtures have 

absorption rates 2 to 3 times faster than 5 M MEA at constant PCO2*.  Evidence also 

suggests that the ratio of K+:PZ influences the absorption rate more than total solvent 

concentration.  With 1.8 m PZ and PCO2* = 1,000 Pa, kg’ increases by 50% when the K+ 

concentration is reduced from 3.6 m to 0.9 m.  The absorption rate into 3.6 m K+/1.8 m 

PZ solvent is nearly equivalent to that into 5.0 m K+/2.5 m PZ, explainable through the 

competing effects of kinetics and CO2 solubility and diffusivity. 

At constant PCO2*, normalized flux is a significant function of temperature 

between 40 and 100oC, reflecting faster kinetics at these conditions.  At 100 to 110oC, 

little temperature dependence is observed suggesting a significant approach to 

instantaneous behavior at high temperatures.  This is also observed with increasing 

PCO2* at all temperatures as the rate becomes limited by diffusion processes. 

At many conditions, empirical approximations are sufficient to express the 

absorption rate in K+/PZ mixtures.  At low loadings, a pseudo-first order assumption is 

usually suitable, even at high temperatures and driving forces.  At high loadings and 
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high temperatures, a rate expression assuming instantaneous reaction with the amine 

can be used to describe the absorption with minimal error.  A global instantaneous 

model does not appear to be effective at low temperatures as the formation of 

bicarbonate limits the instantaneous rate.  Normalized flux at moderate conditions can 

be approximated with a simple series addition of the pseudo-first order and amine-

instantaneous calculations.  At extreme driving forces, solution equilibrium can differ 

across the boundary layer, causing equilibrium-based approximations to be in error. 

Given the kl
o of the gas-liquid contactor used in this work, most data were 

collected in a kinetically controlled region.  At high temperatures, measurements in the 

wetted-wall column approach the instantaneous region, although kinetics still play a 

significant role in the absorption rate.  In industrial contactors, where the kl
o is expected 

to be somewhat higher, reaction kinetics would be more important. 

When considering reasonable industrial conditions for the application of the K+/PZ 

solvent, the gas film accounts for significant resistance at low loadings.  At some 

conditions, the gas film may constitute >85% of the total resistance.  The resistance is 

more pronounced at higher temperatures.  At high loadings, the gas film resistance is 

only 20 to 30%. 
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Equation Chapter 7 Section 1 

 

 

 

Chapter 7:  Conclusions and Recommendations 

 

 

 

 

This chapter presents a summary of the important findings in this work.  The 

completed work contributes to the experimental foundation of thermodynamics and 

kinetics in aqueous amine systems, specifically heterocyclic diamines.  The work also 

presents detailed information on amine behavior in concentrated salt solutions.  A 

method of modeling absorption into complex, reactive systems was developed and 

validated.  Recommendations for future work are presented. 

7.1.  Summary 

Experimental data were presented for K+/PZ mixtures at 25 to 110oC with PCO2* 

of 10 to 30,000 Pa, encompassing conditions of CO2 absorption from combustion flue 

gas.  Data sets include speciation measurements by 1H NMR, PCO2* and absorption rate 

measurements from a wetted-wall column, physical CO2 solubility, solid solubility, and 
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other physical properties.  The performance of this solvent was compared to other 

solvents using standard criteria:  capacity, heat of absorption, and rate of absorption.   

A rigorous thermodynamic model was developed using experimental data to 

regress equilibrium constants and binary interaction parameters.  Values of equilibrium 

constants and enthalpies were compared to those of other amines.  An adequate 

representation of the vapor-liquid equilibrium of CO2 and the equilibrium speciation of 

thirteen molecular species was obtained over a broad range of conditions.  The model 

was used to calculate and predict capacities and heats of absorption.   

The rate of CO2 absorption into K+/PZ was simulated using a rigorous boundary 

layer model.  Rates for twelve parallel reactions were considered along with the 

required diffusion coefficients for describing transport across a liquid film.  From data 

of CO2 absorption into K+/PZ, nine rate constants were quantified by regression and 

correlation.  The impact of neutral salts on the absorption rate was treated 

independently.  The model was applied to predict solvent performance under typical 

experimental and industrial conditions.  The model also aided the development and 

validation of approximate solutions to mass transfer under limited conditions. 

7.2.  Conclusions 

7.2.1.  Thermodynamics 

In aqueous PZ loaded with CO2, PZCOO- and PZ(COO-)2 are only minor 

components in solution, representing 10 to 20% of the total PZ.  Most of the CO2 

absorption results in protonation of the PZ.  With K+, the concentration of PZCOO- and 

PZ(COO-)2 can each account for up to 50% of the total PZ concentration.  The solution 
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is buffered at high pH and protonation is only significant at high PCO2*.  Thus, the 

increased carbamate concentration is countered by a reduced presence of protonated 

species, giving a higher reactive PZ concentration.  A maximum fraction of reactive PZ 

(PZ + PZCOO-) exists at a 2:1 ratio of K+:PZ, independent of the total concentration.   

Measurements of the equilibrium CO2 partial pressure indicate improved VLE 

behavior in K+/PZ.  Correlations suggest that solvents containing the same K+:PZ ratio 

can be represented by the same curve versus loading.  Most of the error associated with 

the VLE measurements has been identified as in the solution loading.  A 10% error in 

loading can result in a 30% apparent error in PCO2*. 

Equilibrium constants, based on the NMR and VLE work, were regressed giving 

a concentration-based, carbamate stability constant, Kcarb, of 15.6 for PZ, comparable to 

the value of 12.5 for MEA.  The stability constant of PZCOO-, 2.7, suggests a less 

stable product, behaving more like a secondary amine such as DEA (Kcarb = 2.0).  The 

regression gives similar heats of reaction for PZCOO- and PZ(COO-)2 formation, 18.3 

and 16.5 kJ/mol.  The heat of protonation for PZCOO-, -47.4 kJ/mol, is comparable to 

the value for PZ by Hetzer et al. (1968) at 40oC, -44.0 kJ/mol. 

At 25oC, the apparent physical solubility of CO2 in aqueous PZ (31.60 atm-

L/mol) was found to be nearly equivalent to the Henry’s constant in water (29.65 atm-

L/mol), a difference of less than 10%.  The apparent solubility is a strong function of 

ionic strength.  In K2CO3 with 3.5 M ionic strength, it is 65.89 atm-L/mol.  Likewise, in 

1.07 M PZ with a nominal ionic strength of 3.2 M added as K2CO3, it is 62.03 atm-

L/mol, demonstrating that an adequate representation of CO2 solubility in K2CO3/PZ 
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mixtures can be achieved with empirical models of K2CO3.  The effect is ion specific; 

loaded solutions may be estimated from models of KHCO3. 

The capacity of concentrated K+/PZ solvents at 60oC was comparable to or 

better than MEA over various ranges of PCO2*.  With a rich PCO2* of 3,000 Pa and a lean 

PCO2* of 100 Pa, 5.0 m K+/2.5 m PZ has a capacity of 0.90 mol CO2/kg-solvent 

compared to 0.85 in 5.0 M MEA.  Increasing the rich PCO2* to 10,000 Pa gave a 

capacity of 1.2 for the K+/PZ mixture and 1.1 for MEA.  By expanding the partial 

pressure range, a large capacity increase can be realized, particularly by raising the rich 

PCO2*.  The capacity is a nearly linear function of total solvent concentration in K+/PZ. 

At a constant PCO2*, the addition of K+ to aqueous PZ reduces the ΔHabs of CO2.  

The ΔHabs strongly depends on the K+:PZ ratio, but not the absolute solvent 

concentration.  In 5.0 m K+/2.5 m PZ, the ΔHabs is reduced from -80 kJ/mol to -65 

kJ/mol.  In 3.6 m K+/0.6 m PZ, the ΔHabs is -40 kJ/mol, a reduction of 50% over 

aqueous PZ.  For comparison, the ΔHabs of MEA is approximately -80 to -85 kJ/mol.  

The ENRTL model predicts an unexpected variation of ΔHabs with temperature.  It is 

believed that this is a result of the temperature dependence of the UNIFAC predictions 

of PZγ ∞ . 

Studies of the solid solubility show that at ambient conditions (25oC), PZ 

solubility is reduced from 1.8 mol/kg-solution in aqueous PZ to 0.3 mol/kg-solution in 

3.0 mol K+/kg-solution, consistent with a “salting out” effect.  The apparent solubility 

was increased in KHCO3/PZ mixtures as the reaction of PZ with excess CO2 reduced 
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the concentration in solution.  Based on experimental results and laboratory experience, 

solvent concentrations of 5.0 m K+/2.5 m PZ, 3.6 m K+/3.6 m PZ, and 6.2 m K+/1.2 m 

PZ can be made and stored at ambient conditions as rich solutions.  At 40oC, the soluble 

PZ concentration increases to 7.5 mol/kg-solution with no salt.  At this temperature both 

K2CO3 and KHCO3 reduce the solubility of PZ.  At 25 and 40oC, the bicarbonate salt 

will likely be the limiting solid at rich conditions. 

7.2.2.  Kinetics 

Concentrated K+/PZ solvents, such as 5.0 m K+/2.5 m PZ, give absorption rates 

2 to 3 times faster than 5.0 M MEA at constant PCO2*.  This work also shows that the 

absorption rate is 2 to 3 times faster than promoted-K2CO3.  At constant PCO2*, the 

absorption rate is a strong function of temperature between 40 and 100oC, but not 

between 100 and 110oC, indicating diffusion and solubility limitations.  At constant 

loading, the absorption rate does not appear to be strongly dependent on temperature. 

Given a constant PCO2*, the maximum absorption rate occurs at a K+:PZ ratio of 

1:2.  This effect has more influence on the rate than even the total solvent concentration.  

The consideration of only speciation would suggest a ratio of 2:1.  This behavior 

reflects the tradeoff between increased kinetics by the addition of ionic strength and 

carbonate and decreased CO2 solubility and diffusivity in concentrated salts.   

Studies of aqueous PZ show that the reaction with CO2 approaches second-order 

with respect to PZ.  The apparent rate constant of 1 M PZ is 102,200 s-1, a factor of 20 

higher than MEA (5,900 s-1) and a factor of 100 higher than DEA (1,300 s-1).  The 
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addition of 0.15 m KOH catalyzes the absorption rate, suggesting a termolecular 

mechanism is appropriate.   

The regression of rate constants within the rigorous rate model demonstrates that 

all bases play a role in the reaction mechanism.  The most significant acting bases in 

K+/PZ are PZ, PZCOO- and CO3
2-.  This work succeeded in identifying the contribution 

of nine components to the kinetics through regression and correlation, in contrast to 

previous work which generally considers only two or three bases in simpler mixed 

solvent systems (i.e. DEA/MDEA, DEA/K2CO3).  This work validates the suitability of 

a Brønsted-type correlation for estimating the base contributions to reaction rates. 

Neutral salts increase the apparent rate constants of amine/CO2 reactions.  The 

addition of 2 M ionic strength increases the apparent rate constant of the reaction with 

PZ by a factor of 3.  This increase in rate has been suggested in literature, but never 

quantified in terms of an identifiable kinetic contribution.  In this work, the acceleration 

is represented as linear function of ionic strength, so that 

ln ln 0.3k k I∞= +        (7.1) 

It is significant that this catalysis occurs with a reaction between two molecules, not two 

charged species as typical in transition state theory.  Ionic strength also decreases the 

diffusivity and increases the Henry’s constant to an equal and opposite extent.  The net 

effect of neutral salts in aqueous PZ appears to be a 50% reduction of absorption rate at 

5 M ionic strength. 

The absorption rate in the absorber may be estimated by pseudo-first order 

approximations, but both kinetics and mass transfer must be considered in rate models 
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of the stripper.  A pseudo-first order approximation for describing the absorption rate is 

usually suitable at low loadings, even at high temperatures and driving forces.  At high 

loadings and high temperatures, the absorption rate is no longer pseudo-first order and 

approaches a PZ-instantaneous condition.  At these conditions, with low a driving force, 

the normalized flux can be approximated with a series addition of the pseudo-first order 

and amine-instantaneous calculations.  At moderate to high driving forces, a rigorous 

model is required. 

Under typical industrial conditions, gas film resistance may account for >85% of 

the total mass transfer resistance at low loadings and high temperatures.  At high 

loadings, the gas film resistance is only 20 to 30%.  In general, the bottom of the 

stripper and top of the absorber may be gas film controlled, whereas the top of the 

stripper and bottom of the absorber will likely be liquid film controlled. 

7.2.3.  Potassium Carbonate/Piperazine as a Unique Solvent for CO2 Capture 

The rate of CO2 absorption into K+/PZ solvents has been shown to be 1.5 to 4 

times that of 5 M MEA and some promoted-K2CO3 solvents.  This advantage is realized 

from the high kinetics of the PZ-CO2 reaction.  The ratio of K+:PZ is an important 

variable and can account for large changes in the reaction rate. 

The heat of absorption has been shown to be somewhat lower than other 

aqueous amines.  Additionally, this study suggests that changing the ratio of K+ to PZ 

allows for the “tuning” of the heat of absorption.  This characteristic is not noted in the 

open literature for any other solvent system.  The change in ΔHabs is directly related to 

the rate of absorption.  As the heat of absorption increases (with a decreasing K+:PZ 
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ratio), the reaction rate also increases; therefore, there is a tradeoff between a low ΔHabs 

and a high reaction rate.  A process model will be required to optimize the solution 

composition for given process configurations. 

The capacity of this solvent is generally comparable to 30 wt% MEA given a 

favorable PCO2* range.  One advantage of the K+/PZ solvent appears to be a proclivity 

for high capacity at high equilibrium partial pressures.  The VLE curves suggest that 

concentrated K+/PZ gives capacities 10 to 30% higher than 30 wt% MEA given a PCO2* 

range of 100 to 10,000 Pa.   

Though the capacity of this solvent is largely comparable to other amine 

solvents such as MEA, a unique feature is that the CO2 can largely be stored in an 

inorganic form rather than an organic complex with the amine.  Speciation studies show 

that, at rich loadings, as much as 70% of the CO2 present is stored as carbonate and 

bicarbonate in some K+/PZ solvents compared to 50% in an aqueous PZ solvent.  An 

even lower percentage is expected in a mono-amine solvent.  The level of storage is 

strongly dependent on the relative amount of K+ and PZ in solution and is directly 

related to the heat of absorption. 

The solvent does have a limitation in that the potassium salts and PZ are solids 

at ambient temperature.  This may result in a maximum solvent concentration as 

discussed in Chapter 5.  At higher temperatures, however, the PZ solubility increases 

dramatically and many formulations of the solvent become viable options. 
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7.3.  Recommendations for Future Studies 

7.3.1.  Thermodynamics 

The vapor phase partial pressure of PZ should be measured with aqueous PZ and 

aqueous K+/PZ.  This data would provide valuable information on the activity 

coefficient of PZ in the liquid phase.  Also, knowing the volatility of PZ will be critical 

in estimating solvent losses in an absorber/stripper and in designing the process to 

circumvent the potential atmospheric release.  The vapor pressure is expected to be 

relatively low at moderate temperatures, particularly in rich K+ solvents due to 

ionization of the amine.  It is recommended that these measurements be carried out at 

high temperatures (80 to 110oC) where accuracy would be expected to improve.   

The equilibrium partial pressure of CO2 as determined in this work spans a 

broad range of temperatures and solvent concentrations.  It provides a good estimate of 

the equilibrium behavior between 40 and 110oC and 100 to 10,000 Pa.  It would be 

useful to reinforce the current measurements with expanded conditions as follows: 

1. The VLE at low partial pressures may be important, but current data 

do not define VLE well below 100 Pa.  Equilibrium should be 

measured between 10 and 100 Pa. 

2. More experiments should be performed at high temperatures (80 to 

120oC). 

3. A well-designed, batch VLE method may be advisable, as opposed to 

a wetted-wall column.  Difficulties of temperature control and gas 

saturation at high temperatures could be substantially reduced. 
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Additional measurements of PZ speciation are advisable.  Experiments on 

low K+-high PZ concentration would allow a better extrapolation of carbamate 

equilibrium constants to infinite dilution in water.   

The current ENRTL model of PZ and K+/PZ solvents relies on VLE and 

speciation measurements for prediction of behavior.  Predictions and extrapolations 

could be markedly improved with the inclusion of calorimetric measurements: 

1. Direct measurement of heats of absorption by integral measurements, 

similar to those by Oscarson et al. (1989a, 1989b), could improve 

heats of reaction and temperature dependences of τ parameters. 

2. The heat capacity of the solution should be measured to improve 

calorimetric dependent properties.  This will be particularly important 

over the broad temperature range of the absorber/stripper process.  

Also, knowing the heat capacity will aid in the design of more efficient 

heat recovery systems. 

3. The heats of mixing of various solutions would provide information on 

activity coefficients of PZ species, particularly in loaded solutions.   

7.3.2.  Kinetics 

While the understanding of PZ kinetics with CO2 has been improved in this 

work, additional experiments would be beneficial to verify the reaction order and rate 

constants.  A rate investigation of PZ in a non-aqueous solvent, such as methanol or 

ethanol, may clarify the reaction order by eliminating complications from the kinetic 
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contributions of water (or hydroxide).  Also, higher PZ concentrations are attainable in 

the alcohols than in water. 

From this work, independent values of rate constants for several species were 

undeterminable.  Rate studies at additional conditions may clarify their contributions.   

1. Experiments on loaded, aqueous PZ would eliminate the contribution 

of carbonate in the kinetic expression and allow a better determination 

of the PZCOO- rate constants. 

2. In K+/PZ mixtures, experiments on very rich solutions would also 

eliminate carbonate.  It may also show that the weak bases bicarbonate 

and monoprotonated PZ are important to the kinetics. 

3. Experiments on low K+-high PZ solutions would buffer the solution 

somewhat and isolate contributions of PZ to the rate. 

It would also be of interest to better define the diffusion coefficient of rate 

limiting species under instantaneous conditions.  The values could be determined by 

rate measurements under high driving force conditions.  The same effect may be 

achieved with an apparatus with a lower kl
o, such as laminar jet. 

The effect of neutral salts on the kinetics of CO2-PZ reactions should be 

investigated more thoroughly.  More absorption experiments with more salts should be 

performed.  Speciation of loaded PZ with neutral salts should be determined with NMR 

to determine equilibrium constants as a function of ionic strength, showing if the neutral 

salt effects are primary or secondary in nature.  This would allow subsequent modeling 

to focus on either thermodynamic or kinetic corrections for explaining increased rates.  
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7.3.3.  General 

The experiments in this work are idealized in that clean components (pure gas 

and chemicals) were used.  In an industrial process, impurities may alter the 

performance; therefore, effects of impurities should be quantified.  Important impurities 

include SOx, NOx, iron, vanadium, and copper.  The absorption rate and VLE of H2S 

and mercaptans should be quantified to determine the applicability of this solvent to 

natural gas treating. 

Foaming is another performance-hindering characteristic that may be 

encountered during industrial application.  Given the complex nature of foaming and 

the potentially expensive prevention methods employed in other solvent systems, some 

effort should be made to identify key contributors to this effect.  Surface tension is an 

important parameter and will likely be significantly different than aqueous amine 

solvents due to the high concentration of ionic components.  Also, impurities such as 

copper, vanadium, and iron may contribute to the development of foam.  Bench-scale 

studies on the effect of these parameters on foaming may help anticipate and eliminate 

problems encountered in pilot- or commercial-scale processes. 

Amine degradation and equipment corrosion are also significant process 

concerns.  These characteristics will determine the amount of make-up amine required 

and the material of construction for the process.  The degradation rate should be 

quantified and corrosion of materials should be examined to determine process 

limitations. 
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Before applying this solvent to industrial use, environmental hazards should be 

assessed.  Concerns include the environmental fate of released chemicals and the 

transport of the chemicals through the atmosphere and groundwater. 

1. Inhalation and exposure hazards should be quantified to assess 

possible risks to humans.  The toxicity should also be investigated. 

2. Biological degradation of amines should be investigated to circumvent 

potential accumulation in the environment. 

3. Studies on the transport of amines through the environment should 

include the atmospheric chemistry and mobility in groundwater. 
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Appendix A:  Density and Viscosity Results 

 

 

 

 

This appendix contains results of density and viscosity experiments outlined in 

Section 3.4.  Both the measured and predicted values are listed in the tables.  Kinematic 

viscosity is converted to dynamic viscosity using the predicted density. 

A.1.  Density Results 

Table A.1.  Density of K2CO3 and KHCO3 at 25 and 40oC 

T (oC) [K+] 
(m) 

Loading (mol 
CO2/mol K+) 

ρmeas 
(g/cm3) 

ρpred 
(g/cm3) 

1.5 0.950 1.085 1.084 
3.0 0.950 1.159 1.156 
3.0 0.850 1.154 1.156 
6.0 0.500 1.283 1.281 

25 

12.0 0.500 1.466 1.473 
1.5 0.950 1.087 1.077 
3.0 0.950 1.152 1.150 
3.0 0.850 1.152 1.149 
6.0 0.500 1.275 1.275 

40 

12.0 0.500 1.461 1.467 
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Table A.2.  Density of Aqueous PZ at 25 and 40oC at Zero Loading 

T (oC) [PZ] 
(m) 

ρmeas 
(g/cm3) 

ρpred 
(g/cm3) 

0.5 0.999 0.999 
1.0 1.001 1.000 
1.5 1.003 1.001 

25 

1.8 1.004 1.001 
0.5 0.994 0.992 
1.0 0.996 0.993 
1.5 0.997 0.994 

40 

1.8 0.999 0.995 
 

Table A.3.  Density of K+/PZ Mixtures at 25 and 40oC 

T (oC) [K+] 
(m) 

[PZ] 
(m) 

Loading (mol 
CO2/mol K+ + 

mol PZ) 

ρmeas 
(g/cm3) 

ρpred 
(g/cm3) 

1.0 1.0 0.250 1.053 1.054 
1.0 1.0 0.500 1.067 1.057 
1.0 2.5 0.286 1.065 1.058 
2.5 2.5 0.500 1.138 1.134 
3.0 0.3 0.455 1.152 1.153 
3.0 0.3 0.909 1.163 1.157 
3.0 0.9 0.769 1.165 1.157 

25 

5.0 2.5 0.667 1.237 1.247 
1.0 1.0 0.250 1.047 1.048 
1.0 1.0 0.500 1.059 1.050 
1.0 2.5 0.143 1.046 1.050 
1.0 2.5 0.285 1.057 1.051 
2.5 2.5 0.250 1.108 1.125 
2.5 2.5 0.500 1.132 1.127 
5.0 0.5 0.455 1.228 1.235 
5.0 0.5 0.909 1.236 1.239 

40 

5.0 2.5 0.667 1.227 1.240 
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A.2.  Viscosity Results 

Table A.4.  Viscosity of Aqueous PZ at 25 to 70oC 

T (oC) [PZ] 
(m) 

νexp 
(cSt) 

ρmodel 
(g/cm3) 

μmeas 
(cP) 

μpred 
(cP) 

0.5 1.09 0.999 1.09 1.09 
1.0 1.29 1.000 1.28 1.30 
1.5 1.52 1.001 1.52 1.52 

25 

1.8 1.66 1.001 1.66 1.66 
0.5 0.78 0.992 0.78 0.78 
1.0 0.91 0.993 0.91 0.91 
1.5 1.04 0.994 1.03 1.04 

40 

1.8 1.13 0.995 1.13 1.13 
0.5 0.55 0.983 0.54 0.54 
1.0 0.61 0.984 0.60 0.61 
1.5 0.69 0.985 0.68 0.68 

60 

1.8 0.74 0.986 0.73 0.73 
0.5 0.46 0.979 0.45 0.46 
1.0 0.52 0.980 0.51 0.51 
1.5 0.58 0.981 0.57 0.57 

70 

1.8 0.61 0.981 0.60 0.60 
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Table A.5.  Viscosity of K+/PZ Mixtures at 25 to 70oC 

T (oC) [K+] 
(m) 

[PZ] 
(m) 

Loading (mol 
CO2/mol K+ + 

mol PZ) 

Νmeas 
(cSt) ρpred μmeas 

(cP) 
μpred 
(cP) 

3.0 0.0 1.000 1.14 1.157 1.32 1.39 
5.0 0.0 0.500 1.53 1.241 1.90 1.91 
0.5 1.0 0.167 1.35 1.028 1.39 1.40 
0.5 1.0 0.334 1.35 1.029 1.39 1.39 
1.0 2.0 0.333 2.00 1.057 2.11 2.03 
1.0 1.0 0.250 1.40 1.054 1.48 1.50 
1.0 1.0 0.500 1.40 1.057 1.48 1.50 
1.0 2.0 0.167 2.02 1.056 2.13 2.04 
2.0 1.0 0.333 1.58 1.105 1.74 1.74 
2.0 1.0 0.667 1.53 1.108 1.70 1.73 
2.0 2.0 0.500 2.17 1.109 2.40 2.36 
3.6 3.6 0.500 4.13 1.187 4.90 4.71 
4.0 2.0 0.667 2.59 1.203 3.12 3.21 

25 

5.0 2.5 0.667 3.33 1.247 4.15 4.35 
1.0 1.0 0.250 1.01 1.048 1.06 1.05 
1.0 2.0 0.167 1.35 1.049 1.42 1.38 
1.0 2.0 0.333 1.35 1.050 1.41 1.38 
2.0 1.0 0.333 1.12 1.099 1.23 1.22 
2.0 1.0 0.667 1.11 1.102 1.22 1.22 
2.0 2.0 0.500 1.48 1.102 1.64 1.60 
3.0 1.0 0.375 1.25 1.147 1.43 1.42 
3.6 3.6 0.500 2.64 1.180 3.12 3.01 
4.0 2.0 0.667 1.79 1.196 2.14 2.17 

40 

5.0 2.5 0.667 2.23 1.240 2.77 2.88 
0.5 1.0 0.167 0.65 1.012 0.66 0.66 
0.5 1.0 0.334 0.64 1.014 0.65 0.66 
1.0 1.0 0.250 0.68 1.039 0.71 0.71 
1.0 1.0 0.500 0.68 1.041 0.71 0.71 
1.0 2.0 0.167 0.87 1.040 0.90 0.89 
1.0 2.0 0.333 0.87 1.042 0.91 0.88 
2.0 1.0 0.333 0.76 1.090 0.83 0.83 
2.0 1.0 0.667 0.75 1.093 0.82 0.82 
2.0 2.0 0.500 0.96 1.093 1.05 1.03 
3.6 3.6 0.500 1.60 1.171 1.87 1.81 
4.0 2.0 0.667 1.16 1.188 1.38 1.39 

60 

5.0 2.5 0.667 1.42 1.231 1.75 1.80 
1.0 1.0 0.250 0.57 1.034 0.59 0.60 
1.0 2.0 0.167 0.70 1.036 0.73 0.73 
1.0 2.0 0.333 0.72 1.037 0.74 0.73 
2.0 1.0 0.333 0.64 1.085 0.69 0.70 
2.0 1.0 0.667 0.63 1.088 0.69 0.69 
2.0 2.0 0.500 0.79 1.089 0.87 0.85 
3.0 1.0 0.375 0.71 1.133 0.80 0.81 
3.6 3.6 0.500 1.27 1.167 1.49 1.45 
4.0 2.0 0.667 0.96 1.183 1.13 1.15 

70 

5.0 2.5 0.667 1.16 1.227 1.42 1.47 
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Appendix B:  Detailed 1H NMR Data 

 

 

 

 

This appendix archives all 1H NMR data collected by the procedure outline in 

Section 3.2.  Most data were included in the regression in Chapter 5, though some were 

discarded.  All loadings (α) are given in mol CO2/(mol K+ + mol PZ).  The original 

scans are available from Gary Rochelle at the University of Texas at Austin.   

B.1.  1H NMR Data 

Table B.1.  3.60 m K+/0.60 m PZ, α = 0.357 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

PZCOO- - - 
PZ 2.7189 416.30 

269.7 

PZ(COO-)2 - - - 
30 

PZCOO- ~3.3 ~4.0 1.0 
PZCOO- - - 

PZ 2.7174 415.59 
287.1 

PZ(COO-)2 - - - 
40 

PZCOO- ~3.3 ~4.0 1.0 
PZCOO- - - 

PZ 2.7152 412.66 
355.3 

PZ(COO-)2 - - - 
60 

PZCOO- ~3.29 ~3.0 1.0 

355
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Table B.2.  3.59 m K+/0.60 m PZ, α = 0.429 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.5685 2.04 
2.5756 1.49 PZCOO- 
2.5793 1.74 
2.5890 2.46 

1.36 

2.6172 206.63 32.96 PZ 
2.6565 2.77 0.59 

PZ(COO-)2 - - - 
3.1752 1.76 
3.1856 1.92 

27 

PZCOO- 
3.1958 1.70 

1.00 

2.6759 2.08 
2.6863 2.86 PZCOO- 
2.6965 2.51 

1.49 

2.7244 210.99 31.52 PZ 
2.7643 2.39 0.35 

PZ(COO-)2 - - - 
3.2782 1.93 
3.2887 1.99 

40 

PZCOO- 
3.2988 1.81 

1.00 

2.8361 2.49 
2.8431 1.56 PZCOO- 
2.8465 2.34 
2.8568 2.67 

1.13 

2.8834 210.35 22.30 PZ 
2.9227 2.98 0.42 

PZ(COO-)2 - - - 
3.4324 2.82 
3.4427 2.44 

60 

PZCOO- 
3.4530 2.24 

1.00 

2.9154 2.40 
2.9256 2.91 PZCOO- 
2.9360 2.82 

1.14 

2.9623 205.86 19.66 PZ 
3.0017 3.89 0.41 

PZ(COO-)2 - - - 
3.5086 2.56 
3.5190 2.41 

70 

PZCOO- 
3.5293 2.21 

1.00 
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Table B.3.  3.60 m K+/0.60 m PZ, α = 0.441 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.6807 7.74 
2.6909 8.64 PZCOO- 
2.7012 9.07 

1.061 

PZ 2.7367 208.62 7.386 
PZ(COO-)2 - - - 

3.2912 8.68 
3.3017 8.86 

30 

PZCOO- 
3.3118 7.93 

1.000 

2.6788 7.31 
2.6890 7.44 PZCOO- 
2.6995 7.97 

0.959 

PZ 2.7329 207.82 7.378 
PZ(COO-)2 - - - 

3.2856 8.83 
3.2961 8.15 

40 

PZCOO- 
3.3064 7.89 

1.000 

2.6759 6.19 
2.6863 7.40 PZCOO- 
2.6873 7.31 

1.083 

PZ 2.7263 206.56 7.400 
PZ(COO-)2 - - - 

3.2839 3.46 
3.2869 6.96 

60 

PZCOO- 
3.2972 6.75 

1.000 
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Table B.4.  3.60 m K+/0.61 m PZ, α = 0.486 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.5934 1.46 
2.6036 1.57 PZCOO- 
2.6140 1.52 

1.002 

PZ 2.6818 13.18 2.199 
PZ(COO-)2 3.1805 2.60 0.372 

3.1953 1.47 
3.2057 1.57 

27 

PZCOO- 
3.2159 1.39 

1.000 

2.6999 1.34 
2.7101 1.43 PZCOO- 
2.7105 1.45 

0.979 

PZ 2.7795 13.24 2.218 
PZ(COO-)2 3.2865 2.39 0.359 

3.2980 1.40 
3.3084 1.46 

40 

PZCOO- 
3.3186 1.33 

1.000 

2.8575 1.06 
2.8677 1.14 PZCOO- 
2.8782 1.13 

1.032 

PZ 2.9275 13.16 2.532 
PZ(COO-)2 3.4438 1.69 0.402 

3.4503 1.17 
3.4608 1.17 

60 

PZCOO- 
3.4711 1.03 

1.000 

2.9359 0.94 
2.9461 1.12 PZCOO- 
2.9565 1.03 

1.000 

PZ 3.0011 13.12 2.526 
PZ(COO-)2 3.5226 1.39 

3.5259 1.33 
3.5368 1.17 

70 

PZCOO- 
3.5470 0.92 

1.325 

 

358



 

233 

 

Table B.5.  3.59 m K+/0.61 m PZ, α = 0.515 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.6200 2.34 
2.6301 2.58 PZCOO- 
2.6406 2.48 

0.992 

PZ 2.7374 13.00 1.278 
PZ(COO-)2 3.1859 7.80 0.752 

3.2155 2.42 
3.2259 2.62 

27 

PZCOO- 
3.2361 2.23 

1.000 

2.7236 2.21 
2.7338 2.42 PZCOO- 
2.7443 2.34 

0.994 

PZ 2.8293 13.09 1.328 
PZ(COO-)2 3.2932 6.89 0.698 

3.3166 2.30 
3.3270 2.47 

40 

PZCOO- 
3.3373 2.15 

1.000 

2.8760 1.95 
2.8862 2.37 PZCOO- 
2.8966 2.08 

0.960 

PZ 2.9644 13.03 1.409 
PZ(COO-)2 3.4507 4.74 0.595 

3.4654 2.21 
3.4759 2.45 

60 

PZCOO- 
3.4860 1.94 

1.000 

2.9527 2.06 
2.9625 2.84 PZCOO- 
2.9728 2.28 

1.000 

PZ 3.0326 12.98 1.525 
PZ(COO-)2 3.5300 4.01 

3.5397 2.92 
3.5501 3.01 

70 

PZCOO- 
3.5604 2.06 

1.532 
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Table B.6.  3.56 m K+/0.61 m PZ, α = 0.554 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.7840 1.80 
2.7943 2.00 PZCOO- 
2.8048 1.92 

1.007 

PZ 2.9330 7.02 0.781 
PZ(COO-)2 3.2957 12.88 1.454 

3.3663 1.95 
3.3769 2.09 

27 

PZCOO- 
3.3872 1.82 

1.000 

2.7577 2.04 
2.7679 2.37 PZCOO- 
2.7784 2.19 

0.988 

PZ 2.8969 7.82 0.800 
PZ(COO-)2 3.2896 13.00 1.306 

3.3422 2.25 
3.3527 2.48 

40 

PZCOO- 
3.3630 2.08 

1.000 

2.7373 5.56 
PZCOO- 

2.7461 4.41 
4.68 

PZ 2.8425 10.42 4.32 
PZ(COO-)2 3.2822 12.95 

3.3137 4.91 

60 

PZCOO- 3.3228 5.95 
10.00 
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Table B.7.  3.58 m K+/0.60 m PZ, α = 0.601 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.7573 1.39 
2.7673 1.76 PZCOO- 
2.7779 1.45 

0.992 

PZ 2.8905 3.17 0.524 
PZ(COO-)2 3.1984 12.98 2.212 

3.3145 1.46 
3.3250 1.78 

27 

PZCOO- 
3.3351 1.36 

1.000 

2.8318 1.45 
2.8419 1.89 PZCOO- 
2.8523 1.52 

0.978 

PZ 2.9707 3.43 0.560 
PZ(COO-)2 3.3035 12.92 1.955 

3.3949 1.57 
3.4054 1.91 

40 

PZCOO- 
3.4155 1.40 

1.000 

PZCOO- 2.9635 4.11 0.961 
PZ 3.0843 3.94 0.643 

PZ(COO-)2 3.4643 12.85 1.578 
60 

PZCOO- 3.5316 4.25 1.000 
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Table B.8.  3.59 m K+/0.61 m PZ, α = 0.630 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.7986 1.16 
2.8088 1.50 PZCOO- 
2.8193 1.24 

0.987 

PZ 2.9131 2.32 0.431 
PZ(COO-)2 3.1978 13.06 2.517 

3.3426 1.25 
3.3531 1.52 

27 

PZCOO- 
3.3633 1.15 

1.000 

2.8687 1.28 
2.8788 1.79 PZCOO- 
2.8889 1.38 

0.992 

PZ 2.9982 2.40 0.501 
PZ(COO-)2 3.3046 13.13 2.328 

3.4205 1.43 
3.4307 1.81 

40 

PZCOO- 
3.4408 1.26 

1.00 

PZCOO- 2.9912 3.82 0.928 
PZ 3.1134 2.75 0.567 

PZ(COO-)2 3.4662 12.88 1.907 
60 

PZCOO- 3.5496 4.08 1.000 
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Table B.9.  3.59 m K+/1.81 m PZ, α = 0.433 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.5735 1.79 
2.5832 2.03 PZCOO- 
2.5938 1.50 

10.00 

PZ 2.6491 12.98 24.81 
PZ(COO-)2 3.1683 2.20 3.59 

3.1683 2.20 
3.1805 1.84 

27 

PZCOO- 
3.1907 2.02 

9.77 

2.6911 1.41 
2.7013 1.45 PZCOO- 
2.7117 1.48 

10.00 

PZ 2.7612 13.05 25.07 
PZ(COO-)2 3.2846 2.37 3.36 

3.2938 1.45 
3.3043 1.48 

40 

PZCOO- 
3.3145 1.36 

10.11 

2.8633 1.23 
2.8735 1.41 PZCOO- 
2.8840 1.33 

10.00 

PZ 2.9270 13.12 25.27 
PZ(COO-)2 3.4547 1.77 

3.4602 1.43 
3.4707 1.44 

60 

PZCOO- 
3.4809 1.22 

13.15 
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Table B.10.  3.44 m K+/1.85 m PZ, α = 0.618 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.7340 2.35 
2.7441 3.13 PZCOO- 
2.7545 2.61 

9.79 

PZ 2.8721 7.18 7.30 
PZ(COO-)2 3.2045 13.07 15.06 

3.3024 2.50 
3.3129 3.15 

30 

PZCOO- 
3.3229 2.44 

10.00 

2.8148 2.66 
2.8240 3.95 PZCOO- 
2.8333 3.17 

9.64 

PZ 2.9512 7.22 7.47 
PZ(COO-)2 3.2952 13.09 14.24 

3.3836 2.98 
3.3929 4.00 

40 

PZCOO- 
3.4022 2.90 

10.00 

PZCOO- 2.9861 7.20 9.85 
PZ 3.1042 7.25 8.61 

PZ(COO-)2 3.4810 13.03 13.74 
60 

PZCOO- 3.5499 8.01 10.00 
 

Table B.11.  3.46 m K+/1.86 m PZ, α = 0.694 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

PZCOO- 
PZ 

2.9546 12.80 13.04 

PZ(COO-)2 3.1363 8.07 9.02 
30 

PZCOO- 3.4258 11.19 10.00 
PZCOO- 

PZ 
3.0392 12.82 13.73 

PZ(COO-)2 3.2229 5.05 8.92 
40 

PZCOO- 3.5045 7.98 10.00 
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Table B.12.  3.60 m K+/3.58 m PZ, α = 0.376 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.6914 1.56 
2.7017 1.71 PZCOO- 
2.7121 1.66 

10.00 

PZ 2.7532 13.03 32.20 
PZ(COO-)2 3.2913 1.84 2.30 

3.3000 1.60 
3.3104 1.73 

40 

PZCOO- 
3.3206 1.53 

9.87 

2.8774 1.34 
2.8876 1.55 PZCOO- 
2.8980 1.48 

10.00 

PZ 2.9361 13.18 32.52 
PZ(COO-)2 3.4743 1.43 

3.4798 1.50 
3.4903 1.57 

60 

PZCOO- 
3.5005 1.32 

12.15 

 

Table B.13.  3.57 m K+/3.58 m PZ, α = 0.499 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.5837 2.65 
2.5939 2.92 PZCOO- 
2.6044 2.66 

10.00 

PZ 2.6946 12.92 14.57 
PZ(COO-)2 3.1575 6.60 6.43 

3.1874 2.69 
3.1978 2.95 

27 

PZCOO- 
3.2080 2.49 

10.17 

2.7126 2.55 
2.7229 2.91 PZCOO- 
2.7333 2.59 

10.00 

PZ 2.8177 13.10 14.65 
PZ(COO-)2 3.2850 6.04 6.57 

3.3122 2.66 
3.3226 2.99 

40 

PZCOO- 
3.3328 2.44 

10.24 

PZCOO- 2.9064 4.28 10.00 
PZ 2.9923 12.86 14.78 

PZ(COO-)2 3.4670 4.67 
60 

PZCOO- 3.4991 4.58 16.33 
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Table B.14.  3.59 m K+/3.61 m PZ, α = 0.600 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.6794 2.79 
2.6886 3.40 PZCOO- 
2.6989 2.33 

10.08 

PZ 2.7948 6.84 8.37 
PZ(COO-)2 3.0914 9.21 12.92 

3.2313 2.89 
3.2409 3.37 

27 

PZCOO- 
3.2508 2.24 

10.08 

PZCOO- 2.7987 4.06 10.00 
PZ 2.9061 7.81 8.90 

PZ(COO-)2 3.2075 9.18 12.56 
40 

PZCOO- 3.3495 4.12 10.48 
 

Table B.15.  3.60 m K+/3.60 m PZ, α = 0.646 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.6168 2.93 
2.6263 3.36 PZCOO- 
2.6371 2.33 

10.00 

PZ 2.7579 9.10 10.61 
PZ(COO-)2 3.1243 8.11 10.18 

3.1996 2.98 
3.2097 3.32 

27 

PZCOO- 
3.2198 2.24 

10.05 

2.7353 2.36 
2.7454 3.06 PZCOO- 
2.7557 2.47 

10.00 

PZ 2.8718 9.05 10.61 
PZ(COO-)2 3.2441 7.52 10.01 

3.3151 2.47 
3.3254 3.10 

40 

PZCOO- 
3.3355 2.36 

10.27 

PZCOO- 2.9243 6.01 10.00 
PZ 3.0401 9.07 11.81 

PZ(COO-)2 3.4250 6.86 60 

PZCOO- 3.4920 6.58 20.19 
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Table B.16.  5.00 m K+/2.50 m PZ, α = 0.433 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.4226 4.35 
2.4328 8.40 PZCOO- 
2.4428 4.68 

11.71 

PZ 2.5290 128.63 76.31 
PZ(COO-)2 2.9939 3.00 1.49 

3.0251 4.55 
3.0351 8.20 

30 

PZCOO- 
3.0451 4.24 

10.50 

2.4232 6.58 
2.4331 12.66 PZCOO- 
2.4429 7.84 

14.29 

PZ 2.5157 149.53 69.47 
PZ(COO-)2 3.0022 5.79 2.62 

3.0249 6.62 
3.0348 12.52 

40 

PZCOO- 
3.0446 6.94 

13.62 

2.4289 10.14 
2.4391 17.26 PZCOO- 
2.4492 9.91 

20.28 

PZ 2.4881 120.13 53.55 
PZ(COO-)2 3.0243 15.52 

3.0296 10.56 
3.0398 17.00 

60 

PZCOO- 
3.0499 9.04 

26.17 
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Table B.17.  4.99 m K+/2.51 m PZ, α = 0.467 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.4821 13.58 
2.4923 25.97 PZCOO- 
2.5024 16.01 

23.22 

PZ 2.5628 127.54 43.93 
PZ(COO-)2 3.0739 32.02 10.95 

3.0885 13.08 
3.0987 25.13 

30 

PZCOO- 
3.1087 14.00 

21.90 

2.4821 13.19 
2.4922 25.75 PZCOO- 
2.5023 16.49 

23.19 

PZ 2.5579 126.08 43.62 
PZ(COO-)2 3.0738 30.37 10.70 

3.0856 13.42 
3.0963 24.36 

40 

PZCOO- 
3.1060 14.79 

22.48 

2.4818 16.28 
2.4921 28.74 PZCOO- 
2.5023 15.53 

23.34 

PZ 2.5487 136.76 42.76 
PZ(COO-)2 3.0735 35.09 

3.0809 17.35 
3.0911 28.51 

60 

PZCOO- 
3.1013 14.26 

33.90 
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Table B.18.  4.98 m K+/2.50 m PZ, α = 0.534 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.5137 21.68 
2.5240 37.22 PZCOO- 
2.5342 23.55 

25.44 

PZ 2.6314 126.98 27.93 
PZ(COO-)2 3.0769 95.72 21.97 

3.1111 23.40 
3.1213 36.72 

30 

PZCOO- 
3.1314 21.49 

24.66 

2.5138 24.47 
2.5240 46.42 PZCOO- 
2.5341 28.49 

25.65 

PZ 2.6234 145.13 27.22 
PZ(COO-)2 3.0807 109.50 22.50 

3.1098 26.82 
3.1198 46.08 

40 

PZCOO- 
3.1298 26.58 

24.63 

PZCOO- 2.5236 62.34 25.44 
PZ 2.6069 124.83 26.53 

PZ(COO-)2 3.0862 95.69 23.03 
60 

PZCOO- 3.1151 61.45 25.00 
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Table B.19.  4.98 m K+/2.50 m PZ, α = 0.600 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.5851 15.09 
2.5954 27.55 PZCOO- 
2.6056 16.58 

22.97 

PZ 2.7241 53.53 14.96 
PZ(COO-)2 3.0876 127.60 39.32 

3.1633 16.35 
3.1735 27.17 

30 

PZCOO- 
3.1837 15.00 

22.76 

2.5853 18.80 
2.5952 34.02 PZCOO- 
2.6052 20.20 

23.13 

PZ 2.7206 144.81 15.04 
PZ(COO-)2 3.0954 60.42 38.71 

3.1633 20.25 
3.1733 34.32 

40 

PZCOO- 
3.1830 17.60 

23.13 

PZCOO- 2.5958 14.24 23.37 
PZ 2.7109 10.03 16.84 

PZ(COO-)2 3.1079 9.07 36.67 
60 

PZCOO- 3.1696 14.07 23.12 
 

Table B.20.  4.64 m K+/2.50 m PZ, α = 0.650 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

PZCOO-   18.88 
PZ - - 10.0 

PZ(COO-)2 - - 38.80 
27 

PZCOO- - - 19.11 
PZCOO- - - 17.53 

PZ - - 10.00 
PZ(COO-)2 - - 35.18 

40 

PZCOO - - 18.35 
PZCOO - - 13.94 

PZ - - 10.00 
PZ(COO-)2 - - 27.37 

60 

PZCOO- - - 14.54 
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Table B.21.  6.18 m K+/1.23 m PZ, α = 0.570 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.7870 1.83 
2.7972 2.21 PZCOO- 
2.8077 1.91 

9.82 

PZ 2.9324 5.95 6.82 
PZ(COO-)2 3.2865 13.00 16.06 

3.3658 2.01 
3.3764 2.28 

27 

PZCOO- 
3.3866 1.83 

10.00 

2.7504 1.74 
2.7606 2.15 PZCOO- 
2.7710 1.79 

9.62 

PZ 2.8868 4.26 5.65 
PZ(COO-)2 3.2812 13.00 17.67 

3.3344 1.89 
3.3448 2.21 

40 

PZCOO- 
3.3550 1.70 

10.00 

PZCOO- 2.7279 3.55 9.52 
PZ 2.8315 3.80 5.96 

PZ(COO-)2 3.2727 13.09 15.50 
3.3043 3.33 

60 

PZCOO- 3.3123 3.80 10.00 
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Table B.22.  6.20 m K+/1.81 m PZ, α = 0.527 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

PZCOO- - - 6.73 
PZ - - 10.00 

PZ(COO-)2 - - 4.21 
40 

PZCOO- - - 6.76 
PZCOO- - - 10.00 

PZ - - 6.40 
PZ(COO-)2 - - 15.69 

60 

PZCOO- - - 10.54 
 

Table B.23.  6.20 m K+/1.81 m PZ, α = 0.667 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.6150 1.51 
2.6248 1.75 PZCOO- 
2.6354 1.24 

10.00 

PZ 2.7548 3.01 5.59 
PZ(COO-)2 3.1289 9.17 19.28 

3.1960 1.55 
3.2062 1.76 

27 

PZCOO- 
3.2164 1.17 

10.09 

2.7030 1.25 
2.7132 1.48 PZCOO- 
2.7237 1.29 

10.00 

PZ 2.8349 3.12 5.82 
PZ(COO-)2 3.2304 9.17 18.16 

3.2843 1.31 
3.2947 1.50 

40 

PZCOO- 
3.3050 1.22 

10.23 

PZCOO- 2.8460 2.60 10.00 
PZ 2.9510 2.66 6.40 

PZ(COO-)2 3.3805 9.07 15.69 
60 

PZCOO- 3.4258 2.76 10.54 
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B.2.  Samples Not Used 

Table B.24.  3.56 m K+/0.61 m PZ, α = 0.554, 100% D2O 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.7024 1.37 
2.7126 1.63 PZCOO- 
2.7231 1.43 

0.988 

PZ 2.8469 4.65 0.715 
PZ(COO-)2 3.2059 12.57 1.499 

3.2784 1.69 
3.2889 1.79 

27 

PZCOO- 
3.2992 1.57 

1.000 

2.8021 1.75 
2.8123 2.16 PZCOO- 
2.8228 1.85 

0.980 

PZ 2.9383 5.97 0.778 
PZ(COO-)2 3.3240 12.70 1.317 

3.3799 2.09 
3.3903 2.34 

40 

PZCOO- 
3.4006 1.96 

1.000 

PZCOO- 2.9636 5.52 0.935 
PZ 3.0687 9.22 0.864 

PZ(COO-)2 3.4989 12.55 60 

PZCOO- 3.5426 5.96 2.000 

 

Table B.25.  3.33 m K/0.57 m PZ, α = 0.699 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.9865 1.14 
2.9966 1.65 PZCOO- 
3.0068 1.28 

0.998 

PZ 3.0512 1.87 0.409 
PZ(COO-)2 3.3007 13.00 2.435 

3.5040 1.29 
3.5144 1.71 

27 

PZCOO- 
3.5245 1.20 

1.000 

PZCOO- 2.8787 4.04 
PZ 2.9768 3.07 

4.83 

PZ(COO-)2 3.2904 12.97 
60 

PZCOO- 3.3920 4.71 10.00 
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Table B.26.  5.72 m K+/0.56 m PZ, α = 0.526 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

2.6440 2.26 
2.6542 2.80 PZCOO- 
2.6647 2.45 

9.77 

PZ 2.7732 8.10 7.89 
PZ(COO-)2 3.1961 13.05 12.49 

3.2328 2.54 
3.2431 2.90 

40 

PZCOO- 
3.2534 2.35 

10.00 

2.7734 2.85 
2.7836 3.57 PZCOO- 
2.7940 3.04 

10.00 

PZ 2.8751 10.21 9.01 
PZ(COO-)2 3.3428 13.00 

3.3613 3.30 
3.3718 3.72 

60 

PZCOO- 
3.3820 2.91 

21.05 

PZCOO- 2.9056 5.37 
PZ 2.9735 8.93 

10.86 

PZ(COO-)2 
80 

PZCOO- 3.4761 12.83 10.00 

 

Table B.27.  5.83 m K+/0.57 m PZ, α = 0.697 

T (oC) Species Chem Shift 
(ppm) Intensity Peak Area 

PZCOO- 2.8974 1.34 
PZ 2.9616 0.61 

13.48 

PZ(COO-)2 3.2174 12.63 37.66 40 

PZCOO- 3.4164 1.35 10.00 
PZCOO- 

PZ 
2.9838 1.97 10.00 

PZ(COO-)2 3.3696 13.05 
60 

PZCOO- 3.4954 2.21 32.83 
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B.3.  Example Spectra 

 
Figure B.1.  1H NMR Spectrum of 3.6 m K+/0.6 m PZ, a = 0.600, T = 27oC 
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Figure B.2.  1H NMR Spectrum of 3.6 m K+/0.6 m PZ, a = 0.600, T = 40oC 
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Figure B.3.  1H NMR Spectrum of 3.6 m K+/0.6 m PZ, a = 0.600, T = 60oC 
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Appendix C:  Detailed Wetted-Wall Column Data 

 

 

 

 

This appendix presents the detailed results of the wetted-wall column 

experiments used to calculate the equilibrium partial pressure and the absorption rate of 

CO2 in K+/PZ mixtures.  An asterisk indicates points that were used for modeling the 

absorption rate; these points typically have a moderate driving force and CO2 removal.  

The temperature is an average of the inlet and outlet liquid temperatures; ΔT across the 

column was typically no more than 1 to 3oC.  A predicted loading is also presented, 

indicating the loading required for the ENRTL model to match the measured PCO2* 

exactly.  The predicted flux is based on rigorous rate model calculations with the 

predicted loading, relying on the measured partial pressure driving force to eliminate 

errors associated with loading and thermodynamic estimates. 
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Table C.1.  Experimental Results for Wetted-Wall Column 

 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
2.5 m K+/2.5 m PZ 
* 60.0 0.262 0.309 2.26 0.83 180 1 70.8 56.5 2.86 2.76 
 59.4 0.262 0.309 2.13 0.84 122 1 77.7 60.1 2.01 1.79 
 59.9 0.262 0.309 2.15 0.84 99 1 81.1 61.9 1.72 1.46 
 60.4 0.262 0.308 2.14 0.83 36 1 95.5 67.3 0.71 0.52 
 60.2 0.262 0.308 2.15 0.83 16 1 111.9 71.7 0.35 0.22 
 59.7 0.262 0.309 2.12 0.83 8 1 137.4 76.0 0.20 0.10 
* 59.6 0.416 0.337 3.61 0.84 7532 7 54.1 44.5 146.77 146.32 
* 60.8 0.416 0.335 3.58 0.82 11613 7 50.9 42.2 211.52 221.02 
* 59.7 0.416 0.336 3.53 0.78 15406 7 47.9 39.9 260.22 280.87 
* 59.9 0.416 0.336 3.57 0.78 19267 7 45.5 38.0 312.85 344.50 
* 59.8 0.416 0.336 3.59 0.78 13581 7 44.7 37.9 217.54 252.73 
* 59.7 0.416 0.336 3.55 0.78 9962 7 45.9 39.2 162.54 188.48 
* 60.3 0.416 0.336 3.45 0.77 2497 7 56.0 46.1 48.14 48.14 
* 60.3 0.416 0.336 3.46 0.77 4023 7 52.3 43.7 72.78 78.01 
* 60.5 0.416 0.335 3.48 0.78 5249 7 49.6 41.9 90.45 101.61 
* 60.2 0.416 0.336 3.44 0.80 1540 7 50.2 42.5 26.49 30.12 
 59.0 0.416 0.337 3.49 0.79 0 7 16.9 <-100 -0.04 -0.04 
* 60.4 0.416 0.335 3.46 0.79 575 7 58.2 47.0 11.42 11.28 
* 60.0 0.416 0.336 3.46 0.79 1186 7 52.8 43.9 21.49 23.26 
* 60.1 0.416 0.336 3.46 0.80 1689 7 50.0 42.2 29.14 33.11 
 60.1 0.416 0.336 3.45 0.80 10 7 72.8 <-100 -2.77 0.06 
 60.1 0.416 0.336 3.46 0.80 1115 7 53.7 44.4 20.57 21.88 
* 59.8 0.371 0.390 3.50 0.83 2081 79 61.3 47.7 42.98 38.07 
* 60.3 0.371 0.389 3.49 0.83 8625 79 55.4 44.6 165.45 155.54 
* 60.0 0.371 0.390 3.48 0.83 6575 79 56.9 45.6 128.72 119.54 
* 60.0 0.371 0.390 3.49 0.83 821 79 59.5 44.7 15.43 14.23 
* 60.0 0.371 0.390 3.52 0.82 3826 79 60.1 47.4 79.24 70.67 
* 60.1 0.500 0.513 2.70 0.86 2256 919 63.7 34.6 22.97 18.98 
* 60.3 0.500 0.512 2.69 0.85 1218 919 65.4 16.5 5.26 4.28 
* 59.7 0.500 0.515 2.99 0.84 4499 919 54.8 38.4 58.78 51.96 
* 61.2 0.500 0.506 2.96 0.84 12387 919 44.9 36.4 152.52 155.41 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
* 60.3 0.500 0.511 2.96 0.86 21099 919 34.1 29.3 203.67 248.33 
* 61.0 0.500 0.507 2.95 0.85 18654 919 32.4 28.1 169.37 169.40 
* 101.1 0.371 0.372 3.82 1.23 2048 319 75.0 49.4 49.53 42.48 
* 100.5 0.371 0.372 3.83 1.23 5296 319 70.1 50.4 133.47 118.98 
* 100.9 0.371 0.372 3.72 1.22 8836 319 68.5 50.2 217.21 194.24 
* 100.1 0.371 0.373 3.73 1.22 12312 319 62.4 47.1 278.93 263.46 
* 99.8 0.371 0.373 3.78 1.22 3302 319 66.2 47.4 74.76 71.61 
 100.0 0.371 0.373 3.76 1.22 23 319 76.2 < -100 -8.47 -7.28 
* 100.0 0.425 0.430 3.74 1.12 744 1833 32.8 -68.4 -13.36 -21.41 
 98.2 0.425 0.432 3.62 1.09 2020 1833 41.0 4.0 2.78 3.50 
* 98.8 0.425 0.432 3.58 1.10 3048 1833 40.0 15.8 17.40 22.33 
* 101.1 0.425 0.429 3.74 1.12 3867 1833 26.5 13.9 20.14 38.06 
 100.3 0.425 0.430 3.76 1.10 2554 1833 23.0 6.7 6.24 13.76 
* 100.2 0.425 0.430 3.78 1.11 4478 1833 31.3 17.9 31.26 48.95 
* 110.8 0.415 0.396 4.20 1.30 1955 894 73.2 34.3 32.62 26.29 
* 110.9 0.415 0.396 4.17 1.32 6522 894 62.8 43.2 147.20 130.44 
* 110.0 0.415 0.396 4.75 1.30 7482 894 54.1 39.0 169.49 158.74 
* 109.7 0.415 0.396 4.81 1.30 4459 894 52.9 35.7 90.70 91.05 
* 109.6 0.415 0.397 4.55 1.30 3319 894 50.8 32.3 56.10 61.34 
* 109.5 0.415 0.397 4.62 1.30 47 894 60.3 < -100 -23.59 -22.69 
* 110.2 0.425 0.447 4.06 1.18 3118 3714 45.0 -9.5 -10.90 -9.89 
 110.6 0.425 0.447 4.19 1.17 4331 3714 10.9 1.6 2.80 10.15 
* 109.1 0.425 0.448 4.17 1.17 1741 3714 30.7 -44.6 -25.26 -34.25 
* 109.6 0.425 0.447 4.12 1.17 2353 3714 26.4 -17.6 -14.80 -23.10 
* 109.5 0.425 0.448 4.09 1.17 1130 3714 30.8 <-100 -32.56 -45.23 
* 109.8 0.425 0.447 4.06 1.17 5257 3714 39.3 11.4 24.59 24.23 
3.6 m K+/0.6 m PZ 
* 38.7 0.553 0.558 2.00 0.75 127 64 39.6 20.6 0.50 0.51 
* 41.0 0.553 0.553 2.34 0.77 298 64 39.6 30.2 2.17 2.10 
* 41.7 0.553 0.551 2.07 0.77 453 64 35.9 30.0 2.89 3.35 
* 40.8 0.553 0.553 2.01 0.77 243 64 31.9 24.0 1.15 1.50 
* 39.7 0.553 0.556 2.02 0.76 1 64 35.8 < -100 -0.45 -0.52 
 39.7 0.553 0.556 2.01 0.76 76 64 20.4 3.8 0.05 0.10 
* 39.8 0.698 0.698 3.26 0.77 11 1636 13.8 < -100 -7.31 -8.86 
* 39.8 0.698 0.698 3.18 0.77 12085 1636 11.6 10.1 38.57 44.44 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
* 40.4 0.698 0.696 3.33 0.78 17730 1636 11.9 10.7 63.88 63.25 
* 40.2 0.698 0.697 3.30 0.78 5559 1636 15.4 11.1 19.97 19.27 
* 40.3 0.698 0.696 3.28 0.77 2751 1636 11.3 4.9 4.13 5.80 
 58.8 0.373 0.430 2.28 0.92 30 0 92.9 66.5 0.64 0.38 
 59.0 0.373 0.430 2.29 0.92 93 0 75.2 58.6 1.60 1.20 
* 59.2 0.373 0.430 2.54 0.92 267 0 61.2 50.5 4.15 3.66 
* 59.3 0.373 0.430 2.57 0.92 309 0 61.3 50.5 4.85 4.26 
* 59.5 0.373 0.430 2.55 0.92 180 0 59.7 50.0 2.73 2.48 
* 59.6 0.441 0.459 2.34 0.95 22 4 47.3 35.9 0.20 0.23 
* 59.6 0.441 0.459 2.29 0.96 43 4 49.6 40.3 0.44 0.49 
* 59.9 0.441 0.458 2.34 0.95 82 4 50.1 42.0 0.92 0.99 
* 59.9 0.441 0.458 2.35 0.94 123 4 49.2 41.8 1.37 1.52 
* 59.8 0.441 0.459 2.35 0.94 163 4 48.6 41.6 1.82 2.03 
* 59.9 0.553 0.565 1.63 0.96 187 280 47.4 -32.6 -0.71 -0.80 
* 59.2 0.553 0.567 2.05 0.95 549 280 43.1 21.8 2.38 2.57 
 59.3 0.553 0.566 1.91 0.95 291 280 5.7 0.3 0.01 0.10 
* 59.4 0.553 0.566 1.91 0.95 457 280 43.8 18.1 1.49 1.64 
* 59.3 0.553 0.567 1.74 0.95 6 280 39.5 < -100 -1.87 -2.43 
* 58.0 0.698 0.692 2.86 0.93 30 3539 17.4 < -100 -17.44 -22.95 
* 58.5 0.698 0.691 2.84 0.94 6796 3539 23.1 11.3 21.31 18.78 
* 57.7 0.698 0.693 3.31 0.93 18846 3539 11.1 9.0 56.26 70.78 
 57.7 0.698 0.693 3.37 0.93 2997 3539 46.6 -9.6 -8.50 -3.42 
* 57.8 0.698 0.693 3.88 0.93 10481 3539 12.6 8.5 33.86 38.42 
* 79.1 0.553 0.555 2.06 1.08 428 502 55.4 -11.7 -0.84 -0.83 
 78.5 0.553 0.556 2.03 1.08 525 502 7.4 0.4 0.04 0.26 
* 79.5 0.553 0.554 2.67 1.08 462 502 59.2 -6.1 -0.63 -0.51 
* 79.7 0.553 0.554 2.61 1.08 279 502 50.2 -59.4 -2.93 -2.87 
* 78.2 0.553 0.556 3.34 1.04 4347 502 41.6 32.9 53.50 51.62 
* 79.4 0.553 0.554 3.37 1.08 13274 502 37.3 31.7 160.51 155.55 
* 79.7 0.553 0.554 3.58 1.06 21725 502 28.6 25.2 217.69 232.66 
 79.8 0.553 0.553 3.52 1.06 21 502 91.4 < -100 -15.47 -7.13 
* 77.1 0.698 0.711 3.33 1.11 82 10197 17.7 < -100 -59.57 -67.11 
* 79.1 0.698 0.707 3.36 1.13 17936 10197 15.9 6.9 41.43 37.49 
* 78.8 0.698 0.708 3.39 1.13 6159 10197 19.6 -14.9 -26.88 -24.35 
 78.3 0.698 0.709 3.37 1.13 11911 10197 19.8 3.0 11.43 9.21 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
* 78.5 0.698 0.708 3.43 1.15 3427 10197 19.6 -52.4 -45.57 -43.37 
* 99.3 0.557 0.561 3.95 1.27 949 1069 34.3 -4.8 -1.63 -2.06 
* 99.6 0.557 0.561 3.89 1.27 1772 1069 35.6 14.1 9.73 11.92 
* 99.8 0.557 0.560 3.91 1.28 2495 1069 35.9 19.8 20.05 24.09 
* 99.7 0.557 0.560 3.97 1.27 1406 1069 31.9 7.9 4.26 5.79 
* 99.7 0.557 0.560 3.96 1.27 560 1069 33.7 -39.0 -6.79 -8.88 
* 101.2 0.643 0.639 4.10 1.20 2252 5374 22.4 -39.9 -28.68 -36.19 
* 101.1 0.643 0.639 4.11 1.22 3501 5374 23.1 -14.2 -17.79 -21.20 
* 101.1 0.643 0.639 5.05 1.21 4681 5374 24.8 -4.9 -8.69 -8.01 
* 101.0 0.643 0.639 3.72 1.22 7613 5374 27.8 8.3 23.15 22.72 
* 101.0 0.643 0.639 3.94 1.22 11697 5374 24.4 12.9 60.67 60.17 
* 100.4 0.643 0.640 3.92 1.22 15016 5374 24.2 15.0 91.45 85.76 
* 100.6 0.643 0.640 3.95 1.21 13128 5374 21.3 12.3 65.39 71.36 
* 101.5 0.699 0.692 3.81 1.23 10294 14341 16.3 -7.0 -25.10 -26.68 
 100.3 0.699 0.694 3.86 1.23 15892 14341 24.4 2.5 14.64 9.15 
* 100.0 0.699 0.694 3.96 1.24 18886 14341 14.8 3.6 26.56 25.67 
* 100.7 0.699 0.693 4.02 1.23 24569 14341 15.2 6.2 62.42 53.07 
 100.6 0.699 0.693 3.97 1.24 19875 14341 8.6 2.4 18.83 31.05 
* 100.6 0.699 0.693 3.95 1.24 12063 14341 19.5 -4.0 -17.53 -14.47 
* 109.1 0.557 0.573 3.66 1.41 1332 1693 34.2 -10.6 -4.53 -6.05 
* 108.2 0.557 0.573 3.69 1.41 3899 1693 33.9 18.6 27.62 35.74 
* 108.4 0.557 0.573 3.74 1.41 2533 1693 34.9 11.7 10.95 13.98 
* 108.5 0.557 0.573 3.73 1.41 2014 1693 35.4 5.9 4.24 5.39 
* 109.5 0.557 0.572 3.67 1.42 754 1693 36.4 -63.4 -12.54 -16.03 
* 111.7 0.557 0.571 3.62 1.44 3109 1693 28.9 13.2 14.80 23.68 
* 109.6 0.643 0.642 4.86 1.29 13862 6797 20.9 10.2 71.70 68.30 
* 109.0 0.643 0.643 4.95 1.28 11439 6797 24.3 9.5 55.76 46.75 
 109.0 0.643 0.643 4.91 1.28 8295 6797 13.4 2.5 9.84 16.07 
* 109.2 0.643 0.643 4.97 1.28 4406 6797 17.3 -10.3 -20.60 -28.04 
* 109.2 0.643 0.643 4.91 1.27 9084 6797 21.0 5.3 23.56 24.07 
* 109.3 0.643 0.643 4.95 1.28 3252 6797 18.3 -23.2 -32.18 -42.66 
 110.5 0.699 0.708 3.86 1.34 26156 22998 20.2 2.5 24.60 14.99 
 110.3 0.699 0.708 3.86 1.34 20309 22998 18.1 -2.5 -18.80 -13.70 
 110.2 0.699 0.708 3.88 1.34 27986 22998 16.5 2.9 31.94 23.19 
 110.4 0.699 0.708 3.84 1.34 24182 22998 4.3 0.2 1.96 5.81 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
* 110.2 0.699 0.709 3.84 1.33 18545 22998 14.9 -3.8 -25.54 -23.34 
* 110.4 0.699 0.708 3.86 1.34 14760 22998 10.9 -6.7 -34.80 -45.81 
3.6 m K+/1.8 m PZ 
* 41.3 0.610 0.563 3.33 0.66 4401 157 32.3 28.7 45.64 49.08 
* 41.7 0.610 0.561 3.34 0.66 13843 157 27.1 24.7 124.10 141.77 
* 41.2 0.610 0.563 3.30 0.67 3 157 32.6 < -100 -1.65 -1.87 
* 41.5 0.610 0.562 3.31 0.67 9196 157 28.8 26.2 86.18 98.76 
* 41.5 0.610 0.562 3.35 0.67 6738 157 29.7 26.9 65.56 74.43 
* 60.3 0.610 0.610 3.09 0.81 9499 1544 42.5 31.8 104.36 81.95 
* 61.7 0.610 0.605 3.07 0.82 4933 1544 36.4 23.8 37.81 38.08 
* 61.6 0.610 0.605 3.04 0.82 27 1544 36.3 < -100 -16.74 -18.07 
* 63.0 0.610 0.600 3.30 0.84 13565 1544 37.9 30.0 150.20 126.57 
* 59.1 0.735 0.727 3.03 0.77 94 12829 16.1 < -100 -62.16 -66.90 
* 59.4 0.735 0.726 3.03 0.77 25739 12829 14.5 7.2 56.68 43.10 
 59.1 0.735 0.727 2.95 0.76 12034 12829 -24.1 1.7 5.66 -3.24 
* 58.8 0.735 0.728 2.94 0.76 19702 12829 12.8 4.6 25.91 24.62 
* 59.2 0.735 0.727 2.96 0.76 29217 12829 14.3 7.9 69.48 51.39 
* 59.1 0.761 0.787 3.15 0.77 20819 36714 7.6 -6.3 -38.17 -31.95 
 59.3 0.761 0.786 3.14 0.76 34830 36714 5.3 -0.3 -3.11 -3.10 
 59.4 0.761 0.785 3.11 0.77 46321 36714 2.1 0.4 6.32 14.38 
 58.9 0.761 0.788 3.00 0.76 53645 36714 4.6 1.4 23.20 23.14 
 59.2 0.761 0.786 2.84 0.76 60056 36714 8.2 3.0 54.30 30.24 
* 78.9 0.610 0.623 3.25 1.00 14758 5590 31.7 18.8 94.65 83.40 
 79.1 0.610 0.622 3.25 1.00 5382 5590 51.2 -2.2 -3.46 -2.11 
* 79.0 0.610 0.622 3.22 1.00 10218 5590 28.9 13.1 43.18 44.97 
* 79.6 0.610 0.621 3.17 1.00 76 5590 29.9 < -100 -52.27 -62.23 
* 79.4 0.610 0.621 3.27 1.00 7744 5590 30.7 8.8 21.61 21.91 
3.6 m K+/3.6 m PZ 
* 40.1 0.560 0.579 2.78 0.58 2247 371 52.5 38.6 27.35 20.51 
* 40.1 0.560 0.579 2.77 0.58 1005 371 38.7 23.9 6.80 7.02 
* 40.5 0.560 0.575 2.74 0.59 4967 371 47.9 38.7 60.45 49.26 
* 40.9 0.560 0.571 2.77 0.59 16183 371 38.2 33.1 167.54 153.76 
* 41.1 0.560 0.570 2.74 0.59 10636 371 41.4 35.3 116.36 105.86 
* 42.0 0.684 0.681 2.55 0.60 8814 1711 34.7 26.3 63.00 47.05 
* 41.0 0.684 0.687 2.56 0.59 2636 1711 41.9 15.0 9.93 6.46 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
* 41.2 0.684 0.686 2.60 0.60 1146 1711 43.5 -27.4 -6.38 -4.08 
* 40.3 0.684 0.690 2.95 0.58 19567 1711 19.7 17.2 103.62 96.90 
* 40.8 0.684 0.688 2.97 0.59 13620 1711 22.5 19.0 79.55 72.21 
 58.4 0.500 0.421 2.17 0.72 216 201 35.3 2.8 0.11 0.20 
* 58.0 0.500 0.422 2.16 0.72 237 201 68.5 11.5 0.53 0.48 
* 58.2 0.500 0.421 2.10 0.72 146 201 60.4 -30.7 -0.70 -0.72 
* 59.4 0.500 0.418 2.18 0.73 371 201 60.1 27.4 2.23 2.29 
* 59.0 0.500 0.419 2.17 0.73 460 201 60.7 32.6 3.42 3.46 
* 59.2 0.500 0.418 2.16 0.72 420 201 59.3 30.1 2.80 2.93 
* 60.8 0.560 0.506 2.70 0.75 5084 1209 57.8 38.7 60.45 51.65 
* 60.5 0.560 0.508 2.72 0.75 1444 1209 59.3 10.3 3.79 3.23 
* 61.0 0.560 0.505 2.64 0.75 2542 1209 58.5 29.1 20.58 17.92 
* 60.6 0.560 0.507 2.69 0.75 10696 1209 48.4 37.5 123.46 120.87 
* 60.2 0.560 0.510 2.67 0.75 16249 1209 47.5 37.8 191.02 182.37 
* 60.4 0.560 0.509 2.70 0.75 13336 1209 48.3 38.0 158.34 151.39 
 59.2 0.652 0.674 2.86 0.74 5979 6869 22.8 -3.8 -5.81 -6.72 
 59.6 0.652 0.672 2.88 0.74 8872 6869 20.7 5.0 11.97 14.85 
 59.6 0.652 0.672 2.88 0.74 7411 6869 25.7 2.0 4.03 4.14 
* 60.4 0.652 0.667 2.96 0.75 14372 6869 20.1 10.7 44.72 53.28 
* 60.5 0.652 0.666 2.96 0.74 20047 6869 20.7 13.4 80.66 86.82 
* 60.8 0.652 0.665 2.94 0.74 17416 6869 18.5 11.2 57.27 72.42 
 77.7 0.554 0.545 2.64 0.88 6676 7323 27.7 -3.0 -4.73 -6.85 
* 78.0 0.554 0.543 2.63 0.89 3615 7323 30.7 -42.1 -29.92 -40.88 
* 79.5 0.554 0.534 2.64 0.89 12730 7323 30.2 13.0 43.06 54.94 
* 79.1 0.554 0.536 2.63 0.89 18628 7323 34.1 19.9 101.38 108.42 
* 78.9 0.554 0.538 2.83 0.88 15024 7323 23.6 12.3 51.55 77.88 
* 79.1 0.684 0.679 2.92 0.86 10461 34574 11.9 -34.7 -84.23 -123.45 
* 79.1 0.684 0.679 2.88 0.85 19868 34574 13.0 -10.7 -55.14 -66.87 
 79.2 0.684 0.678 3.66 0.87 29142 34574 18.6 -4.7 -37.03 -23.41 
 79.7 0.684 0.675 2.95 0.87 37965 34574 17.8 1.6 17.77 13.37 
* 79.7 0.684 0.675 2.88 0.87 50856 34574 13.8 4.3 64.68 57.12 
4.8 m K+/0.6 m PZ 
* 41.1 0.717 0.716 3.33 0.69 4946 2453 15.6 8.1 12.93 10.15 
* 41.0 0.717 0.716 3.31 0.68 10222 2453 11.1 8.6 28.69 28.12 
 39.9 0.717 0.720 3.41 0.69 2845 2453 15.2 2.2 2.03 1.63 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
* 39.9 0.717 0.720 3.35 0.68 15393 2453 8.8 7.5 38.15 41.38 
* 39.6 0.717 0.721 3.44 0.67 20106 2453 7.4 6.5 45.16 51.30 
 60.1 0.717 0.718 3.22 0.84 5392 6212 6.6 -1.1 -1.74 -3.79 
* 60.1 0.717 0.718 3.18 0.84 16190 6212 12.9 8.0 40.90 36.97 
* 60.3 0.717 0.717 3.20 0.84 3365 6212 17.9 -17.9 -16.30 -13.92 
* 60.8 0.717 0.716 3.20 0.85 10709 6212 15.5 6.7 22.28 18.93 
* 60.7 0.717 0.717 3.33 0.83 20680 6212 11.5 8.0 55.21 49.49 
* 60.1 0.717 0.718 3.24 0.84 83 6212 14.3 < -100 -28.48 -32.31 
 77.7 0.717 0.728 3.51 0.99 10296 14161 6.7 -2.7 -9.04 -16.55 
 79.0 0.717 0.725 3.48 1.01 20234 14161 11.4 3.5 24.17 22.09 
 78.9 0.717 0.725 3.46 1.00 15556 14161 3.2 0.3 1.55 5.57 
* 79.1 0.717 0.725 3.47 1.00 3600 14161 14.2 -57.2 -52.05 -53.68 
* 79.6 0.717 0.724 3.44 1.02 22806 14161 13.2 5.0 39.27 30.53 
5.0 m K+/2.5 m PZ 
* 40.0 0.570 0.564 3.18 0.64 3336 136 32.0 28.8 32.54 34.24 
* 39.8 0.570 0.565 3.16 0.64 1403 136 39.1 32.5 15.66 13.71 
* 40.3 0.570 0.562 3.16 0.65 831 136 45.6 34.7 10.02 7.65 
* 40.0 0.570 0.564 3.17 0.64 2015 136 34.5 30.1 20.54 20.33 
* 40.0 0.570 0.564 3.17 0.64 2551 136 32.6 29.0 24.99 26.00 
 39.9 0.570 0.564 3.21 0.64 514 136 56.6 37.2 6.89 4.16 
* 40.0 0.570 0.564 2.45 0.65 63 136 32.4 -56.0 -0.58 -0.73 
* 40.4 0.570 0.562 2.48 0.64 194 136 35.2 11.5 0.50 0.59 
 40.2 0.570 0.563 2.47 0.64 150 136 30.5 3.3 0.11 0.14 
* 40.3 0.570 0.562 2.46 0.64 111 136 38.6 -10.9 -0.24 -0.25 
* 39.0 0.680 0.692 2.82 0.64 20488 1840 20.9 18.2 109.99 84.44 
* 38.8 0.680 0.693 2.83 0.64 14244 1840 24.6 20.5 86.35 60.39 
* 39.8 0.680 0.689 2.82 0.64 17679 1840 19.9 17.4 88.92 76.04 
* 39.2 0.680 0.691 2.83 0.66 5353 1840 31.8 20.5 31.62 19.59 
 39.7 0.680 0.690 2.86 0.67 1935 1840 31.5 1.7 0.85 0.57 
* 41.9 0.716 0.710 3.02 0.64 8251 3331 17.9 11.0 26.58 23.83 
* 42.1 0.716 0.709 3.00 0.64 5398 3331 19.5 7.9 12.06 10.49 
* 42.5 0.716 0.708 2.97 0.62 2541 3331 20.1 -7.1 -4.70 -4.21 
* 39.8 0.716 0.717 2.96 0.61 17398 3331 14.0 11.3 58.24 55.19 
* 37.9 0.716 0.724 2.95 0.60 23696 3331 11.5 9.8 69.10 68.99 
* 59.1 0.445 0.449 1.92 0.75 187 45 65.2 44.5 1.78 1.69 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
* 60.2 0.445 0.446 1.88 0.76 114 45 61.9 36.2 0.81 0.82 
* 60.4 0.445 0.446 1.92 0.74 138 45 63.9 40.4 1.14 1.12 
 60.8 0.445 0.445 1.91 0.74 44 45 40.0 -1.5 -0.01 -0.01 
* 60.5 0.445 0.445 1.89 0.75 27 45 50.0 -52.4 -0.17 -0.21 
* 61.5 0.445 0.443 1.89 0.75 22 45 71.6 -134.8 -0.31 -0.28 
* 59.6 0.472 0.454 2.96 0.81 3675 56 61.5 49.0 65.89 54.21 
* 59.5 0.472 0.454 2.95 0.81 1850 56 63.0 49.5 33.33 27.00 
* 59.6 0.472 0.454 2.98 0.81 6455 56 58.5 47.2 111.43 95.04 
* 59.9 0.472 0.454 2.99 0.81 8292 56 57.3 46.4 141.29 121.93 
* 60.6 0.472 0.452 2.97 0.82 4314 56 60.6 48.5 76.68 64.36 
* 60.5 0.472 0.452 2.96 0.81 2438 56 62.5 49.4 44.02 36.18 
* 61.9 0.595 0.606 2.63 0.81 7699 1642 46.2 33.0 73.55 60.61 
* 60.3 0.595 0.611 3.02 0.80 4349 1642 42.0 25.1 34.32 28.42 
* 60.3 0.595 0.611 3.02 0.80 10878 1642 37.3 29.2 104.06 90.78 
* 60.3 0.595 0.611 3.01 0.81 2579 1642 35.9 13.5 10.12 10.02 
* 60.4 0.595 0.611 3.03 0.80 13045 1642 35.9 28.8 124.02 109.93 
* 60.1 0.595 0.612 3.05 0.80 7683 1642 38.7 28.4 71.29 61.25 
* 59.3 0.602 0.619 3.04 0.78 1452 1778 24.4 -6.3 -2.42 -3.38 
* 60.4 0.602 0.615 3.01 0.78 4343 1778 32.4 19.1 25.04 26.37 
* 59.3 0.602 0.619 3.03 0.77 914 1778 34.9 -44.4 -9.12 -9.00 
* 59.6 0.602 0.618 3.02 0.78 6620 1778 32.6 23.1 47.70 47.83 
* 59.9 0.602 0.617 3.05 0.77 10681 1778 31.3 24.7 84.99 84.82 
* 60.8 0.602 0.614 3.04 0.78 8456 1778 29.3 22.3 59.48 66.45 
* 59.5 0.652 0.660 2.95 0.79 16845 4081 24.6 18.1 92.50 86.37 
* 59.8 0.652 0.659 3.03 0.79 21243 4081 30.8 23.1 160.11 111.49 
* 60.4 0.652 0.657 2.98 0.77 26130 4081 25.1 20.0 165.11 135.31 
* 59.5 0.652 0.660 2.96 0.80 2866 4081 29.8 -15.1 -10.71 -9.86 
* 59.1 0.652 0.662 2.97 0.79 5562 4081 32.2 9.0 14.19 11.46 
* 59.8 0.652 0.659 2.98 0.79 13720 4081 28.4 19.3 81.46 68.41 
 59.4 0.703 0.701 3.14 0.74 11394 9467 7.0 1.3 4.25 9.84 
 59.3 0.703 0.701 3.17 0.73 8381 9467 7.5 -1.1 -2.57 -5.79 
 59.3 0.703 0.701 3.10 0.75 14135 9467 10.8 3.7 15.66 22.85 
* 59.0 0.703 0.702 2.83 0.76 21772 9467 14.2 8.2 49.52 53.69 
* 59.2 0.703 0.702 3.11 0.76 25674 9467 12.1 7.6 60.98 68.33 
* 58.9 0.703 0.702 3.12 0.77 27982 9467 11.3 7.4 65.00 75.85 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
 79.3 0.689 0.688 2.67 0.93 28494 25715 24.6 2.3 18.28 10.74 
 79.5 0.689 0.687 2.69 0.93 31356 25715 20.1 3.4 30.55 21.19 
* 80.3 0.689 0.685 2.69 0.94 34614 25715 18.3 4.3 43.63 32.57 
* 79.5 0.689 0.687 2.67 0.94 19559 25715 24.6 -7.9 -40.47 -26.23 
 80.2 0.689 0.685 2.69 0.95 22398 25715 24.5 -3.6 -21.86 -13.81 
* 77.9 0.716 0.699 2.94 0.92 22940 30461 18.5 -6.6 -40.90 -27.71 
* 77.1 0.716 0.701 3.34 0.90 25521 30461 14.3 -2.9 -23.49 -17.41 
 78.4 0.716 0.698 3.36 0.91 30803 30461 8.5 0.1 0.97 1.15 
 78.0 0.716 0.699 3.38 0.90 33079 30461 22.2 1.8 19.67 8.64 
 78.4 0.716 0.698 3.47 0.91 34712 30461 21.5 2.6 31.83 13.97 
* 101.0 0.521 0.495 3.67 1.01 8560 1059 55.6 40.6 152.86 144.38 
* 101.1 0.521 0.494 3.65 1.01 14974 1059 48.4 37.6 245.98 245.98 
* 100.4 0.521 0.495 3.59 1.00 10429 1059 47.9 36.8 161.35 175.00 
* 99.5 0.521 0.496 3.59 1.00 5227 1059 51.5 35.8 77.07 80.40 
* 99.9 0.521 0.496 3.62 1.01 50 1059 50.5 < -100 -18.46 -20.33 
* 100.1 0.521 0.496 3.58 1.00 2752 1059 51.0 28.9 30.91 33.29 
* 99.5 0.515 0.497 3.55 1.10 2014 1071 62.7 27.5 20.98 18.66 
* 99.5 0.515 0.497 3.11 1.10 4485 1071 65.3 41.9 69.33 61.83 
* 100.2 0.515 0.496 3.08 1.12 7243 1071 60.4 43.0 114.79 110.27 
* 100.6 0.515 0.496 3.15 1.10 242 1071 66.2 < -100 -17.30 -15.58 
* 100.7 0.515 0.495 3.10 1.11 7705 1071 60.5 43.1 124.19 118.82 
* 100.1 0.515 0.496 3.13 1.07 3627 1071 59.6 36.8 47.66 46.68 
* 101.4 0.579 0.569 3.81 1.04 1423 4535 36.7 < -100 -43.49 -48.63 
* 101.2 0.579 0.569 3.82 1.05 3431 4535 31.8 -11.6 -13.40 -16.89 
 100.9 0.579 0.569 3.81 1.05 4429 4535 44.2 -1.1 -1.78 -1.59 
* 100.3 0.579 0.570 3.73 1.06 5348 4535 30.5 4.8 9.25 12.03 
* 100.2 0.579 0.570 3.81 1.06 5913 4535 35.0 8.3 18.36 20.44 
 100.8 0.579 0.570 3.81 1.06 4010 4535 23.2 -3.3 -4.64 -7.92 
* 100.0 0.579 0.571 3.58 1.06 14000 4611 40.9 25.2 137.53 122.69 
* 100.5 0.579 0.571 3.50 1.04 9824 4611 38.6 19.7 70.49 70.73 
 99.9 0.579 0.572 3.49 1.03 4277 4611 -36.6 3.0 4.26 -4.78 
* 99.9 0.579 0.572 3.46 1.03 7487 4611 41.8 15.9 41.63 39.59 
* 100.4 0.579 0.571 3.51 1.05 2884 4611 55.0 -43.2 -33.34 -25.40 
* 100.6 0.579 0.571 3.45 1.06 11937 4611 36.5 21.2 92.29 97.12 
* 100.3 0.612 0.620 3.73 1.02 9900 13153 21.4 -7.6 -26.05 -28.47 
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 T 
(oC) 

Loading, 
Meas. 

Loading, 
Pred. 

kg x 109 
(kmol/Pa

-m2-s) 

kl
o x 104 
(m/s) 

PCO2,b 
(Pa) 

PCO2* 
(Pa) 

KG/kg 
(%) 

CO2 
Removal 

(%) 

NCO2 x 107 
Measured 

(kmol/m2-s) 

NCO2 x 107 
Predicted 

(kmol/m2-s) 
 100.6 0.612 0.619 3.86 1.03 12406 13153 -8.6 0.5 2.49 -6.27 
 100.9 0.612 0.619 3.92 1.04 16285 13153 17.1 3.0 21.04 25.73 
* 100.4 0.612 0.620 3.87 1.02 6305 13153 21.1 -26.4 -56.04 -64.30 
* 100.8 0.612 0.619 3.82 1.03 7619 13153 20.4 -16.3 -43.01 -51.04 
* 100.2 0.612 0.620 3.83 1.05 3076 13153 21.5 -104.6 -82.88 -100.50 
 109.8 0.521 0.532 3.78 1.08 3515 2658 83.8 19.7 27.15 15.88 
* 110.4 0.521 0.532 3.73 1.08 11380 2658 45.9 30.9 149.25 148.76 
* 110.7 0.521 0.531 3.81 1.09 16375 2658 43.1 31.3 225.44 224.79 
* 110.5 0.521 0.531 3.86 1.07 6760 2658 37.9 21.6 59.89 74.37 
* 110.2 0.521 0.532 3.86 1.08 110 2658 48.6 < -100 -47.86 -49.43 
* 110.5 0.570 0.573 3.94 1.12 2766 5869 38.7 -58.8 -47.36 -47.76 
* 110.8 0.570 0.573 4.46 1.13 3836 5869 32.6 -19.9 -29.55 -32.42 
* 110.0 0.570 0.573 4.42 1.12 4478 5869 31.2 -10.7 -19.18 -21.72 
 110.2 0.570 0.573 4.44 1.12 5419 5869 31.0 -2.7 -6.21 -6.85 
* 110.1 0.570 0.573 4.43 1.12 4781 5869 30.4 -7.6 -14.67 -16.90 
* 110.0 0.570 0.573 4.41 1.12 3338 5869 29.4 -26.5 -32.74 -40.21 
* 109.9 0.612 0.619 4.62 1.09 11906 16300 16.1 -6.3 -32.60 -37.14 
 110.2 0.612 0.619 4.36 1.10 15970 16300 15.2 -0.3 -2.18 -2.42 
* 110.7 0.612 0.618 4.39 1.09 20809 16300 18.5 4.0 36.58 32.88 
* 110.5 0.612 0.618 4.62 1.09 8256 16300 20.2 -22.8 -75.15 -72.75 
* 110.2 0.612 0.619 4.54 1.09 4426 16300 20.0 -76.1 -107.69 -114.71 
* 110.1 0.612 0.619 4.54 1.09 5802 16300 17.7 -40.1 -84.60 -98.79 
6.2 m K+/1.2 m PZ 
 59.2 0.700 0.707 2.97 0.78 6918 6014 33.0 4.6 8.84 4.62 
* 60.4 0.700 0.705 3.10 0.79 20286 6014 14.3 10.0 63.25 61.25 
* 61.0 0.700 0.703 2.98 0.80 3590 6014 19.7 -15.5 -14.23 -13.57 
 61.3 0.700 0.703 2.88 0.80 13520 6014 17.8 10.0 38.58 36.02 
* 61.0 0.700 0.703 2.90 0.80 54 6014 19.2 < -100 -33.07 -35.20 
* 61.4 0.700 0.702 2.90 0.80 24400 6014 16.5 12.1 87.65 75.69 
6.2 m K+/1.8 m PZ 
* 62.4 0.565 0.542 2.68 0.68 5182 216 49.2 40.8 65.43 59.33 
* 61.8 0.565 0.544 2.66 0.67 10858 216 42.4 36.6 119.99 120.46 
* 62.4 0.565 0.542 2.66 0.68 2478 216 50.1 40.1 30.19 27.45 
* 61.5 0.565 0.545 2.62 0.67 1129 216 58.3 41.1 13.91 10.96 
* 62.0 0.565 0.543 2.42 0.67 8749 216 46.3 39.5 95.83 94.53 
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Appendix D:  Tabulated Model Predictions 

 

 

 

 

D.1.  PCO2* and Speciation Predictions 

This section presents ENRTL model predictions of bulk solution equilibrium as 

determined from 1H NMR and PCO2* experiments outlined in Chapter 5.  The data 

represent model results given the nominal solution conditions listed in the captions.  

The equilibrium partial pressure is reported in Pa and the liquid concentrations are 

given in mol/kg-H2O (m).  Loading is given in mol CO2/(mol K+ + mol PZ). 
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Table D.1.  Speciation in 1.8 m PZ at 40oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.00 0.0 1.782 0.017 0.001 0.000 0.000 0.000 0.001 1.41E-02 
0.10 1.2 1.455 0.205 0.132 0.006 0.003 0.007 0.029 1.35E-03 
0.20 6.4 1.143 0.372 0.240 0.028 0.018 0.017 0.039 5.98E-04 
0.30 20.2 0.869 0.513 0.303 0.072 0.045 0.032 0.044 3.35E-04 
0.40 50.7 0.631 0.627 0.324 0.139 0.081 0.050 0.045 2.05E-04 
0.50 118.3 0.427 0.715 0.309 0.231 0.121 0.075 0.044 1.29E-04 
0.60 285.9 0.257 0.776 0.265 0.347 0.159 0.112 0.041 7.81E-05 
0.70 805.7 0.127 0.806 0.196 0.493 0.184 0.172 0.035 4.24E-05 
0.80 3031.0 0.046 0.804 0.115 0.668 0.177 0.284 0.026 1.87E-05 
0.90 16376.8 0.011 0.786 0.046 0.856 0.116 0.482 0.013 5.89E-06 
1.00 154136.3 0.001 0.781 0.008 1.002 0.029 0.708 0.003 9.29E-07 

 

Table D.2.  Speciation in 1.8 m PZ at 60oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.00 0.0 1.780 0.019 0.001 0.000 0.000 0.000 0.001 1.65E-02 
0.10 7.4 1.459 0.202 0.130 0.005 0.004 0.012 0.025 1.73E-03 
0.20 41.2 1.155 0.369 0.233 0.024 0.020 0.030 0.032 7.48E-04 
0.30 129.8 0.887 0.512 0.290 0.063 0.050 0.054 0.034 4.07E-04 
0.40 325.2 0.654 0.632 0.307 0.124 0.087 0.083 0.034 2.45E-04 
0.50 745.8 0.453 0.728 0.291 0.206 0.125 0.122 0.032 1.52E-04 
0.60 1727.4 0.284 0.802 0.249 0.311 0.159 0.175 0.029 9.25E-05 
0.70 4447.8 0.152 0.850 0.188 0.439 0.179 0.255 0.025 5.20E-05 
0.80 14087.6 0.063 0.876 0.116 0.589 0.168 0.389 0.018 2.49E-05 
0.90 59101.3 0.019 0.891 0.052 0.745 0.112 0.595 0.010 9.08E-06 
1.00 334328.1 0.004 0.906 0.014 0.862 0.040 0.806 0.003 2.20E-06 
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Table D.3.  Speciation in 1.8 m PZ at 80oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.00 0.0 1.778 0.020 0.001 0.000 0.000 0.000 0.001 1.80E-02 
0.10 35.0 1.465 0.195 0.132 0.004 0.005 0.017 0.017 2.03E-03 
0.20 195.0 1.167 0.360 0.230 0.021 0.023 0.043 0.021 8.52E-04 
0.30 615.8 0.904 0.506 0.282 0.056 0.053 0.074 0.021 4.53E-04 
0.40 1541.6 0.675 0.631 0.295 0.111 0.091 0.113 0.020 2.67E-04 
0.50 3503.0 0.477 0.735 0.278 0.186 0.129 0.161 0.019 1.64E-04 
0.60 7900.9 0.309 0.818 0.238 0.282 0.160 0.226 0.017 9.97E-05 
0.70 19192.6 0.174 0.880 0.182 0.398 0.176 0.319 0.014 5.72E-05 
0.80 54331.5 0.080 0.924 0.117 0.531 0.163 0.460 0.010 2.89E-05 
0.90 185870.3 0.029 0.956 0.058 0.663 0.114 0.657 0.006 1.21E-05 
1.00 674122.6 0.009 0.979 0.023 0.759 0.056 0.838 0.003 4.32E-06 

 

Table D.4.  Speciation in 1.8 m PZ at 110oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.00 0.2 1.777 0.021 0.001 0.000 0.000 0.000 0.000 1.91E-02 
0.10 216.0 1.468 0.185 0.138 0.004 0.005 0.021 0.006 2.27E-03 
0.20 1221.5 1.174 0.350 0.233 0.018 0.025 0.051 0.008 9.16E-04 
0.30 3941.3 0.915 0.500 0.281 0.048 0.058 0.087 0.007 4.69E-04 
0.40 10054.8 0.689 0.630 0.290 0.098 0.097 0.131 0.007 2.68E-04 
0.50 23079.9 0.492 0.740 0.271 0.167 0.136 0.185 0.006 1.60E-04 
0.60 51744.6 0.325 0.829 0.231 0.255 0.166 0.255 0.005 9.67E-05 
0.70 120834.3 0.192 0.899 0.179 0.361 0.180 0.350 0.004 5.62E-05 
0.80 303187.8 0.099 0.949 0.122 0.475 0.170 0.481 0.003 3.06E-05 
0.90 766628.7 0.048 0.983 0.075 0.578 0.136 0.632 0.002 1.61E-05 
1.00 1698848.3 0.025 1.005 0.046 0.651 0.098 0.760 0.002 8.99E-06 
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Table D.5.  Speciation in 3.6 m K+/0.6 m PZ at 40oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.45 0.2 0.471 0.005 0.160 0.001 0.006 0.025 1.819 9.18E-03 
0.50 8.7 0.231 0.014 0.306 0.012 0.080 0.140 1.620 1.43E-03 
0.55 54.1 0.101 0.020 0.294 0.032 0.195 0.322 1.423 5.32E-04 
0.60 217.8 0.040 0.022 0.232 0.055 0.293 0.588 1.226 2.44E-04 
0.65 677.0 0.017 0.023 0.174 0.079 0.351 0.935 1.030 1.26E-04 
0.70 1736.1 0.008 0.026 0.132 0.107 0.373 1.331 0.838 7.04E-05 
0.75 3959.0 0.005 0.030 0.102 0.143 0.370 1.755 0.656 4.11E-05 
0.80 8533.5 0.003 0.038 0.078 0.191 0.343 2.196 0.487 2.40E-05 
0.85 18267.4 0.002 0.049 0.057 0.256 0.292 2.650 0.336 1.37E-05 
0.90 41220.3 0.001 0.063 0.038 0.340 0.217 3.113 0.208 7.18E-06 
0.95 112728.1 0.000 0.080 0.020 0.441 0.122 3.576 0.101 3.05E-06 

 

Table D.6.  Speciation in 3.6 m K+/0.6 m PZ at 60oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.45 1.8 0.490 0.002 0.142 0.001 0.008 0.045 1.813 1.26E-02 
0.50 39.0 0.281 0.007 0.267 0.006 0.081 0.197 1.608 2.52E-03 
0.55 189.6 0.152 0.011 0.276 0.017 0.187 0.397 1.399 1.06E-03 
0.60 635.2 0.076 0.013 0.239 0.029 0.286 0.658 1.192 5.31E-04 
0.65 1792.1 0.037 0.016 0.193 0.043 0.355 0.987 0.987 2.86E-04 
0.70 4476.3 0.020 0.018 0.154 0.062 0.393 1.368 0.785 1.60E-04 
0.75 10376.4 0.011 0.023 0.124 0.087 0.404 1.781 0.593 9.11E-05 
0.80 23462.1 0.007 0.031 0.098 0.127 0.389 2.214 0.417 5.07E-05 
0.85 53914.7 0.004 0.043 0.074 0.190 0.343 2.660 0.267 2.68E-05 
0.90 130304.5 0.002 0.061 0.051 0.283 0.262 3.112 0.154 1.32E-05 
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Table D.7.  Speciation in 3.6 m K+/0.6 m PZ at 80oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.40 0.0 0.629 0.000 0.016 0.000 0.000 0.005 1.779 2.75E-01 
0.45 6.9 0.503 0.001 0.129 0.000 0.010 0.064 1.804 2.06E-02 
0.50 109.4 0.318 0.003 0.237 0.003 0.082 0.237 1.599 4.88E-03 
0.55 465.8 0.191 0.005 0.254 0.008 0.186 0.448 1.384 2.19E-03 
0.60 1421.0 0.106 0.006 0.231 0.013 0.286 0.704 1.169 1.15E-03 
0.65 3797.0 0.057 0.008 0.195 0.020 0.364 1.021 0.955 6.31E-04 
0.70 9379.0 0.032 0.010 0.161 0.030 0.414 1.389 0.745 3.53E-04 
0.75 22358.4 0.019 0.013 0.133 0.045 0.440 1.792 0.540 1.94E-04 
0.80 54560.2 0.011 0.019 0.109 0.072 0.440 2.217 0.350 9.99E-05 
0.85 143351.9 0.007 0.031 0.085 0.128 0.403 2.653 0.196 4.63E-05 

 

Table D.8.  Speciation in 3.6 m K+/0.6 m PZ at 110oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.40 0.7 0.614 0.000 0.031 0.000 0.001 0.014 1.754 3.00E-01 
0.45 26.7 0.503 0.000 0.124 0.000 0.016 0.087 1.776 4.87E-02 
0.50 274.2 0.339 0.001 0.209 0.001 0.093 0.259 1.586 1.44E-02 
0.55 1050.1 0.212 0.001 0.226 0.002 0.202 0.464 1.370 6.84E-03 
0.60 3049.0 0.122 0.001 0.207 0.003 0.309 0.710 1.152 3.67E-03 
0.65 8022.9 0.067 0.002 0.176 0.005 0.394 1.016 0.933 2.03E-03 
0.70 20072.2 0.037 0.002 0.146 0.008 0.453 1.376 0.714 1.12E-03 
0.75 49998.9 0.022 0.003 0.121 0.012 0.490 1.774 0.498 5.93E-04 
0.80 137208.6 0.013 0.005 0.102 0.022 0.507 2.192 0.289 2.73E-04 
0.85 490629.7 0.009 0.012 0.085 0.055 0.492 2.603 0.119 9.35E-05 
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Table D.9.  Speciation in 3.6 m K+/1.8 m PZ at 40oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.40 0.9 1.176 0.017 0.626 0.004 0.023 0.044 1.497 4.41E-03 
0.45 10.0 0.833 0.042 0.818 0.026 0.123 0.132 1.267 1.20E-03 
0.50 39.7 0.577 0.074 0.844 0.066 0.277 0.235 1.062 5.45E-04 
0.55 110.8 0.370 0.111 0.783 0.125 0.448 0.348 0.881 2.93E-04 
0.60 284.6 0.206 0.148 0.667 0.202 0.613 0.493 0.719 1.63E-04 
0.65 762.7 0.096 0.177 0.522 0.304 0.739 0.709 0.575 8.82E-05 
0.70 2111.6 0.040 0.199 0.380 0.433 0.791 1.031 0.450 4.68E-05 
0.75 5478.6 0.017 0.219 0.269 0.590 0.759 1.452 0.348 2.57E-05 
0.80 12823.5 0.008 0.241 0.186 0.769 0.664 1.939 0.265 1.48E-05 
0.85 28022.5 0.004 0.265 0.124 0.961 0.528 2.467 0.195 8.72E-06 
0.90 61693.9 0.002 0.292 0.076 1.161 0.368 3.021 0.131 4.90E-06 
0.95 160115.3 0.001 0.319 0.037 1.359 0.198 3.582 0.070 2.27E-06 

 

Table D.10.  Speciation in 3.6 m K+/1.8 m PZ at 60oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.35 0.1 1.628 0.002 0.223 0.000 0.001 0.010 1.714 5.36E-02 
0.40 6.6 1.218 0.010 0.585 0.003 0.032 0.079 1.489 6.00E-03 
0.45 55.3 0.911 0.024 0.754 0.016 0.139 0.205 1.239 1.89E-03 
0.50 198.3 0.673 0.043 0.791 0.039 0.294 0.341 1.004 8.89E-04 
0.55 527.3 0.471 0.070 0.755 0.074 0.468 0.481 0.789 4.78E-04 
0.60 1283.3 0.299 0.105 0.670 0.126 0.637 0.640 0.600 2.64E-04 
0.65 3174.5 0.167 0.145 0.552 0.203 0.770 0.849 0.443 1.43E-04 
0.70 8188.8 0.082 0.186 0.424 0.316 0.835 1.145 0.320 7.55E-05 
0.75 20705.5 0.039 0.224 0.310 0.468 0.812 1.540 0.232 4.05E-05 
0.80 48393.9 0.019 0.259 0.219 0.652 0.717 2.007 0.169 2.28E-05 
0.85 105636.6 0.010 0.290 0.149 0.857 0.575 2.518 0.121 1.33E-05 
0.90 229124.0 0.005 0.320 0.094 1.071 0.408 3.049 0.081 7.54E-06 
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Table D.11.  Speciation in 3.6 m K+/1.8 m PZ at 80oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.35 0.6 1.621 0.001 0.230 0.000 0.002 0.018 1.697 6.93E-02 
0.40 25.2 1.253 0.005 0.549 0.002 0.039 0.111 1.479 9.86E-03 
0.45 174.1 0.970 0.011 0.704 0.008 0.151 0.261 1.218 3.41E-03 
0.50 587.9 0.744 0.021 0.747 0.019 0.310 0.416 0.962 1.64E-03 
0.55 1554.9 0.546 0.036 0.728 0.037 0.491 0.571 0.718 8.65E-04 
0.60 3900.5 0.372 0.061 0.664 0.068 0.672 0.736 0.498 4.51E-04 
0.65 10232.4 0.227 0.101 0.565 0.124 0.821 0.936 0.319 2.21E-04 
0.70 28243.8 0.122 0.155 0.444 0.224 0.897 1.211 0.198 1.04E-04 
0.75 75327.9 0.062 0.209 0.328 0.376 0.876 1.582 0.128 5.16E-05 
0.80 181141.6 0.032 0.254 0.235 0.568 0.776 2.028 0.088 2.78E-05 
0.85 396139.4 0.017 0.291 0.163 0.780 0.629 2.512 0.062 1.61E-05 

 

Table D.12.  Speciation in 3.6 m K+/1.8 m PZ at 110oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.35 3.7 1.640 0.000 0.273 0.000 0.005 0.032 1.702 1.25E-01 
0.40 79.6 1.317 0.001 0.540 0.001 0.054 0.140 1.510 2.59E-02 
0.45 451.2 1.044 0.003 0.677 0.002 0.182 0.296 1.239 9.91E-03 
0.50 1421.1 0.813 0.005 0.719 0.005 0.361 0.452 0.961 4.91E-03 
0.55 3731.7 0.607 0.010 0.706 0.010 0.567 0.603 0.685 2.55E-03 
0.60 10177.4 0.423 0.019 0.652 0.020 0.782 0.760 0.420 1.20E-03 
0.65 36056.7 0.264 0.045 0.563 0.050 0.973 0.947 0.192 4.30E-04 
0.70 157384.9 0.144 0.109 0.439 0.146 1.061 1.207 0.073 1.27E-04 
0.75 521187.6 0.075 0.180 0.320 0.313 1.023 1.565 0.038 5.05E-05 
0.80 1306073.9 0.041 0.229 0.233 0.509 0.912 1.976 0.024 2.64E-05 
0.85 2725772.3 0.024 0.260 0.173 0.706 0.774 2.384 0.018 1.62E-05 
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Table D.13.  Speciation in 5.0 m K+/2.5 m PZ at 40oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.40 0.6 1.634 0.010 0.920 0.004 0.029 0.049 2.082 5.94E-03 
0.45 8.5 1.146 0.029 1.203 0.031 0.178 0.163 1.736 1.42E-03 
0.50 36.2 0.792 0.056 1.231 0.084 0.414 0.295 1.425 6.11E-04 
0.55 104.2 0.503 0.095 1.134 0.161 0.680 0.434 1.152 3.16E-04 
0.60 275.2 0.272 0.139 0.955 0.267 0.937 0.609 0.917 1.70E-04 
0.65 782.0 0.117 0.178 0.731 0.410 1.137 0.884 0.714 8.82E-05 
0.70 2361.1 0.044 0.207 0.517 0.601 1.216 1.326 0.547 4.44E-05 
0.75 6534.2 0.017 0.233 0.357 0.839 1.160 1.924 0.419 2.36E-05 
0.80 15738.7 0.008 0.261 0.245 1.113 1.007 2.622 0.320 1.35E-05 
0.85 34589.5 0.004 0.291 0.164 1.410 0.795 3.382 0.238 8.03E-06 
0.90 75831.9 0.002 0.324 0.100 1.721 0.550 4.184 0.162 4.59E-06 
0.95 197670.6 0.001 0.357 0.049 2.032 0.291 5.006 0.087 2.15E-06 

 

Table D.14.  Speciation in 5.0 m K+/2.5 m PZ at 60oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.35 0.1 2.282 0.001 0.329 0.000 0.001 0.010 2.400 7.92E-02 
0.40 5.2 1.691 0.006 0.856 0.004 0.043 0.093 2.077 7.50E-03 
0.45 50.6 1.256 0.016 1.093 0.020 0.205 0.257 1.713 2.17E-03 
0.50 189.1 0.923 0.032 1.133 0.049 0.445 0.429 1.368 9.86E-04 
0.55 516.6 0.638 0.057 1.069 0.095 0.716 0.601 1.050 5.13E-04 
0.60 1302.8 0.395 0.096 0.936 0.164 0.980 0.792 0.771 2.72E-04 
0.65 3431.3 0.207 0.146 0.754 0.274 1.193 1.054 0.546 1.39E-04 
0.70 9696.4 0.093 0.197 0.561 0.443 1.290 1.457 0.380 6.89E-05 
0.75 26459.9 0.040 0.244 0.398 0.678 1.243 2.019 0.271 3.54E-05 
0.80 64085.2 0.019 0.285 0.278 0.963 1.086 2.695 0.198 1.98E-05 
0.85 140992.7 0.009 0.323 0.188 1.279 0.863 3.436 0.145 1.16E-05 
0.90 305352.0 0.005 0.357 0.118 1.609 0.606 4.212 0.099 6.72E-06 
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Table D.15.  Speciation in 5.0 m K+/2.5 m PZ at 80oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.35 0.4 2.275 0.001 0.336 0.000 0.002 0.019 2.383 9.61E-02 
0.40 22.1 1.741 0.003 0.799 0.002 0.056 0.136 2.070 1.17E-02 
0.45 167.7 1.340 0.007 1.008 0.010 0.227 0.330 1.695 3.84E-03 
0.50 578.5 1.019 0.015 1.053 0.024 0.472 0.525 1.326 1.81E-03 
0.55 1553.3 0.738 0.028 1.011 0.046 0.753 0.711 0.973 9.32E-04 
0.60 4035.8 0.488 0.054 0.907 0.086 1.037 0.907 0.651 4.65E-04 
0.65 11473.5 0.281 0.100 0.751 0.165 1.273 1.154 0.391 2.11E-04 
0.70 35549.7 0.138 0.167 0.570 0.319 1.386 1.524 0.227 9.10E-05 
0.75 103675.0 0.064 0.233 0.407 0.558 1.338 2.056 0.143 4.26E-05 
0.80 259400.7 0.031 0.285 0.286 0.855 1.170 2.707 0.099 2.28E-05 
0.85 573646.4 0.016 0.324 0.197 1.182 0.938 3.417 0.072 1.34E-05 

 

Table D.16.  Speciation in 5.0 m K+/2.5 m PZ at 110oC 

Loading PCO2* (Pa) PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3
- CO3

2- OH- 

0.35 2.8 2.232 0.000 0.376 0.000 0.005 0.035 2.320 1.59E-01 
0.40 76.7 1.777 0.001 0.747 0.001 0.076 0.170 2.050 2.92E-02 
0.45 455.7 1.401 0.002 0.921 0.003 0.266 0.366 1.676 1.09E-02 
0.50 1433.8 1.083 0.004 0.961 0.006 0.530 0.552 1.294 5.34E-03 
0.55 3745.0 0.796 0.007 0.926 0.012 0.834 0.724 0.915 2.75E-03 
0.60 10347.6 0.537 0.016 0.837 0.024 1.152 0.900 0.549 1.27E-03 
0.65 40407.2 0.317 0.043 0.702 0.062 1.437 1.119 0.231 4.12E-04 
0.70 213715.7 0.158 0.122 0.524 0.207 1.559 1.460 0.077 1.03E-04 
0.75 777016.9 0.075 0.203 0.369 0.460 1.484 1.963 0.039 3.92E-05 
0.80 2036563.0 0.039 0.255 0.263 0.750 1.309 2.548 0.026 2.05E-05 
0.85 4414678.9 0.023 0.285 0.194 1.040 1.101 3.130 0.019 1.29E-05 
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D.2.  PCO2* and Normalized Flux 

The following tables present model predictions for PCO2* and kg’ as a function of 

loading.  PCO2* is in units of Pa.  The normalized flux is in units of kmol/m2-Pa-s as was 

calculated at two driving forces, PCO2,i = 1.05×PCO2* and PCO2,i = 3.0×PCO2*, as 

indicated in parenthesis.  The liquid film coefficient, kl
o, was 1.0×10-4 m/s. 

 

Table D.17.  Partial Pressure and Rate Predictions in Aqueous PZ at 40oC 
0.6 m PZ  1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.00 0.0 31.64 31.62  0.0 58.82 58.82 
0.05 0.3 29.74 29.74  0.3 55.73 55.72 
0.10 1.5 28.28 28.27  1.2 53.27 53.26 
0.15 3.9 26.89 26.88  3.1 50.83 50.81 
0.20 8.0 25.49 25.46  6.4 48.26 48.22 
0.25 14.4 24.05 24.00  11.8 45.51 45.45 
0.30 24.3 22.55 22.46  20.2 42.58 42.48 
0.35 39.1 20.99 20.86  32.5 39.48 39.33 
0.40 61.2 19.37 19.19  50.7 36.22 36.00 
0.45 94.2 17.69 17.43  77.6 32.81 32.50 
0.50 143.7 15.94 15.59  118.3 29.27 28.85 
0.55 219.6 14.14 13.66  181.9 25.61 25.05 
0.60 338.2 12.26 11.63  285.9 21.84 21.10 
0.65 529.2 10.33 9.52  466.8 17.98 17.02 
0.70 847.1 8.35 7.37  805.7 14.07 12.85 
0.75 1398.5 6.36 5.27  1496.6 10.17 8.74 
0.80 2405.1 4.47 3.41  3031.0 6.52 5.08 
0.85 4380.7 2.81 1.97  6716.7 3.53 2.47 
0.90 8735.6 1.53 1.03  16376.8 1.60 1.07 
0.95 20485.6 0.71 0.51  46014.4 0.65 0.48 
1.00 59452.4 0.34 0.29  154136.3 0.31 0.27 
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Table D.18.  Partial Pressure and Rate Predictions in Aqueous PZ at 60oC 
0.6 m PZ  1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.00 0.1 40.35 40.34  0.1 78.05 78.05 
0.05 2.2 37.57 37.55  1.6 73.11 73.09 
0.10 9.3 35.33 35.26  7.4 69.18 69.10 
0.15 23.4 33.19 33.03  19.5 65.31 65.12 
0.20 47.1 30.99 30.70  41.2 61.23 60.85 
0.25 84.2 28.69 28.21  76.3 56.89 56.23 
0.30 140.0 26.28 25.54  129.8 52.29 51.25 
0.35 222.1 23.75 22.70  209.2 47.44 45.93 
0.40 341.6 21.11 19.72  325.2 42.37 40.31 
0.45 515.5 18.39 16.63  494.7 37.11 34.46 
0.50 769.8 15.62 13.54  745.8 31.70 28.48 
0.55 1145.7 12.85 10.57  1127.1 26.20 22.52 
0.60 1710.9 10.18 7.87  1727.4 20.73 16.83 
0.65 2579.8 7.69 5.55  2717.8 15.44 11.68 
0.70 3953.9 5.50 3.71  4447.8 10.62 7.42 
0.75 6205.7 3.69 2.35  7670.0 6.61 4.26 
0.80 10070.6 2.31 1.42  14087.6 3.66 2.23 
0.85 17134.4 1.35 0.82  27753.7 1.82 1.09 
0.90 31231.5 0.73 0.47  59101.3 0.84 0.53 
0.95 62496.4 0.39 0.28  137741.7 0.39 0.27 
1.00 132683.4 0.23 0.19  334328.1 0.22 0.18 

 

Table D.19.  Partial Pressure and Rate Predictions in Aqueous PZ at 80oC 
0.6 m PZ  1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.00 0.7 52.20 52.18  0.4 105.03 105.00 
0.05 10.5 47.07 46.88  7.8 96.14 95.94 
0.10 43.4 42.21 41.59  35.0 88.03 87.32 
0.15 107.0 37.48 36.19  92.5 79.71 78.04 
0.20 212.6 32.73 30.64  195.0 70.90 67.86 
0.25 375.8 28.04 25.15  361.2 61.79 57.15 
0.30 618.1 23.50 20.01  615.8 52.65 46.53 
0.35 970.0 19.24 15.43  992.8 43.79 36.61 
0.40 1475.2 15.36 11.58  1541.6 35.45 27.84 
0.45 2197.8 11.94 8.46  2338.0 27.83 20.45 
0.50 3234.3 9.02 6.04  3503.0 21.09 14.51 
0.55 4733.1 6.62 4.22  5239.1 15.34 9.91 
0.60 6929.1 4.71 2.88  7900.9 10.63 6.49 
0.65 10204.9 3.25 1.93  12137.3 6.97 4.07 
0.70 15204.2 2.17 1.27  19192.6 4.29 2.44 
0.75 23050.7 1.41 0.83  31550.7 2.48 1.40 
0.80 35788.1 0.89 0.54  54331.5 1.35 0.78 
0.85 57275.6 0.55 0.35  98285.6 0.72 0.44 
0.90 94853.7 0.35 0.24  185870.3 0.39 0.26 
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Table D.20.  Partial Pressure and Rate Predictions in Aqueous PZ at 100oC 
0.6 m PZ  1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.00 2.7 65.92 65.69  1.7 140.71 140.49 
0.05 38.7 52.63 50.98  28.3 119.35 117.61 
0.10 156.6 40.40 36.85  125.5 97.46 92.42 
0.15 382.4 30.84 26.15  332.3 77.21 68.76 
0.20 755.7 23.31 18.37  703.6 59.41 49.03 
0.25 1330.6 17.47 12.87  1310.7 44.68 34.11 
0.30 2181.3 12.97 9.01  2247.7 33.02 23.46 
0.35 3411.6 9.56 6.31  3643.6 24.06 16.04 
0.40 5168.5 6.98 4.42  5683.2 17.28 10.91 
0.45 7664.4 5.05 3.10  8644.5 12.22 7.37 
0.50 11211.9 3.61 2.16  12963.1 8.47 4.93 
0.55 16279.5 2.56 1.51  19351.3 5.74 3.25 
0.60 23582.0 1.79 1.05  29018.2 3.78 2.11 
0.65 34226.3 1.24 0.73  44090.9 2.41 1.34 
0.70 49946.5 0.86 0.51  68419.0 1.49 0.84 
0.75 73464.0 0.59 0.37  109059.1 0.90 0.52 
0.80 108982.0 0.41 0.27  178726.2 0.54 0.33 

 

Table D.21.  Partial Pressure and Rate Predictions in Aqueous PZ at 120oC 
0.6 m PZ  1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.00 8.1 75.67 73.94  5.1 178.83 177.09 
0.05 111.5 45.43 39.77  79.0 123.44 114.37 
0.10 448.9 27.39 21.59  350.7 79.62 66.32 
0.15 1097.8 17.73 12.94  937.3 51.52 38.97 
0.20 2176.0 11.92 8.20  2006.4 33.64 23.56 
0.25 3845.1 8.20 5.39  3780.7 22.26 14.67 
0.30 6326.7 5.72 3.63  6557.1 14.91 9.36 
0.35 9927.8 4.03 2.49  10742.4 10.08 6.09 
0.40 15078.9 2.86 1.73  16917.5 6.84 4.01 
0.45 22390.0 2.03 1.22  25946.4 4.64 2.65 
0.50 32733.9 1.45 0.86  39165.7 3.13 1.76 
0.55 47362.1 1.03 0.62  58714.3 2.09 1.17 
0.60 68061.5 0.74 0.45  88108.1 1.38 0.78 
0.65 97341.5 0.54 0.34  133209.2 0.90 0.52 
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Table D.22.  Partial Pressure and Rate Predictions in K+/PZ at 40oC 
3.6 m K+/0.6 m PZ  3.6 m K+/1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.40 - - -  0.9 28.72 28.72 
0.45 0.2 21.92 21.92  9.9 26.44 26.43 
0.50 8.7 18.35 18.34  39.5 23.58 23.55 
0.55 54.1 14.61 14.57  110.6 20.08 19.99 
0.60 217.8 11.17 11.04  284.5 16.09 15.89 
0.65 677.0 8.47 8.19  765.9 11.96 11.58 
0.70 1736.1 6.37 5.89  2135.3 8.23 7.57 
0.75 3959.0 4.60 3.97  5569.7 5.22 4.33 
0.80 8533.5 3.05 2.39  13067.6 2.98 2.15 
0.85 18267.4 1.75 1.22  28567.4 1.51 0.96 
0.90 41220.3 0.80 0.51  62867.9 0.66 0.40 

 

Table D.23.  Partial Pressure and Rate Predictions in K+/PZ at 60oC 
3.6 m K+/0.6 m PZ  3.6 m K+/1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.35 - - -  0.1 45.23 45.22 
0.40 0.0 50.39 50.39  6.5 38.36 38.35 
0.45 1.8 28.99 28.98  55.1 34.87 34.79 
0.50 39.0 24.35 24.30  198.2 30.72 30.44 
0.55 189.6 19.76 19.53  528.4 25.73 25.06 
0.60 635.2 15.16 14.55  1289.6 19.94 18.65 
0.65 1792.1 10.95 9.79  3206.0 13.60 11.60 
0.70 4476.3 7.31 5.79  8330.2 7.65 5.55 
0.75 10376.4 4.38 3.00  21195.4 3.56 2.18 
0.80 23462.1 2.27 1.37  49690.0 1.53 0.86 
0.85 53914.7 0.99 0.55  108538.6 0.67 0.37 

 

Table D.24.  Partial Pressure and Rate Predictions in K+/PZ at 80oC 
3.6 m K+/0.6 m PZ  3.6 m K+/1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.35 - - -  0.5 63.54 63.54 
0.4 0.0 67.84 67.84  24.9 52.15 52.06 

0.45 6.9 39.60 39.56  174.0 45.69 45.21 
0.5 109.4 32.47 32.19  589.2 38.15 36.73 

0.55 465.8 25.72 24.78  1561.0 29.21 26.35 
0.6 1421.0 18.72 16.72  3928.4 19.18 15.17 

0.65 3797.0 12.05 9.30  10374.3 9.73 6.36 
0.7 9379.0 6.69 4.33  28904.6 3.71 2.09 

0.75 22358.4 3.21 1.84  77670.4 1.30 0.71 
0.8 54560.2 1.33 0.72  187432.0 0.52 0.30 
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Table D.25.  Partial Pressure and Rate Predictions in K+/PZ at 100oC 
3.6 m K+/0.6 m PZ  3.6 m K+/1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.3 - - -  0.1 148.89 148.89 

0.35 - - -  2.1 90.76 90.71 
0.4 0.3 92.46 92.45  59.2 70.45 69.98 

0.45 18.2 55.27 55.09  357.9 57.33 55.42 
0.5 216.2 42.57 41.53  1154.3 43.18 38.83 

0.55 852.0 31.47 28.77  3047.6 28.15 22.05 
0.6 2492.9 20.65 16.58  8117.5 14.06 9.06 

0.65 6541.5 11.58 7.84  25564.5 4.59 2.58 
0.7 16229.7 5.62 3.34  91047.7 1.24 0.71 

0.75 39863.2 2.43 1.35  278997.0 0.44 0.27 
0.8 105711.4 0.88 0.48  - - - 

 

Table D.26.  Partial Pressure and Rate Predictions in K+/PZ at 120oC 
3.6 m K+/0.6 m PZ  3.6 m K+/1.8 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.3 - - -  0.5 196.86 196.83 

0.35 0.3 191.21 191.18  6.1 128.99 128.71 
0.4 1.6 125.86 125.76  99.6 93.68 91.90 

0.45 37.4 77.47 76.62  528.7 69.03 63.91 
0.5 328.5 54.31 51.32  1624.9 46.36 38.10 

0.55 1226.2 36.21 30.83  4233.0 26.08 18.00 
0.6 3559.5 21.06 15.49  11748.6 10.36 5.87 

0.65 9466.7 10.63 6.87  47211.2 2.05 1.10 
0.7 23991.1 4.86 2.88  268332.4 0.38 0.25 

0.75 60590.4 2.00 1.11  - - - 
0.8 170747.9 0.64 0.34  - - - 

 

Table D.27.  Partial Pressure and Rate Predictions in K+/PZ at 40oC 
5.0 m K+/2.5 m PZ  6.2 m K+/1.2 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.40 0.6 25.59 25.59  - - - 
0.45 8.2 23.60 23.60  0.2 22.40 22.40 
0.50 35.3 21.11 21.09  6.4 18.74 18.73 
0.55 102.2 18.01 17.97  41.0 14.68 14.66 
0.60 271.7 14.38 14.27  189.5 10.84 10.78 
0.65 781.6 10.54 10.30  684.8 8.00 7.83 
0.70 2399.9 7.13 6.66  1951.3 5.94 5.62 
0.75 6720.6 4.48 3.80  4815.3 4.28 3.81 
0.80 16271.5 2.56 1.89  11102.2 2.84 2.30 
0.85 35804.7 1.30 0.84  25104.3 1.60 1.13 
0.90 78454.8 0.56 0.34  58668.6 0.70 0.43 
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Table D.28.  Partial Pressure and Rate Predictions in K+/PZ at 60oC 
5.0 m K+/2.5 m PZ  6.2 m K+/1.2 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.35 0.0 41.97 41.97  - - - 
0.40 5.0 35.03 35.02  0.0 50.68 50.68 
0.45 49.3 31.93 31.88  2.0 30.48 30.48 
0.50 185.4 28.25 28.09  34.5 25.55 25.52 
0.55 508.8 23.78 23.38  165.0 20.32 20.20 
0.60 1292.1 18.51 17.66  604.1 15.14 14.78 
0.65 3446.6 12.61 11.13  1949.3 10.72 9.90 
0.70 9918.1 6.96 5.20  5466.8 7.11 5.86 
0.75 27457.8 3.11 1.92  13985.8 4.19 2.96 
0.80 66936.3 1.30 0.72  34877.6 2.05 1.24 
0.85 - - -  87578.4 0.79 0.43 

 

Table D.29.  Partial Pressure and Rate Predictions in K+/PZ at 80oC 
5.0 m K+/2.5 m PZ  6.2 m K+/1.2 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.35 0.3 59.20 59.20  - - - 
0.4 21.4 48.50 48.46  0.0 68.23 68.23 

0.45 164.7 43.10 42.82  9.1 42.13 42.11 
0.5 569.9 36.65 35.76  109.8 35.02 34.85 

0.55 1533.3 28.74 26.76  449.3 27.56 26.97 
0.6 4005.3 19.38 16.16  1457.9 19.77 18.35 

0.65 11553.8 9.77 6.66  4401.8 12.50 10.12 
0.7 36619.6 3.41 1.93  12298.9 6.68 4.41 

0.75 108653.8 1.09 0.59  32972.2 2.96 1.68 
0.8 - - -  92751.4 1.05 0.56 

 

Table D.30.  Partial Pressure and Rate Predictions in K+/PZ at 100oC 
5.0 m K+/2.5 m PZ  6.2 m K+/1.2 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.3 0.1 139.24 139.24  - - - 

0.35 1.5 83.52 83.49  - - - 
0.4 54.7 66.03 65.78  0.2 90.14 90.14 

0.45 353.0 55.63 54.45  25.0 57.70 57.58 
0.5 1143.8 43.72 40.65  234.6 46.63 45.95 

0.55 3019.2 30.02 24.95  878.2 35.25 33.30 
0.6 8227.0 15.67 10.67  2706.1 23.19 19.59 

0.65 28838.0 4.76 2.71  8028.3 12.40 8.58 
0.7 123911.3 1.08 0.61  22734.4 5.43 3.17 

0.75 - - -  63695.1 2.06 1.12 
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Table D.31.  Partial Pressure and Rate Predictions in K+/PZ at 120oC 
5.0 m K+/2.5 m PZ  6.2 m K+/1.2 m PZ Loading 

PCO2* (Pa) kg’ (1.05) kg’ (3.0)  PCO2* (Pa) kg’ (1.05) kg’ (3.0) 
0.3 0.3 174.87 174.86  - - - 

0.35 4.6 114.93 114.82  0.1 177.19 177.19 
0.4 96.1 87.24 86.30  1.2 114.89 114.86 

0.45 534.5 68.30 64.96  48.6 77.18 76.73 
0.5 1631.2 48.95 42.41  366.4 59.49 57.54 

0.55 4196.1 29.54 21.78  1299.4 42.00 37.55 
0.6 11710.0 12.38 7.32  3995.6 24.43 18.68 

0.65 52608.9 2.15 1.15  12228.8 11.21 7.23 
0.7 - - -  35884.6 4.48 2.61 

0.75 - - -  104411.6 1.59 0.88 
 

 

D.3.  Concentration Profiles 

The following tables show the concentration profile predicted for various 

solvents with a factor of 10 driving force (PCO2,i = 10.0×PCO2*).  The liquid film 

coefficient was constant at 1.0×10-4 m/s. 
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Table D.32.  Concentration Profile in 1.8 m PZ, 60oC 
r CO2 PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3

- CO3
2- OH- 

0.0E+00 1.46E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
1.0E-04 1.44E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
2.0E-04 1.43E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
3.0E-04 1.41E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
4.0E-04 1.40E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
5.0E-04 1.38E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
6.0E-04 1.37E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
7.0E-04 1.36E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
8.0E-04 1.34E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
9.0E-04 1.33E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
1.0E-03 1.32E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
2.0E-03 1.20E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
3.0E-03 1.10E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
4.0E-03 1.01E-03 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
5.0E-03 9.42E-04 1.54E-01 6.48E-01 1.77E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.88E-05 
6.0E-03 8.81E-04 1.54E-01 6.48E-01 1.78E-01 3.31E-01 1.58E-01 1.27E-01 1.34E-02 4.89E-05 
7.0E-03 8.30E-04 1.54E-01 6.48E-01 1.78E-01 3.31E-01 1.58E-01 1.27E-01 1.35E-02 4.89E-05 
8.0E-03 7.86E-04 1.55E-01 6.48E-01 1.78E-01 3.31E-01 1.58E-01 1.27E-01 1.35E-02 4.90E-05 
9.0E-03 7.49E-04 1.55E-01 6.48E-01 1.78E-01 3.31E-01 1.58E-01 1.27E-01 1.35E-02 4.90E-05 
1.0E-02 7.19E-04 1.55E-01 6.48E-01 1.78E-01 3.31E-01 1.58E-01 1.27E-01 1.35E-02 4.91E-05 
2.0E-02 5.61E-04 1.56E-01 6.48E-01 1.79E-01 3.29E-01 1.57E-01 1.27E-01 1.36E-02 4.96E-05 
3.0E-02 5.19E-04 1.58E-01 6.47E-01 1.80E-01 3.28E-01 1.56E-01 1.27E-01 1.38E-02 5.01E-05 
4.0E-02 5.02E-04 1.60E-01 6.47E-01 1.82E-01 3.26E-01 1.55E-01 1.27E-01 1.39E-02 5.07E-05 
5.0E-02 4.90E-04 1.62E-01 6.47E-01 1.83E-01 3.25E-01 1.55E-01 1.27E-01 1.40E-02 5.13E-05 
6.0E-02 4.81E-04 1.63E-01 6.47E-01 1.84E-01 3.23E-01 1.54E-01 1.27E-01 1.42E-02 5.19E-05 
7.0E-02 4.71E-04 1.65E-01 6.46E-01 1.85E-01 3.22E-01 1.53E-01 1.26E-01 1.43E-02 5.25E-05 
8.0E-02 4.63E-04 1.67E-01 6.46E-01 1.86E-01 3.20E-01 1.52E-01 1.26E-01 1.45E-02 5.30E-05 
9.0E-02 4.54E-04 1.69E-01 6.46E-01 1.87E-01 3.18E-01 1.52E-01 1.26E-01 1.46E-02 5.36E-05 
1.0E-01 4.46E-04 1.71E-01 6.46E-01 1.88E-01 3.17E-01 1.51E-01 1.26E-01 1.47E-02 5.42E-05 
2.0E-01 3.76E-04 1.89E-01 6.45E-01 1.97E-01 3.00E-01 1.46E-01 1.25E-01 1.61E-02 6.00E-05 
3.0E-01 3.23E-04 2.07E-01 6.45E-01 2.04E-01 2.83E-01 1.41E-01 1.23E-01 1.75E-02 6.57E-05 
4.0E-01 2.80E-04 2.24E-01 6.44E-01 2.10E-01 2.68E-01 1.37E-01 1.22E-01 1.88E-02 7.15E-05 
5.0E-01 2.47E-04 2.41E-01 6.42E-01 2.15E-01 2.54E-01 1.33E-01 1.21E-01 2.01E-02 7.72E-05 
6.0E-01 2.19E-04 2.58E-01 6.39E-01 2.19E-01 2.41E-01 1.29E-01 1.19E-01 2.13E-02 8.28E-05 
7.0E-01 1.96E-04 2.74E-01 6.36E-01 2.23E-01 2.30E-01 1.25E-01 1.18E-01 2.25E-02 8.83E-05 
8.0E-01 1.77E-04 2.90E-01 6.33E-01 2.25E-01 2.19E-01 1.22E-01 1.17E-01 2.37E-02 9.39E-05 
9.0E-01 1.60E-04 3.05E-01 6.29E-01 2.28E-01 2.09E-01 1.18E-01 1.16E-01 2.48E-02 9.95E-05 
1.0E+00 1.46E-04 3.20E-01 6.25E-01 2.30E-01 1.99E-01 1.14E-01 1.14E-01 2.60E-02 1.05E-04 
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Table D.33.  Concentration Profile in 3.6 m K+/0.6 m PZ, 60oC   
r CO2 PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3

- CO3
2- OH- 

0.0E+00 4.14E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.70E-04 
1.0E-04 4.05E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.70E-04 
2.0E-04 3.96E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.70E-04 
3.0E-04 3.88E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.70E-04 
4.0E-04 3.79E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.70E-04 
5.0E-04 3.71E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.70E-04 
6.0E-04 3.63E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.70E-04 
7.0E-04 3.56E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.70E-04 
8.0E-04 3.48E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.71E-04 
9.0E-04 3.41E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.71E-04 
1.0E-03 3.34E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.71E-04 
2.0E-03 2.74E-04 2.31E-02 7.63E-03 1.45E-01 2.96E-02 3.47E-01 7.85E-01 8.49E-01 2.71E-04 
3.0E-03 2.29E-04 2.31E-02 7.63E-03 1.45E-01 2.97E-02 3.47E-01 7.85E-01 8.49E-01 2.71E-04 
4.0E-03 1.94E-04 2.31E-02 7.63E-03 1.45E-01 2.97E-02 3.47E-01 7.85E-01 8.49E-01 2.71E-04 
5.0E-03 1.69E-04 2.31E-02 7.64E-03 1.45E-01 2.97E-02 3.47E-01 7.85E-01 8.49E-01 2.71E-04 
6.0E-03 1.49E-04 2.32E-02 7.64E-03 1.45E-01 2.97E-02 3.47E-01 7.85E-01 8.49E-01 2.71E-04 
7.0E-03 1.35E-04 2.32E-02 7.65E-03 1.45E-01 2.97E-02 3.47E-01 7.84E-01 8.49E-01 2.71E-04 
8.0E-03 1.24E-04 2.32E-02 7.65E-03 1.45E-01 2.97E-02 3.47E-01 7.84E-01 8.50E-01 2.71E-04 
9.0E-03 1.17E-04 2.32E-02 7.65E-03 1.45E-01 2.97E-02 3.47E-01 7.84E-01 8.50E-01 2.71E-04 
1.0E-02 1.11E-04 2.32E-02 7.66E-03 1.45E-01 2.97E-02 3.47E-01 7.84E-01 8.50E-01 2.71E-04 
2.0E-02 8.91E-05 2.34E-02 7.71E-03 1.46E-01 2.97E-02 3.46E-01 7.83E-01 8.51E-01 2.72E-04 
3.0E-02 8.61E-05 2.37E-02 7.75E-03 1.46E-01 2.98E-02 3.45E-01 7.82E-01 8.52E-01 2.73E-04 
4.0E-02 8.51E-05 2.39E-02 7.80E-03 1.47E-01 2.98E-02 3.44E-01 7.81E-01 8.53E-01 2.73E-04 
5.0E-02 8.43E-05 2.41E-02 7.85E-03 1.48E-01 2.98E-02 3.43E-01 7.79E-01 8.54E-01 2.74E-04 
6.0E-02 8.35E-05 2.43E-02 7.90E-03 1.48E-01 2.99E-02 3.42E-01 7.78E-01 8.56E-01 2.75E-04 
7.0E-02 8.28E-05 2.46E-02 7.96E-03 1.49E-01 2.99E-02 3.41E-01 7.77E-01 8.57E-01 2.76E-04 
8.0E-02 8.20E-05 2.48E-02 8.01E-03 1.49E-01 2.99E-02 3.41E-01 7.76E-01 8.58E-01 2.77E-04 
9.0E-02 8.13E-05 2.50E-02 8.06E-03 1.50E-01 3.00E-02 3.40E-01 7.75E-01 8.59E-01 2.77E-04 
1.0E-01 8.05E-05 2.53E-02 8.11E-03 1.51E-01 3.00E-02 3.39E-01 7.74E-01 8.60E-01 2.78E-04 
2.0E-01 7.36E-05 2.77E-02 8.65E-03 1.56E-01 3.03E-02 3.31E-01 7.62E-01 8.72E-01 2.86E-04 
3.0E-01 6.76E-05 3.03E-02 9.19E-03 1.61E-01 3.04E-02 3.23E-01 7.51E-01 8.83E-01 2.94E-04 
4.0E-01 6.24E-05 3.28E-02 9.70E-03 1.66E-01 3.05E-02 3.15E-01 7.40E-01 8.94E-01 3.02E-04 
5.0E-01 5.78E-05 3.54E-02 1.02E-02 1.71E-01 3.05E-02 3.08E-01 7.29E-01 9.05E-01 3.10E-04 
6.0E-01 5.37E-05 3.80E-02 1.07E-02 1.75E-01 3.05E-02 3.01E-01 7.19E-01 9.15E-01 3.18E-04 
7.0E-01 5.02E-05 4.05E-02 1.11E-02 1.79E-01 3.04E-02 2.94E-01 7.09E-01 9.25E-01 3.26E-04 
8.0E-01 4.70E-05 4.31E-02 1.15E-02 1.83E-01 3.03E-02 2.87E-01 6.99E-01 9.35E-01 3.34E-04 
9.0E-01 4.41E-05 4.57E-02 1.19E-02 1.86E-01 3.02E-02 2.81E-01 6.90E-01 9.44E-01 3.42E-04 
1.0E+00 4.14E-05 4.83E-02 1.23E-02 1.89E-01 3.00E-02 2.75E-01 6.80E-01 9.53E-01 3.51E-04 
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Table D.34.  Concentration Profile in 5.0 m K+/2.5 m PZ, 60oC 
r CO2 PZ PZH+ PZCOO- H+PZCOO- PZ(COO-)2 HCO3

- CO3
2- OH- 

0.0E+00 3.08E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
1.0E-04 2.93E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
2.0E-04 2.78E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
3.0E-04 2.65E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
4.0E-04 2.53E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
5.0E-04 2.41E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
6.0E-04 2.30E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
7.0E-04 2.19E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
8.0E-04 2.10E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
9.0E-04 2.00E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
1.0E-03 1.92E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.18E-01 1.66E-04 
2.0E-03 1.30E-04 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.19E-01 1.66E-04 
3.0E-03 9.58E-05 2.60E-01 6.96E-02 6.71E-01 1.43E-01 7.71E-01 6.63E-01 5.19E-01 1.66E-04 
4.0E-03 7.75E-05 2.60E-01 6.96E-02 6.71E-01 1.42E-01 7.71E-01 6.63E-01 5.19E-01 1.66E-04 
5.0E-03 6.75E-05 2.60E-01 6.96E-02 6.72E-01 1.42E-01 7.71E-01 6.63E-01 5.19E-01 1.66E-04 
6.0E-03 6.22E-05 2.60E-01 6.96E-02 6.72E-01 1.42E-01 7.71E-01 6.63E-01 5.19E-01 1.66E-04 
7.0E-03 5.93E-05 2.60E-01 6.96E-02 6.72E-01 1.42E-01 7.71E-01 6.62E-01 5.19E-01 1.66E-04 
8.0E-03 5.77E-05 2.60E-01 6.96E-02 6.72E-01 1.42E-01 7.71E-01 6.62E-01 5.19E-01 1.66E-04 
9.0E-03 5.69E-05 2.60E-01 6.96E-02 6.72E-01 1.42E-01 7.70E-01 6.62E-01 5.19E-01 1.66E-04 
1.0E-02 5.66E-05 2.60E-01 6.96E-02 6.72E-01 1.42E-01 7.70E-01 6.62E-01 5.19E-01 1.66E-04 
2.0E-02 5.53E-05 2.61E-01 6.95E-02 6.73E-01 1.42E-01 7.69E-01 6.61E-01 5.21E-01 1.67E-04 
3.0E-02 5.50E-05 2.62E-01 6.94E-02 6.74E-01 1.42E-01 7.68E-01 6.60E-01 5.22E-01 1.68E-04 
4.0E-02 5.46E-05 2.63E-01 6.94E-02 6.75E-01 1.41E-01 7.67E-01 6.59E-01 5.23E-01 1.68E-04 
5.0E-02 5.42E-05 2.64E-01 6.93E-02 6.76E-01 1.41E-01 7.66E-01 6.57E-01 5.24E-01 1.69E-04 
6.0E-02 5.39E-05 2.64E-01 6.92E-02 6.77E-01 1.40E-01 7.65E-01 6.56E-01 5.25E-01 1.70E-04 
7.0E-02 5.35E-05 2.65E-01 6.91E-02 6.78E-01 1.40E-01 7.64E-01 6.55E-01 5.26E-01 1.70E-04 
8.0E-02 5.32E-05 2.66E-01 6.91E-02 6.79E-01 1.40E-01 7.63E-01 6.54E-01 5.28E-01 1.71E-04 
9.0E-02 5.29E-05 2.67E-01 6.90E-02 6.79E-01 1.39E-01 7.62E-01 6.53E-01 5.29E-01 1.72E-04 
1.0E-01 5.25E-05 2.68E-01 6.90E-02 6.80E-01 1.39E-01 7.61E-01 6.51E-01 5.30E-01 1.72E-04 
2.0E-01 4.93E-05 2.76E-01 6.84E-02 6.88E-01 1.35E-01 7.50E-01 6.40E-01 5.42E-01 1.79E-04 
3.0E-01 4.63E-05 2.85E-01 6.78E-02 6.96E-01 1.31E-01 7.41E-01 6.28E-01 5.53E-01 1.87E-04 
4.0E-01 4.35E-05 2.94E-01 6.72E-02 7.02E-01 1.27E-01 7.31E-01 6.16E-01 5.65E-01 1.94E-04 
5.0E-01 4.10E-05 3.02E-01 6.65E-02 7.08E-01 1.23E-01 7.22E-01 6.05E-01 5.77E-01 2.02E-04 
6.0E-01 3.86E-05 3.11E-01 6.58E-02 7.14E-01 1.20E-01 7.13E-01 5.93E-01 5.88E-01 2.10E-04 
7.0E-01 3.65E-05 3.19E-01 6.50E-02 7.19E-01 1.16E-01 7.04E-01 5.82E-01 5.99E-01 2.18E-04 
8.0E-01 3.44E-05 3.28E-01 6.42E-02 7.24E-01 1.12E-01 6.96E-01 5.71E-01 6.11E-01 2.27E-04 
9.0E-01 3.26E-05 3.36E-01 6.33E-02 7.29E-01 1.09E-01 6.87E-01 5.60E-01 6.22E-01 2.35E-04 
1.0E+00 3.08E-05 3.44E-01 6.24E-02 7.33E-01 1.06E-01 6.79E-01 5.48E-01 6.33E-01 2.45E-04 
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Thermodynamics of Aqueous Piperazine/Potassium

Carbonate/Carbon Dioxide Characterized by the Electrolyte
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by
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SUPERVISOR: Gary T. Rochelle

The Electrolyte Nonrandom Two Liquid (NRTL) Activity Coefficient

model within Aspen Plus v12.1 was used to develop a rigorous

thermodynamic representation of an aqueous piperazine (PZ) and potassium

carbonate (K2CO3) mixed solvent electrolyte system for the application of

carbon dioxide (CO2) absorption/stripping from power plant flue gas. The

model predicts the speciation and carbon dioxide solubility as a function of

solvent composition, temperature, and pressure. These results provide the

capacity of the solvent, the heat of absorption, and the concentration of

reactive species (e.g. piperazine and piperazine carbamate (PZCOO )). Binary

interaction parameters for the potassium carbonate/piperazine mixed solvent

electrolyte system were obtained through the regression of water vapor

pressure and calorimetry over potassium carbonate and potassium
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bicarbonate (KHCO3) solutions, CO2 solubility in potassium

carbonate/piperazine, and proton nuclear magnetic resonance (NMR) of

potassium carbonate/piperazine speciation. Speciation data for determining

binary interaction parameters is included as a key feature of this work since it

enhances the predictive capabilities of Aspen Plus® to accurately predict

liquid phase compositions. As a result, the model satisfactorily correlates the

experimental data of this mixed solvent electrolyte system over a wide range

of temperature, mixed solvent concentration, and CO2 loading.
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Chapter 1

Introduction

In recent years, carbon dioxide (CO2) emissions from coal fired power

plants continue to contribute to the steady rise in global warming greenhouse

gasses. Over the past 40 years, observations at the Mauna Loa Observatory in

Hawaii have shown an increase in CO2 concentration levels by 18.8% [Keeling

et al. (1995)]. A recent report from the Environment Protection Agency [EPA

(2002)] states that CO2 emissions from the combustion of fossil fuels represent

approximately ninety six percent of the total CO2 emissions produced in the

United States and approximately thirty six percent of the CO2 emissions

originate from the combustion of fossil fuels in coal fired power plants. As a

result, CO2 capture technologies continue to become one of the most

important industrial and academic research areas as concerns over the effects

global warming multiply.

CO2 removal by aqueous absorption/stripping using

monoethanolamine (MEA) and other blended amine solvents has been

established as a mature CO2 capture technology. Figure 1 1 shows a typical

schema for the counter current absorption/stripping unit operation.
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Flue Gas

10% CO2

2-4 mol H2O/mol CO2

Clean Gas

1% CO2

Rich Solvent Lean Solvent

Reboiler

Absorber

40–60oC

1 atm

Stripper

100–120oC

1-2 atm

Condenser

Figure 1 1. Schema of an Absorption/Stripping System for Removal of CO2

from Flue Gas using Aqueous Alkanolamine Solutions.

The development of new solvents involving potassium carbonate (K2CO3)

and piperazine (PZ) has shown potential as a new CO2 capture process

[Cullinane (2002)]. Cullinane et al. (2004) has stated that solutions of K2CO3

and PZ have 1.5 – 3 times faster rates of CO2 absorption and decrease levels in

the heat of CO2 absorption than equivalent solutions of MEA.

1.1 Thermodynamic Modeling

Understanding the thermodynamics of amine and blended amine

systems is essential to their use as part of a CO2 capture methodology. This

includes the understanding of amine vaporization losses, CO2 solubility,
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calorimetry, speciation, and solution phase behavior. The main objective of

this study is to determine thermodynamic characteristics of H2O K2CO3 PZ

CO2 using a rigorous thermodynamic model.

Several thermodynamic models have been developed and applied to

the thermodynamic modeling of aqueous amine solutions. Kent and

Eisenberg (1976) were the first to create an equilibrium model based on

pseudo equilibrium constants and Henry’s Law, but the result was a model

with only two adjustable parameters that could not predict speciation.

Edwards et al. (1975, 1978) developed a model for the capture of carbon

dioxide, hydrogen sulfide, sulfur dioxide, and hydrogen cyanide using an

aqueous ammonia solution. Included in their work, they assembled chemical

equilibrium and Henry’s constants in water as a function of temperature. In

1981, Deshmukh and Mather developed a rigorous thermodynamic

equilibrium model based on the extended Debye Hückel theory where the

activity coefficient equation had one term to account for electrostatic forces

and the second adjustable term to account for short range interactions. More

recently, Cullinane et al. (2004) modified a stand alone rigorous

thermodynamic equilibrium/rate model for the H2O K2CO3 PZ CO2 system

by utilizing the elevtrolyte Nonrandom Two Liquid (NRTL) theory

developed by Chen and coworkers [Chen et al. (1979, 1982), Chen and Evans

(1986), and Mock et al. (1986)] where the stand alone FORTRAN code was

first created by Austgen (1989) for the amine water systems and then later

modified by Bishnoi (2000).
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For this work, we have chosen the electrolyte NRTL model available

as a property package in Aspen Plus®. The framework of Aspen Plus® was

chosen for its wide use in process industries and academic institutions and

provides a process environment framework for simulating multiple unit

operations on a plant wide scale. Aspen Plus® also facilitates collaborative

engineering by allowing different engineering groups to work together more

effectively through electronically sharing information, and contains accurate

and up to date physical properties databanks. Also, Aspen Plus® contains a

built in data regression algorithm called the Data Regression System® (DRS).

DRS allows for the simultaneous regression of multiple types of data sets to

create a fundamental based thermodynamic model. The final reason for

choosing the Aspen Plus® framework was the successful modeling of CO2

capture technologies by utilizing the electrolyte NRTL model within Aspen

Plus® from previous authors [Austgen (1989) and Posey (1996)]. Based on the

above reasons, we felt that the Aspen Plus® framework would be ideal

environment to further the thermodynamic understanding of the H2O K2CO3

PZ CO2 system as part of a synergistic CO2 capture methodology.

1.2 Project Vision

The vision of this project expands upon previous work in the area of

modeling amines and amine blends for the application of CO2 capture via gas

treating [Cullinane et al. (2004), Cullinane (2002), Bishnoi (2000), Posey (1996),

and Austgen (1989)]. By utilizing the electrolyte NRTL model in Aspen

Plus®, simultaneously regressed binary interaction parameters and chemical
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equilibrium constants were determined to describe the speciation (i.e. ionic

species concentrations) and equilibrium behavior of potassium carbonate and

piperazine solutions. Using an accurate thermodynamics package for the

design and optimization of separation equipment to predict the chemical and

phase equilibrium behavior within a process simulator encompasses the

future endeavor associated with this project.
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Chapter 2

Electrolyte Nonrandom Two Liquid Model

This chapter describes the electrolyte NRTL model and serves to

document the constants and equations used in this work. The first section

discusses the basic scalar physical properties for amines, ions, and water.

Temperature dependent relationships (Henry’s constant, heat capacity,

Antoine equations, dielectric constant, etc.) are provided and discussed.

The discussion then turns to the structure of the electrolyte NRTL

model. A basic overview of the theory is given and each ingredient of the

model is discussed. The vapor phase non idealities were modeled by the

Redlich Kwong Soave (SRK) equation of state [Soave (1972)]. The liquid

phase non idealities in terms of the activity coefficients were modeled by the

electrolyte NRTL model [Chen et al. (1979, 1982); Chen and Evans (1986);

Mock et al. (1986)]. The model contains three terms, a Debye Huckel term,

Born correction for mixed solvents, and the local interactions term. Equations

for each are given and details on parameters and their structure are

discussed.
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2.1 Physical Properties

2.1.1 Scalar Properties

Tables 2 1 and 2 2 list the critical constants, compressibility, and the

accentric factor used by the SRK equation of state from the DIPPR database

[Rowley et al. (1994)] and other physical property models used by Aspen

Plus®. The Brelvi O’Connell parameter for the partial molar volume of CO2

was taken from Brelvi and O’Connell (1972).

Table 2 1. Pure Component Properties for Molecular Species.

Data Set Unit H2O K2CO3 KHCO3 PZ CO2

DGAQFM kcal/mol 0.00 0.00 0.00 0.00 92.19

DGAQHG kcal/mol 0.00 0.00 0.00 0.00 92.25

DHAQFM kcal/mol 0.00 0.00 0.00 0.00 98.83

DHAQHG kcal/mol 0.00 0.00 0.00 0.00 98.90

IONTYP 0.00 0.00 0.00 0.00 0.00

MW 18.02 138.21 100.12 86.14 44.01

OMEGHG kcal/mol 0.00 0.00 0.00 0.00 2.00

S25HG cal/mol K 0.00 0.00 0.00 0.00 28.10

S025C cal/mol K 0.00 0.00 0.00 0.00 28.09

S025E cal/mol K 0.00 0.00 0.00 0.00 50.37

API 10.00 80.49 340.00

DGFORM kcal/mol 54.64 0.00 0.00 40.60 94.26

DGSFRM kcal/mol 56.55 254.01 206.24

DHFORM kcal/mol 57.80 0.00 0.00 3.92 94.05

DHSFRM kcal/mol 69.96 274.92 230.06

For a complete list of scalar parameter nomenclature, please refer to

Appendix J.
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Table 2 2. Pure Component Properties for Molecular Species Continued.

Data Set Unit H2O K2CO3 KHCO3 PZ CO2

DHVLB kcal/mol 9.72 10.00 4.10

FREEZEPT C 0.05 900.85 95.35 106.00 56.55

HCOM kcal/mol 0.00 653.96 0.00

MUP debye 1.80 0.00 1.47 0.00

OMEGA 0.34 0.00 0.00 0.41 0.23

PC bar 220.48 50.00 50.00 55.30 73.76

RGYR meter 6.15E 11 3.182E 10 3.035E 10 9.92E 11

RKTZRA 0.24 0.26 0.32 0.27

SG 1.00 0.67 0.30

TB C 100.05 68.75 68.75 146.00 78.45

TC C 374.15 1726.85 1726.85 364.85 31.05

VB cc/mol 19.64 140.90 35.64

VC cc/mol 55.90 100.00 100.00 310.00 93.94

VLSTD cc/mol 18.05 129.37 53.56

ZC 0.23 0.20 0.20 0.32 0.27

BOC 9.60E 02

Table 2 3. Pure Component Properties for Ionic Species.

Data Set Unit K+ H3O+ OH CO3
2 HCO3

CHARGE 1.00 1.00 1.00 2.00 1.00

CHI 0.00 0.00 0.00 0.00 0.00

DGAQFM J/KMOL 2.83E+08 2.37E+08 1.57E+08 5.28E+08 5.87E+08

DGAQHG J/KMOL 2.83E+08 0.00 1.57E+08 5.28E+08 5.87E+08

DGFORM J/KMOL 4.81E+08 0.00 0.00 0.00 0.00

DGSFRM J/KMOL 0.00 0.00 0.00 0.00 0.00

DHAQFM J/KMOL 2.52E+08 2.86E+08 2.30E+08 6.77E+08 6.92E+08

DHAQHG J/KMOL 2.52E+08 0.00 2.30E+08 6.76E+08 6.90E+08

DHFORM J/KMOL 5.14E+08 0.00 1.44E+08 0.00 0.00

DLWC 1.00 1.00 1.00 1.00 1.00

DVBLNC 1.00 1.00 1.00 1.00 1.00

FREEZEPT C 95.35 95.35 95.35 95.35 95.35

IONRDL WATT/M K 0.01 0.01 0.02 0.01 0.02

IONTYP 1.00 1.00 2.00 3.00 4.00

MW 39.10 19.02 17.01 60.01 61.02
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Table 2 4. Pure Component Properties for Ionic Species Continued.

Data Set Unit K+ H3O+ OH CO3
2 HCO3

OMEGA 0.30 0.30 0.30 0.30 0.30

OMEGHG J/KMOL 8.07E+07 0.00E+00 7.22E+08 1.42E+09 5.33E+08

PC PSI 430.59 430.59 430.59 430.59 430.59

RADIUS METER 3.0E 10 3.0E 10 3.0E 10 3.0E 10 3.0E 10

RGYR METER 3.2E 10 3.2E 10 3.2E 10 3.2E 10 3.2E 10

RKTZRA 0.25 0.25 0.25 0.25 0.25

S25HG J/KMOL K 1.01E+05 0.00E+00 1.07E+04 5.00E+04 9.85E+04

S025C J/KMOL K 1.03E+05 6.99E+04 1.08E+04 5.69E+04 9.12E+04

S025E J/KMOL K 6.70E+02 2.33E+05 2.33E+05 4.44E+05 4.44E+05

TB C 68.75 68.75 68.75 68.75 68.75

TC C 234.25 234.25 234.25 234.25 234.25

TREFHS C 25.00 25.00 25.00 25.00 25.00

VB CUM/KMOL 0.14 0.14 0.14 0.14 0.14

VC CUM/KMOL 0.37 0.37 0.37 0.37 0.37

VCRKT CUM/KMOL 0.25 0.25 0.25 0.25 0.25

ZC 0.26 0.26 0.26 0.26 0.26

Table 2 5. Pure Component Properties for Ionic Species Continued.

Data Set Unit PZH+ PZCOO PZ(COO )2 H+PZCOO

CHARGE 1.00 1.00 2.00 0.00

CHI 0.00 0.00 0.00 0.00

DGAQFM J/KMOL 0.00 0.00 0.00 0.00

DGAQHG J/KMOL 9.10E+07 4.91E+08 8.80E+08 5.33E+08

DGFORM J/KMOL 0.00 0.00 0.00 0.00

DGSFRM J/KMOL 0.00 0.00 0.00 0.00

DHAQFM J/KMOL 1.01E+08 5.42E+08 9.72E+08 5.90E+08

DHAQHG J/KMOL 1.01E+08 5.42E+08 9.72E+08 5.90E+08

DHFORM J/KMOL 0.00 0.00 0.00 0.00

DLWC 1.00 1.00 1.00 1.00

DVBLNC 1.00 1.00 1.00 1.00

FREEZEPT C 95.35 95.35 95.35 95.35

IONRDL WATT/M K

IONTYP 1.00 3.00 3.00 1.00

MW 87.15 129.14 172.14 130.15
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Table 2 6. Pure Component Properties for Ionic Species Continued.

Data Set Unit PZH+ PZCOO PZ(COO )2 H+PZCOO

OMEGA 0.30 0.30 0.30 0.30

OMEGHG J/KMOL 9.41E+08 1.29E+09 1.85E+09 7.72E+08

PC PSI 430.59 430.59 430.59 430.59

RADIUS METER 3.0E 10 3.0E 10 3.0E 10 3.0E 10

RGYR METER 3.2E 10 3.2E 10 3.2E 10 3.2E 10

RKTZRA 0.25 0.25 0.25 0.25

S25HG J/KMOL K 4.71E+05 4.01E+05 3.27E+05 4.16E+05

S025C J/KMOL K 0.00 0.00 0.00 0.00

S025E J/KMOL K 4.39E+05 2.28E+05 1.71E+04 2.28E+05

TB C 68.75 68.75 68.75 68.75

TC C 234.25 234.25 234.25 234.25

TREFHS C 25.00 25.00 25.00 25.00

VB CUM/KMOL 0.14 0.14 0.14 0.14

VC CUM/KMOL 0.37 0.37 0.37 0.37

VCRKT CUM/KMOL 0.25 0.25 0.25 0.25

ZC 0.26 0.26 0.26 0.26

2.1.2 Temperature Dependent Properties

Extended Vapor Pressure Correlation

Table 2 7 gives the Antoine equations for molecular species from the

DIPPR database [Rowley et al. (1994)] based on the following expression:

0

2
ln ln

G

i

N B
P A DT K E T K FT K

m T K C
2.1

Ionic species are defined as non volatile species and vapor pressure

correlations for ionic species reflect this definition.
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Table 2 7. Pure Component Antoine Equations.

Components H2O PZ CO2 Ions

A 72.55 70.50 72.83 1.00E+20

B 7207 7915 3403 0

C 0 0 0 0

D 0 0 9.49E 03 0

E 7.139 6.646 8.560 0

F 4.046E 06 5.21E 18 2.91E 16 0

G 2 6 6 0

0

2
ln ln

G

i

N B
P A DT K E T K FT K

m T K C

Heat of Capacity

Even though the heat capacity does not affect vapor liquid equilibrium

directly, the heat capacity does affect material and energy balances. Heat

capacities are important in the design of unit operations for full scale plant

simulations and are calculated from secondary temperature derivative of the

activity coefficient. As a result, the temperature dependent parameters are

critical for modeling the enthalpy correctly. As a result, enthalpy and heat

capacity data should be obtained for the H2O K2CO3 PZ CO2 system to

accurately determine temperature dependency parameters.

Dielectric Constant

The dielectric constant is related to a component’s ability to stabilize

ions in solution. As the dielectric constant increases, the tendency for ions to

form and remain as ionic species also increases. According to Atkins and de

Paula (2002), the dielectric constant is related to the square of the refractive

index. Nevertheless, given the lack of substantial data, the dielectric constant

for piperazine was assumed to be the same as piperidine and was obtained
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from the CRC (2004). The temperature dependence for water and piperazine

dielectric constants is represented in this work by the following functions:

2

1 1
78.65 31989H O ref

D
T K T

2.2

1 1
4.253 1532.2PZ ref

D
T K T

2.3

Where
refT is the reference temperature at 298.15 K.

For the mixed solvent, the dielectric constant is calculated based on the

following expression:

i

sf

m m i

i

D w D 2.4

Where

i

sf

mw is the solute free, solvent mass fraction.

Henry’s Constant

Henry’s constants are important part for the vapor liquid equilibrium

of supercritical gases. The Henry s constant model is used when Henry s Law

is applied to calculate K values for dissolved gas components in a mixture.

Aspen Plus® utilizes a volume weighted mixing rule for the Henry’s solubility

of CO2 in mixed solvent. For this work, Henry’s solubility for CO2 in pure

piperazine was not provided as this data does not exist. Therefore,

coefficients for the Henry’s components are given in water only.
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H T P H T P V dp
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2.8

Where

iAV is obtained from the Brelvi O Connell model,
0

AP is obtained from the Antoine model,

i is obtained from the Electrolyte NRTL activity coefficient model.

Table 2 8 gives the coefficients used in this work for the CO2 H2O

Henry’s constant taken from the DIPPR database [Rowley et al. (1994)] based

on Equation 2.7.

Table 2 8. CO2 H2O Henry’s Constant Coefficients.

A B C D E

170.7126 8477.711 21.95743 0.0057807 0

Temperature units: Kelvin

Pressure units: Pascal

2.2 Vapor Phase Model

Soave’s (1972) modification of the Redlich Kwong [Redlich and

Kwong (1949)] equation of state is used to represent the vapor phase
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equilibrium. Soave changed the temperature dependence term 0.5/a T by

making the constant “a” a function of temperature and the accentric factor.

The Soave Redlich Kwong equation of state is given by the following

expression:

m m m

RT a
P

V b V V b
2.9

Where

0.5

1i j i j ij

i j

a x x a a k 2.10

i i

i

b x b 2.11

ij jik k 2.12

0.08664 i

i

c

i

c

RT
b

P
2.13

2 2

0.42747 i

i

c

i i

c

R T
a

P
2.14

2
0.51 1
ii i rm T 2.15

20.48 1.57 0.176i i im 2.16
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2.3 Activity Coefficient Model

The electrolyte NRTL model is a versatile model for the calculation of

activity coefficients. The model is based on two fundamental assumptions:

1. The like ion repulsion assumption: states that the local

composition of cations around cations is zero (and likewise for anions

around anions). This assumption is based on the fact that the

repulsive forces between ions of like charge are extremely large and

that the basis that repulsive forces between ions of the same sign are

very strong for neighboring species.

2. The local electroneutrality assumption: states that the distribution

of cations and anions around a central molecular species is such that

the net local ionic charge is zero. Local electroneutrality has been

observed for interstitial molecules in salt crystals.

Chen et al. (1982) proposed an excess Gibbs energy expression which contains

two contributions: one contribution for the long range ion ion interactions

and the other related to the local interactions that exist around any central

species. The unsymmetric Pitzer Debije Hückel (PDH) model and the Born

equation are used to represent the contribution of the long range ion ion

interactions, and the NRTL theory was used to represent the local interactions

(lc). The local interactions model was developed as a symmetric model with a

reference state based on pure solvent and pure completely dissociated liquid

electrolyte. Infinite dilution activity coefficients are then normalized by the

model to obtaining an un symmetric model. The NRTL expression for the

local interactions, the Pitzer Debije Hückel expression, and the Born equation

are added to give Equation 2.17 for the excess Gibbs energy.
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* * , * , * ,E E PDH E Born E lc

m m m mG G G G

RT RT RT RT
2.17

The excess free energy is related to the activity coefficient by the following

thermodynamic relationship.

** /
ln

EE
mm

i

i

nG RTG

RT n
2.18

Applying Equation 2.18 to Equation 2.17 yields,

* *, *, *,ln ln ln lnPDH Born lc

i i i i 2.19

Notice that in the absence of ions Equation 2.17 reduces to the original

NRTL expression for nonelectrolyte systems.

2.3.1 Long Range Contribution

The first term in Equation 2.17 accounts for the Pitzer Debije Hückel

long range ion ion interactions that occur at low ionic strengths.

0.5
* ,

0.5
41000

ln 1
E PDH

xm
k x

k s

A IG
x I

RT M
2.20

Where

sM is the molecular weight of the solvent,

is the “Closest approach” parameter,

xI is the ionic strength on a mole fraction basis,

20.5x i i

i

I x z 2.21
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ix is the mole fraction of component i,

iz is the charge of component,

A is the Debije Hückel parameter,

1.50.5 21 2

3 1000

o

w

N d e
A

D kT
2.22

oN is Avogadro’s number,

d is the solvent density,

e is the charge of an electron,

wD is the dielectric constant for water,

T is temperature, K,

k is the Boltzmann constant.

2.3.2 Born Correction

The Born correction term accounts for the change in reference state

given by the difference in the dielectric constants.

2

* , 2
21 1

10
2

E Born i i

m i

m w i

x z
G e

RT kT D D r
2.23

Where

ir is the Born radius,

mD is the Dielectric constant of the mixed solvent.

2.3.3 Local Contribution

The NRTL model accounts for sort range interactions between the

molecules. These could be considered the most important interactions,

because contributions from the previous two terms are only analytical in
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nature. Contributions from the NRTL model are regressed to fit system

requirements. Subscripts m , c , and a , represent molecules, cations, and

anions, respectively.

, ' , '* ,

'

' " , '

"

, ' , '

'

' " , '

"

...

                    ...

j jm jm jc a c jc a cE lc
j jm a

m c

m c ak km a k kc a c

k a k

ja a c ja a c

jc
a

a c c k ka a c

c k

X G G
G X

X X
RT X G X X G

G
X

X
X X G

2.24

Where

,

'

'

a ca m

a
cm

a

a

X G

G
X

,
,

'

'

c ca m

c
am

c

c

X G

G
X

,

,

'

'

a ca m

a
cm

a

a

X

X
,

,

'

'

c ca m

c
am

c

c

X G

X
,

, ' , ' , 'expjc a c jc a c jc a cG , , ' , ' , 'expja c a ja c a ja c aG ,

expim im imG , , , ,expca m ca m ca mG ,

, , ,ma ca am ca m m ca , , , ,mc ac cm ca m m ca ,

j j jX x C ( j jC Z for ions and jC = unity for molecule),

is the nonrandomness parameter,

is the binary energy interaction parameter.

Specific information concerning the temperature dependent nature of can

be found in the subsequent chapters.
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2.4 Vapor Liquid Equilibrium Calculations

When the activity coefficients are calculated the equilibrium between

the vapor and liquid phases can be determined. From thermodynamics we

know that the fugacity of the liquid and fugacity of the vapor must equal. We

can then write the following expression describing the vapor liquid

equilibrium for non supercritical species:

0

0 i i

i i i i i

P P
y P x P

RT
2.25

For supercritical species:

* 0

i i i i iy P x H 2.26

When Aspen Plus® normalizes the solute (CO2) activity coefficients, where the

solute activity coefficients approach one as their concentrations approach

zero, the electrolyte NRTL model will treat the molecules as symmetrically

normalized and reference the solute activity coefficient to infinite dilution.

But at infinite dilution the activity coefficient is not zero, therefore to account

for this Aspen defines the asymmetric activity coefficient:

* i
i

i

2.27

Thus, Aspen calculates i at any loading by setting the CO2 concentration to

zero while allowing all of the other ionic species to remain at the loaded
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solution values. This results in a floating reference state for CO2 and other

carbonate species ( 2

3CO and 3HCO ) as a function of loading.
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Chapter 3

Aqueous Potassium Carbonate Systems

This chapter describes the data regression and model predictions for the

H2O K2CO3 CO2 system.

Literature data used in this work for H2O K2CO3, H2O KHCO3, and

H2O K2CO3 CO2 electrolyte systems are discussed, respectively, followed by a

discussion of each data type with examples of the experimental data. The

binary interaction parameters associated with this system are then

simultaneous regressed in the electrolyte NRTL model utilizing a unique set

of binary interaction parameters to characterize the H2O K2CO3 CO2 system

which differs from the reported binary interaction parameters by Aspen

Plus®. Overall, the model adequately describes the H2O K2CO3 CO2 property

data within an average absolute relative error of +/ 2.3 percent, with the

exception of a few outliers.

3.1 H2O K2CO3System

The creation of the H2O K2CO3 CO2 model begins with the regression of

H2O K2CO3 literature data. Three data sets have been regressed with the

electrolyte NRTL model to represent the phase equilibrium of a single solvent

system through regression of mean ionic activity coefficient [Aseyev and
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Zaytsev (1996)], water vapor pressure depression [Aseyev (1999) and

Puchkov and Kurochkina (1970)], and calorimetry (heat capacity of solution)

[Aseyev and Zaytsev (1996)] over potassium carbonate solutions. The data

provides a wide range of both temperature and concentration from 298 to 403

K and 0.014 to 50 weight percent (wt%) or approximately 0.001 to 7.5 moles

K2CO3per kg water (m) respectively. Potassium carbonate was assumed to

completely dissociate in an aqueous solution resulting in the formation of two

potassium ions, K , and one carbonate ion, 2

3CO , given by the following

aqueous dissociation reaction.

2

2 3 32K CO K CO  3.1 

3.2 H2O KHCO3System

The next step in the creation of the H2O K2CO3 CO2 model continues

with the regression of H2O KHCO3 literature data. Two data sets have been

regressed with the electrolyte NRTL model to represent the phase

equilibrium of a single solvent system through regression of vapor pressure

depression [Aseyev (1999) ] and calorimetry (heat capacity of solution)

[Aseyev and Zaytsev (1996)] over potassium bicarbonate solutions. The data

provide a wide range of both temperature and concentration from 278 to 403

K and 2 to 20 wt% or approximately 0.2 to 2.5 m of KHCO3, respectfully.

Potassium bicarbonate was assumed to completely dissociate in an aqueous

solution resulting in the formation of one potassium ion, K , and one

bicarbonate ion, 3HCO , given by the following aqueous dissociation reaction.
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3 3KHCO K HCO  3.2 

3.3 H2O K2CO3 CO2System

For the completion of the H2O K2CO3 CO2 model, CO2 solubility in

potassium carbonate as reported by Tosh et al. (1959) was regressed with the

electrolyte NRTL model to represent the phase equilibrium of H2O K2CO3

KHCO3 mixtures through the regression of the equilibrium partial pressure of

CO2,
2COP . The data provide a wide range of both temperature and

concentration from 342 to 413 K and 20 to 40 % equivalent concentration of

K2CO3or approximately 0.33 to 9.12 m K2CO3, respectively, at various

fractional conversions (loadings) to KHCO3 from approximately 0.1 to 0.9 mol

CO2tot/mol K2CO3. “Equivalent concentration of K2CO3” refers to a solution

where only K2CO3and H2O are present. For example, a 20 % equivalent

solution contains 20 grams (gm) of K2CO3and 80 gm of H2O if all of the

bicarbonate in the system was converted back to carbonate.

The following stoichiometric chemical equilibrium expression (Equation

3.3) for the absorption of carbon dioxide by an aqueous solution of K2CO3 is

given below:

2 3 2 2 32K CO CO H O KHCO  3.3 

Figure 3 1 illustrates the proposed system to correlate/predict the

solubility of CO2 in aqueous solutions of K2CO3.
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R1: 2 32H O H O OH   3.4 

R2: 2 2 3 32CO H O H O HCO  3.5 

R3: 2

3 2 3 3HCO H O H O CO  3.6 

Figure 3 1. Chemical and Vapor liquid Equilibrium of K2CO3.

Reaction 3.4 describes the ionization of water to hydronium 3H O and

hydroxide OH ions; Reaction 3.5 describes the hydrolysis and ionization

of dissolved CO2 to H3O+ and bicarbonate 3HCO ions; Reaction 3.6

describes the dissociation of HCO3 to H3O+ and carbonate 2

3CO ions. The

chemical equilibrium constant for the above j equations are expressed in

Aspen Plus® v12.1 in terms of the activity of component i as given by the

following relationship:

,i j

j i

i

K a  3.7 

2CO

2CO

2H O

2H O

Vapor Phase

Liquid Phase
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Where

jK is the chemical equilibrium constant,

,i j is the reaction stoichiometric coefficient of component i,

ia is the activity of component i.

We can rewrite equation 3.7 in terms of the mole fractions, ix , and activity

coefficients, i , of component i to give

,i j

j i i

i

K x  3.8 

The temperature dependence of the chemical equilibrium constants is

represented in this work by the following function:

ln lni

B
K A C T K

T K
 3.9 

Estimates for the chemical equilibrium coefficients based on the temperature

dependence of the chemical equilibrium expression for Reactions 3.4 3.6,

were taken from Posey (1996) and Edwards et al. (1978) as given below in

Table 3 1.
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Table 3 1. Chemical Equilibrium Expressions (mole fraction concentration

basis) and Estimates for the Chemical Equilibrium Coefficients.

Equation # Equilibrium Constant A B C

3.4 132.9 13446 22.48

3.5 231.4 12092 36.78

3.6 216 12432 35.48

ln K = A + B/T(K) + C·lnT(K)

Source

3

2

1 2

H O OH

R

H O

a a
K

a

3 3

2 2

2 2

H O HCO

R

CO H O

a a
K

a a

2
3 3

2
23

3

H O CO

R

H OHCO

a a
K

a a

Posey (1996),

Edwards et al. (1978)

Posey (1996),

Edwards et al. (1978)

Posey (1996),

Edwards et al. (1978)

3.4 Data Types

3.4.1 Vapor Pressure Depression

Data in the form of vapor pressure depression which measures the

partial pressure of water,
2H OP , as a function of molality and temperature was

used to adjust the activity coefficient of water for the H2O K2CO3 and H2O

KHCO3 systems through the simultaneous regression of the binary

interaction parameters in the electrolyte NRTL model for the H2O K2CO3 CO2

system. An example of the experimental vapor pressure depression data

used in this work from two literature sources, Aseyev (1999) and Puchkov

and Kurochkina (1970) at 298 K, is shown in Figure 3 2.
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Figure 3 2. Vapor Pressure of Water in Aqueous Potassium Carbonate

Mixtures at 298 K.

Figure 3 2 suggests an adequate agreement between authors for the vapor

pressure depression at 298 K. Please refer to Appendix D for more

information about how Aspen Plus® accepts vapor pressure depression data

into the Data Regression System (DRS).

3.4.2 Mean Ionic Activity Coefficient

Data in the form of the mean ionic activity coefficient, , which relates

the ionic activity coefficients to the mean activity coefficient for a single salt in

solution as a function of molality was used to adjust the ionic activity

coefficients of K and 2

3CO in the H2O-K2CO3 system through the
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simultaneous regression of the binary interaction parameters in the

electrolyte NRTL model for the H2O K2CO3 CO2 system.

In general, mean ionic activity coefficient is given by the following

equation

1 2  3.10 

Where

and are the individual ionic activity coefficients, unitless,

1 and 2 are the charge numbers of the respective ions, unitless,

is the sum of the respective ions charge numbers, [=] 1 2 .

An example of the experimental mean ionic activity coefficient data used in

this work from Aseyev and Zaytsev (1996) at 298 K is shown in Figure 3 3.

Please refer to Appendix D for more information about how Aspen

Plus® accepts mean ionic activity coefficient data into the DRS.

3.4.3 Heat Capacity of Solution

Heat capacity of solution data at constant pressure (heat capacity), PC ,

as a function of molality and temperature were used to adjust the coefficients

for the binary interaction parameters through the second temperature

derivative of the electrolyte NRTL model for the H2O K2CO3 and H2O

KHCO3 systems through the simultaneous regression of the binary

interaction parameters in the electrolyte NRTL model for the H2O K2CO3 CO2

system. In general, heat capacity is given by the following thermodynamic

relations:
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Figure 3 3. Mean Ionic Activity Coefficient from Aseyev and Zaytsev (1996)

in Aqueous Potassium Carbonate Mixtures at 298 K.

P

P

H
C

T
 3.11 

1

E

P

G

T
H

T

 3.12 

Where

PC is the heat capacity at constant pressure (14.69595 psia), J/kg K,

H is the enthalpy,
EG is the excess Gibbs free energy.
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An example of the experimental heat capacity data used in this work

from Aseyev and Zaytsev (1996) from 293 – 393 K for H2O-K2CO3 and H2O-

KHCO3 systems is shown in Figures 3 4 and 3 5.
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Figure 3 4. Heat capacity at constant pressure in Aqueous Potassium

Carbonate Mixtures from 298 – 393 K.
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Figure 3 5. Heat capacity at constant pressure in Aqueous Potassium

Bicarbonate Mixtures from 298 – 393 K.

Please refer to Appendix D for more information about how Aspen Plus®

accepts heat capacity data into the DRS.
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3.4.4 CO2 Solubility

Data in the form of CO2 solubility, which measures the partial pressure

of CO2 over aqueous potassium carbonate/bicarbonate solutions,
2COP , as a

function of the fractional conversion (loading) of K2CO3 to KHCO3 and

temperature were used to adjust the partial pressure of CO2 for the H2O

K2CO3 CO2 system through the simultaneous regression of the binary

interaction parameters in the electrolyte NRTL model for the H2O K2CO3 CO2

system.

Tosh et al. (1959) reported the equilibrium total pressure and the partial

pressure of CO2 and H2O, where the volume percent of CO2 and H2O was

determined by mass spectroscopy; thus the vapor fraction of CO2 and H2O

were used to calculate the partial pressure of the respective species by the

following relation:

i iP y P  3.13 

Where

iP is the partial pressure of species i, Pa,

iy is the vapor fraction of species i, unitless,

P is the equilibrium total pressure of the system, Pa.

Examples of the experimental CO2 solubility used in this work from

Tosh et al. (1959) at 20, 30, and 40 % equivalent concentration of K2CO3, are

shown in Figures 3 6, 3 7, and 3 8.
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Figure 3 6. CO2 Solubility in a 20 % equivalent concentration of aqueous

solution of K2CO3.
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Figure 3 7. CO2 Solubility in a 30 % equivalent concentration of aqueous

solution of K2CO3.
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Figure 3 8. CO2 Solubility in a 40 % equivalent concentration of aqueous

solution of K2CO3.
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Chen et al. (1979) noted that the above experimental data exhibited a

high degree of scatter when they attempted to represent the molecule ion and

molecule molecule interactions with an extended form of the Pitzer equation.

Please refer to Appendix D for more information about how Aspen Plus®

accepts CO2 solubility data into the DRS.

3.5 Aqueous K2CO3/KHCO3 System Data Regression

Recall from Chapter 2 that there are three types of binary interaction

parameters in the electrolyte NRTL model: molecule molecule, ',m m
and ' ,m m

;

molecule electrolyte, ,m ca and ,ca m ; electrolyte electrolyte (with a common

cation or anion) , 'ca ca and ',ca ca or , 'ca c a and ' ,c a ca ; and the molecule

electrolyte nonrandomness factor, ,ca m . Chen and Evans (1986) noted that in

their regression attempts it was not always possible to obtain statistically

significant results for all four types of binary interaction parameters. In this

work, the molecule electrolyte nonrandomness parameter was set to an

arbitrary value of , 0.2ca m for all correlations involving electrolyte systems

as suggested by Chen and Evans (1986). In this work, the electrolyte –

electrolyte parameters are generally negligible and were assumed to be zero.

However, electrolyte – electrolyte parameters can affect trace ionic activity

coefficients significantly and can be important when dealing with salt

precipitation. In this work, the concentrations of K2CO3 and KHCO3 studied

did not warrant the inclusion of the respective salt precipitation equilibrium
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reactions. For the electrolyte NRTL model, default values given for molecule

electrolyte and electrolyte molecule interactions are given in Table 3 2.

Table 3 2. Default Binary Interaction Parameters for the Electrolyte NRTL

Model in Aspen Plus® v12.1.9.

Binary Interaction Pairs

Molecule-electrolyte 10

Electrolyte-molecule -2

Water-electrolyte 8

Electrolyte-water -4

The two energy parameters were left to be adjusted to provide the best

fit to the data. The binary interaction parameters were assumed to be

temperature dependent and were fitted to the following function of

temperature:

,

, , , ln

ref

m ca

m ca m ca m ca ref

T TB T
A C

T T T
 3.14 

,

, , , ln

ref

ca m

ca m ca m ca m ref

T TB T
A C

T T T
 3.15 

Through simultaneous regression, the molecule electrolyte and

electrolyte molecule binary interaction parameters for the H2O K2CO3 CO2

electrolyte system were obtained through the regression of mean ionic

activity coefficient [Aseyev and Zaytsev (1996)], vapor pressure depression

[Aseyev (1999) and Puchkov and Kurochkina (1970)], heat capacity [Aseyev

and Zaytsev (1996)] over potassium carbonate and potassium bicarbonate
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solutions, and CO2 solubility in aqueous solutions of potassium carbonate

[Tosh et al. (1959)].

Adjustable binary interaction parameters were determined by DRS

within Aspen Plus® utilizing the maximum likelihood principle of Britt and

Luecke (1973) through the minimization of the following objective function:

2 2

, , , ,

2 2
1 1

k k

k k

n n
k adj k obs k adj k obs

U P

k kU P

U U P P
f W W  3.16 

where the measurable variables, kU , are the state variables (i.e. T, P, x, y), and

property variables, kP , are vapor pressure depression and heat capacity. The

objective function is then minimized through the use of Lagrange multipliers

to adjust the measurable variables and the model parameters within VLE

constraints, chemical equilibrium constraints for all reactions included in the

model, and parameter bounds. A list of the aqueous electrolyte data sets that

were examined in this work is given in Table 3 3. The column labels T , P ,

, 2PH O , 2PCO ,
ix , iy , CP gives standard error associated with the

temperature, pressure, mean ionic activity coefficient, partial pressure of

water, partial pressure of CO2, liquid mole fraction, vapor mole fraction, and

the heat capacity, respectively, with each data set. DRS suggested standard

error default values were assigned unless otherwise stated by the author.
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Table 3 3. Experimental data used for regression of the H2O K2CO3 CO2

system.

Source

Obs. T (K) T P xi ±

53 298 0.1 0.1% 0.1% 1.0% Aseyev and Zaytsev (1996)

Obs. T (K) T PH2O xi yi

543 298 403 0.1 0.5% 0.1% 0% Aseyev (1999)

42 298 363 0.1 0.6% 0.1% 0% Puchkov and Kurochkina (1970)

Obs. T (K) T P xi CP

298 283 403 0.1 0.1% 0.1% 0.5% Aseyev and Zaytsev (1996)

Source

Obs. T (K) T PH2O xi yi

10 25 0.1 0.5% 0.1% 0% Aseyev (1999)

Obs. T (K) T P xi CP

214 5 130 0.1 0.1% 0.1% 0.5% Aseyev and Zaytsev (1996)

Source

Obs. T (K) T PCO2 xi yi

113 343 403 0.1 5.0% 0.1% 0% Tosh et al. (1959)

Vapor Pressure Depression

Heat Capacity of Solution (J/mol K)

H2O K2CO3 System

Mean Ionic Activity Coefficient

Vapor Pressure Depression

Heat Capacity of Solution (J/mol K)

H2O K2CO3 CO2 System

CO2 Solubility

H2O KHCO3 System

Vapor Pressure Depression

After performing a nonlinear regression for the full model using DRS,

the following regression summary statistics output for estimates of the

adjustable binary parameter coefficients is shown in Table 3 4.

Table 3 4. DRS Regression Output for Full H2O K2CO3 CO2 SystemModel.

Parameter i j k Estimate wrt Estimate wrt (333 K)

1-Am,ca K
+

CO3
-2

H2O -4.28 0.02 0.02

2-Bm,ca K
+

CO3
-2

H2O -93.6 8.10 0.02

3-Cm,ca K
+

CO3
-2

H2O -0.21 0.15 0.0009

4-Aca,m H2O K
+

CO3
-2

9.21 0.03 0.03

5-Bca,m H2O K
+

CO3
-2

0.12 3.68 0.01

6-Cca,m H2O K
+

CO3
-2

6.62 0.40 0.002

7-Am,ca K
+

HCO3
-1

H2O -2.86 0.46 0.46

8-Bm,ca K
+

HCO3
-2

H2O -197 146 0.44

9-Cm,ca K
+

HCO3
-3

H2O -6.54 4.53 0.03

10-Aca,m H2O K
+

HCO3
-1

7.32 0.91 0.91

11-Bca,m H2O K
+

HCO3
-2

91.2 314 0.94

12-Cca,m H2O K
+

HCO3
-3

7.15 8.63 0.05

Interacting Species
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Residual Sum of Squares: 16945

Residual Root Mean Square: 3.707

Degree of Freedom: 1512

Recall that the standard error of an estimate is the estimated standard

deviation of that statistic. Notice that all of the estimates are large relative to

their standard errors with the exception of a few outliers. A complete

description of the variability of the coefficient estimates requires examining

the correlations between the estimates as shown in Table 3 5.

Table 3 5. Correlation Matrix of the Coefficient Estimates for the Full H2O

K2CO3 CO2 System Model.

Parameter 1 2 3 4 5 6 7 8 9 10 11 12

1 1.00            

2 -0.96 1.00           

3 -0.28 0.19 1.00          

4 0.25 -0.47 0.17 1.00         

5 0.17 -0.16 -0.08 -0.40 1.00        

6 0.29 -0.20 -0.99 -0.18 0.09 1.00       

7 0.02 0.00 -0.19 0.22 -0.59 0.20 1.00      

8 -0.01 0.00 0.17 -0.25 0.62 -0.18 -0.96 1.00     

9 -0.06 0.05 0.22 -0.05 0.16 -0.25 -0.64 0.46 1.00    

10 0.08 -0.10 0.16 -0.20 0.68 -0.16 -0.92 0.94 0.39 1.00   

11 -0.08 0.09 -0.14 0.23 -0.68 0.13 0.82 -0.91 -0.18 -0.96 1.00  

12 0.06 -0.05 -0.22 0.06 -0.18 0.25 0.65 -0.48 -1.00 -0.42 0.21 1.00

The matrix shown in Table 3 5 utilizes a variance covariance matrix to

determine the correlation matrix, using the following formula:

2
( , )

ij

i j

ii jj

 3.17 

Where

( , )i j is an estimate of the correlation coefficient between parameters i

and j ,

ii , jj , and ij are the squares of the standard errors, , of the regression

coefficient estimates.
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Each correlation coefficient is a summary statistic for a 2D scatterplot of the

variables used in the correlation and is a measure of the linear relationship

between the variables. The correlation coefficient is a unitless number that

always falls between 1 and 1. If the correlation coefficient equals 1 or 1, then

the parameters can be described by a linear line with either a positive or

negative slope, respectively. If the correlation coefficient equals 0, then the

parameters are said to be uncorrelated and independent. The correlation

matrix is symmetric because the covariance between parameters j and k is

the same as the covariance between parameters k and j .

Table 3 5 shows a high negative correlation between 2 1 for the first

energy parameter estimate, 2
3 2/K CO H O

, but the correlation between 3 1 and

3 2 is relatively small, suggesting that 2 might be usefully removed from

the model without significant loss of information. Table 3 5 shows a total of

eight highly correlated parameters and similar arguments can be stated about

the possibility of removing those parameters without significant loss of

information.

After performing backward elimination using DRS, the following

optimum model regression summary statistics output for estimates of the

adjustable binary parameter coefficients is shown in Table 3 6. Please refer to

Appendix G for more information about the backward elimination procedure

to determine the optimal set of binary interaction parameters.
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Table 3 6. DRS Regression Output for Optimum H2O K2CO3 CO2 System

Model.

Parameter i j k Estimate wrt Estimate wrt (333 K)

1-Am,ca K
+

CO3
-2

H2O -4.27 0.02 0.02

2-Bm,ca K
+

CO3
-2

H2O -96.3 7.99 0.02

3-Cm,ca K
+

CO3
-2

H2O -0.14 0.13 0.001

4-Aca,m H2O K
+

CO3
-2

9.21 0.03 0.03

5-Cca,m H2O K
+

CO3
-2

6.44 0.37 0.002

6-Am,ca K
+

HCO3
-1

H2O -3.13 0.15 0.15

7-Bm,ca K
+

HCO3
-2

H2O -129 46.7 0.14

8-Cm,ca K
+

HCO3
-3

H2O -2.79 0.34 0.002

9-Aca,m H2O K
+

HCO3
-1

7.73 0.16 0.16

Interacting Species

Residual Sum of Squares: 16940

Residual Root Mean Square: 3.702

Degree of Freedom: 1509

Notice that all of the estimates are larger relative to their standard

errors. In comparing the estimates from the full model to the optimum

model, there was relatively little difference between the estimated values, but

in the full model there were three parameters where the estimates were

smaller relative to their standard errors. The sum of squares and the standard

errors for the optimum model have decreased as compared to the full model.

The proposed optimum model provides the following correlations between

the estimates as shown in Table 3 7.
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Table 3 7. Correlation Matrix of the Coefficient Estimates for the Optimum

H2O K2CO3 CO2 SystemModel.

Parameter 1 2 3 4 5 6 7 8 9

1 1.00         

2 -0.96 1.00        

3 -0.25 0.17 1.00       

4 0.37 -0.60 0.14 1.00      

5 0.27 -0.18 -0.99 -0.15 1.00     

6 0.15 -0.15 0.04 0.06 -0.03 1.00    

7 -0.22 0.23 0.03 -0.14 -0.04 -0.87 1.00   

8 0.03 -0.04 0.00 0.05 -0.01 -0.56 0.45 1.00  

9 0.17 -0.20 -0.17 0.20 0.16 -0.53 0.06 0.28 1.00

Table 3 7 again shows a high negative correlation between 2 1 for the

first energy parameter estimate, 2
3 2/K CO H O

, but the correlation between 3 1

and 3 2 is still relatively small, suggesting that 2 might be usefully

removed from the model without significant loss of information. Table 3 7

shows a total of two highly correlated parameters ( ,2 m caB and ,5 ca mC ), and

similar arguments can be stated about the possibility of removing those

parameters without significant loss of information.

Results from the previous section show that dropping a term from the

optimum model may provide a submodel that may have a decrease in the

correlation between the estimate coefficients and improve the reliability of the

model. Testing whether any subset of the regression estimate coefficients

may be zero plays an important role in many analyses which leads to the

following hypotheses:

NH:
, ,2 5 0m ca ca mB C Submodel function applies

AH: At lease one , ,2 ,5 0m ca ca mB C Optimum model function applies
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We can perform an F Test to compare the proposed submodel with the

optimum model with the following test statistic:

~ ,

NH AH

NH AH

NH AH AH

AH

AH

RSS RSS

df df
F df df df

RSS

df

 3.18 

In this case, the residual sum of squares, RSS, measures lack of fit and

we can compare the fits by looking at the difference between NH AHRSS RSS .

If this number is small, then the two functions fit adequately; and if it is

significantly large, then the constraints that were imposed to get the

submodel are then contradicted by the data. In other words, the submodel

fails to describe significant systematic trends presented in the data.

Significance levels for this test are obtained by comparing the observed value

of F to the
,NH AH AHdf df dfF distribution. The p value is then computed as an

upper tail test and gives the probability associated with evidence to reject the

null hypothesis which will then be compared to the results given by the

submodel.

If we were to remove the highly correlated parameters from the

optimum model, the following submodel regression summary statistics

output for estimates of the adjustable binary parameter coefficients is shown

in Table 3 8.
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Table 3 8. DRS Regression Output for H2O K2CO3 CO2 System Submodel.

Parameter i j k Estimate wrt Estimate wrt (333 K)

1-Am,ca K
+

CO3
-2

H2O -4.56 0.01 0.01

2-Cm,ca K
+

CO3
-2

H2O 2.17 0.02 0.0001

3-Aca,m H2O K
+

CO3
-2

9.11 0.02 0.02

4-Am,ca K
+

HCO3
-1

H2O -3.56 0.17 0.17

5-Bm,ca K
+

HCO3
-2

H2O 42.7 50.9 0.15

6-Cm,ca K
+

HCO3
-3

H2O -2.50 0.40 0.002

7-Aca,m H2O K
+

HCO3
-1

7.42 0.18 0.18

Interacting Species

Residual Sum of Squares: 19794

Residual Root Mean Square: 3.999

Degree of Freedom: 1511

Notice that only one of the estimates is larger relative to the standard

error. Comparing the estimates from the submodel to the optimum model,

there was relatively little difference between the estimated values with

respect to the order of magnitude. The residual sum of squares and the

standard errors for the submodel have increased as compared to the optimum

model. The proposed submodel provides the following estimated

covariances between the estimates as shown in Table 3 9.

Table 3 9. Correlation Matrix of the Coefficient Estimates for the H2O

K2CO3 CO2 System Submodel.

Parameter 1 2 3 4 5 6 7

1 1.00       

2 0.28 1.00      

3 -0.98 -0.28 1.00     

4 0.05 0.09 -0.05 1.00    

5 0.01 -0.06 -0.01 -0.86 1.00   

6 -0.02 -0.08 0.02 -0.64 0.56 1.00  

7 -0.14 -0.06 0.15 -0.55 0.06 0.26 1.00
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Table 3 9 shows a high negative correlation between 3 1 for the third

energy parameter estimate, 2
2 3/H O K CO

, but the correlation between 3 2 is

relatively small, suggesting that 3 might be usefully removed from the

model without significant loss of information.

The two models were then compared using the test statistic F applied to

the null hypothesis versus the alternative:

19794.6569 16940.2056

1511 1509
~ 127.13 2,1509

16940.2056

1509

We can then calculate the probability for an F distribution, df = 2, 1509,

upper tail.

F dist. with (2, 1509) df, value = 127.13, upper tail probability = 0

The finding of 0p provides strong evidence against the null hypothesis

that , ,2 5 0m ca ca mB C . Since a value of F this strong would be observed zero

times out of a hundred if the null hypothesis were true, suggesting the

submodel will not give an adequate description of the data over the range of

temperatures and concentration available in the data.

3.5.1 OptimumModel Results

With the determination of the estimates for the binary interaction

parameters known for the optimum model, a simple Aspen Plus® Flash

model was used to test the predictive capability of the H2O K2CO3 CO2
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model against literature data. For each data point, the deviation between the

experimental and estimated values is expressed in terms of the absolute

average relative deviation (AARD), as given by the following equation:

exp est100
%

exp

i i

i i

AARD
N

 3.19 

Where

N is the number of experimental data points.

Table 3 10 gives the AARD and the maximum AARD for the model

predictions.

Table 3 10. Absolute Percent Relative Error for the H2O K2CO3 CO2

OptimumModel.

H2O/K2CO3 System

%AARD Max.

Vapor Pressure Depression Aseyev (1999) & Puchkov and Kurochkina (1970) 1.0 7.7

Heat Capacity of Solution Aseyev and Zaytsev (1996) 1.1 4.0

Mean Ionic Activity Coefficient Aseyev and Zaytsev (1996) 8.5 24.7

H2O/KHCO3 System

Vapor Pressure Depression Aseyev (1999) 0.4 0.6

Heat Capacity of Solution Aseyev and Zaytsev (1996) 1.0 3.4

H2O/K2CO3/CO2 System

CO2 Solubility (P*
CO2) Tosh et al. (1959)

20 wt% K2CO3 10 33

30 wt% 12 39

40 wt% 11 45

Overall 2.3 45
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Overall, the model adequately describes the H2O K2CO3 CO2 property

data listed above within an average absolute relative error of +/ 2.3 percent,

with the exception of a few outliers.

We found that parameters sequentially regressed for the above two

systems without CO2 solubility data did not accurately describe significant

systematic trends presented in the vapor liquid equilibrium. Sequential

regression consists of a two part process where parameters for the H2O K2CO3

system were determined and then held fixed while parameters for the H2O

KHCO3 system were regressed. Model predictions gave an average absolute

relative error of +/ 250 percent for the partial pressure of CO2 from 20 – 40 %

equivalent concentration of aqueous solution of K2CO3 versus temperature

from 343 – 493 K.

We also found the H2O K2CO3 CO2 system parameters regressed by

Aspen Plus® (ehotca.bkp) based only on CO2 solubility data from Tosh et al.

(1959), did not capture systematic temperature trends presented in the CO2

solubility data. Table 3 11 gives the Aspen Plus® Data Bank H2O K2CO3 CO2

system parameters.

Utilizing the above set of binary interaction parameters to characterize

the H2O K2CO3 CO2 system, Table 3.12 compares the percent AARD and the

maximum percent AARD for the CO2 solubility model predictions based on

the parameters from this work and those from the Aspen Plus® Data Bank.
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Table 3 11. Aspen Plus® Data Bank Parameters based on Tosh et al. (1959)

CO2 Solubility data.

H2O/K2CO3/CO2 System

, 298 K

Binary Interactions A B C Aspen Data Bank

K2CO3/H2O 0.6 2112 0 6.5

KHCO3/H2O 4.5 0 0 4.5

H2O/K2CO3 0.8 0 0 0.8

H2O/KHCO3 8.8 0 0 8.8

Table 3 12. A Comparison of the CO2 Solubility Data fromModel

Predictions based on H2O K2CO3 CO2 Parameters from this work and from

the Aspen Plus® Data Bank.

H2O/K2CO3/CO2 System

CO2 Solubility (PCO2) This work Aspen Data Bank This work Aspen Data Bank

20 wt% K2CO3 10 32 33 62

30 wt% 12 29 39 56

40 wt% 11 49 45 144

Overall 11 39 45 144

AARD (%) Maximum (%)

Figures 3 9 11 give the results of fit for the experimental CO2 solubility

at 20, 30, and 40 % equivalent concentration of K2CO3 versus loading from 343

– 403 K based on the Aspen Plus® Data Bank H2O K2CO3 CO2 system

parameters.
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Figure 3 9. CO2 Solubility in a 20 % equivalent concentration of aqueous

solution of K2CO3. Points: Tosh et al. (1959), Lines: Aspen Plus® Data Bank

Electrolyte NRTL.

1.E+04

1.E+05

1.E+06

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Loading (mol CO2/mol K2CO3)

P
C

O
2

 (
P

a
)/

L
d

g
2

343

363

383

403 K

Figure 3 10. CO2 Solubility in a 30 % equivalent concentration of aqueous

solution of K2CO3. Points: Tosh et al. (1959), Lines: Aspen Plus® Data Bank

Electrolyte NRTL.
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Figure 3 11. CO2 Solubility in a 30 % equivalent concentration of aqueous

solution of K2CO3. Points: Tosh et al. (1959), Lines: Aspen Plus® Data Bank

Electrolyte NRTL.

3.6 Model Predictions

3.6.1 Vapor Pressure Depression Predictions

With the determination of the estimates for the energy parameter

coefficients known for the optimum model, a simple Aspen Plus® Flash

model was used to test the predictive capability of the H2O K2CO3 CO2

energy parameter coefficients against literature data. Figure 3 12 compares

estimated and experimental vapor pressure depression from Aseyev (1999),

for aqueous K2CO3 mixtures from 0.15 7.2 m at 298, 333, 353, 368, and 393K.

The optimum model exhibits systematic temperature errors presented in the
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K2CO3 vapor pressure depression data listed above even though all the

predictions of the model were within an AARD of +/ 2 %, with the exception

of a few outliers.
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Figure 3 12. Comparison of Model Predictions with Experimental Data for

Aseyev (1999) K2CO3 Vapor Pressure Depression from 298 393 K.

Figure 3 13 compares estimated and experimental vapor pressure

depression from Puchkov and Kurochkina (1970) for aqueous K2CO3 mixtures

from 0.15 7.2 m at 298, 323, 343, and 363K. The optimum model exhibits

systematic under representation of temperature presented in the K2CO3 vapor

pressure depression data listed above even though all the predictions of the

model were within an AARD of +/ 4 %, with the exception of a few outliers at

7.5 m K2CO3.
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Figure 3 13. Comparison of Model Predictions with Experimental Data for

Puchkov and Kurochkina (1970) K2CO3 Vapor Pressure Depression from

298 363 K.

Figure 3 14 compares estimated and experimental vapor pressure

depression from Aseyev (1999) for aqueous KHCO3 mixtures from 0.2 – 2.5 m

at 298K. The optimum model is systematically overestimating the KHCO3

vapor pressure depression data even though all of the predictions for the

model were within an AARD of +/ 1 %.

Figure 3 15 illustrates activity coefficient of H2O predictions by the

optimum model for aqueous K2CO3 mixtures from 0 8 m at 298, 353, and

393K.
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Figure 3 14. Comparison of Model Predictions with Experimental Data for

Aseyev (1999) KHCO3 Vapor Pressure Depression at 298 K.
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Figure 3 15. Model Predictions for the Activity Coefficient of Water in

Aqueous K2CO3 Mixtures at 298, 353, and 393 K.
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Figure 3 16 illustrates activity coefficient of H2O predictions by the

optimum model for aqueous KHCO3 mixtures from 0 3 m at 298, 353, and

393K.
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Figure 3 16. Model Predictions for the Activity Coefficient of Water in

Aqueous KHCO3 Mixtures at 298, 353, and 393 K.

Overall, the optimum model adequately describes the vapor pressure

depression data in aqueous K2CO3 and KHCO3 mixtures within average

absolute relative errors of +/ 1.05, 0.37 percent, respectively.

3.6.2 Mean Ionic Activity Coefficient Predictions

Figure 3 17 shows the comparison between the experimental and

predicted mean ionic activity coefficient data at 298 K and model predictions

at 333 and 373 K from 0.001 – 7.5 m K2CO3. The optimum model provides an
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adequate representation of the data, but the model overestimates the mean

ionic activity coefficient between 2 and 5.8 m K2CO3 and under estimates the

mean ionic activity coefficient between 6 and 7.5 m K2CO3. Using the model

as a predictive tool, the model describes similar systematic trends for the

mean ionic activity coefficient at 333 and 373 K. Overall, the optimum model

adequately describes the mean ionic activity coefficient data in aqueous

K2CO3 mixtures within average absolute relative error of +/ 8.5 percent.
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Figure 3 17. Comparison of Model Predictions with Experimental Data for

K2CO3 Mean Ionic Activity Coefficient at 298, 333, and 373 K. Points:

Aseyev and Zaytsev (1996), Lines: Electrolyte NRTL.
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3.6.3 Heat Capacity Predictions

Figure 3 18 compares estimated and experimental heat capacity for

aqueous K2CO3 mixtures from 0.1 7.5 m at 293, 333, 353, and 393K. The

optimum model exhibits small systematic temperature errors presented in the

K2CO3 heat capacity data listed above even though all of the predictions of

the model were within an AARD of +/ 2 %, with the exception of a few

outliers.
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Figure 3 18. Comparative Fit of Experimental Heat Capacity Data to Model

Predictions for Aqueous K2CO3 Mixtures from 293 – 393 K.

Figure 3 19 compares estimated and experimental heat capacity for

aqueous K2CO3 mixtures normalized by the heat capacity of pure water,
2

0

H OPC ,
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at 292 and 393 K. The heat capacity of pure water was obtained from Rowley

et al. (2004), given by the following equation:

2

0 2 3 4276370 2090.1 8.125 0.014116 0.0000093701
H OP

J

kmol K

C T T T T  3.20 
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Figure 3 19. Comparative Fit of Normalized Experimental Heat Capacity

Data to Model Predictions for Aqueous K2CO3 Mixtures at 293 and 393 K.

Points: Aseyev and Zaytsev (1996), Lines: Electrolyte NRTL.

Figure 3 20 compares estimated and experimental heat capacity for

aqueous KHCO3 mixtures from 0.4 2.5 m at 293, 333, 353, and 393K. The

optimum model exhibits small systematic temperature errors presented in the

KHCO3 heat capacity data at 293 and 393 K even though all of the predictions
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of the model were within an AARD of +/ 2 %, with the exception of a few

outliers.
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Figure 3 20. Comparative Fit of Experimental Heat Capacity Data to Model

Predictions for Aqueous KHCO3 Mixtures from 293 – 393 K.

Figure 3 21 compares estimated and experimental heat capacity for

aqueous KHCO3 mixtures normalized by the heat capacity of pure water

(Equation 3.20) at 292 and 393 K.

Overall, the optimum model adequately describes the heat capacity

data in aqueous K2CO3 and KHCO3 mixtures within average absolute relative

errors of +/ 1.09, 1.00 percent, respectively.
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Figure 3 21. Comparative Fit of Normalized Experimental Heat Capacity

Data to Model Predictions for Aqueous KHCO3 Mixtures at 293 and 393 K.

Points: Aseyev and Zaytsev (1996), Lines: Electrolyte NRTL.

3.6.4 CO2 Solubility Predictions

Figures 3 22, 3 23, and 3 24 give the results of fit for the experimental

CO2 solubility at 20, 30, and 40 % equivalent concentration of K2CO3 versus

loading from 343 – 403 K and model predictions at 313 and 333 K.
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Figure 3 22. CO2 Solubility in a 20 % equivalent concentration of aqueous

solution of K2CO3. Points: Tosh et al. (1959), Lines: Electrolyte NRTL.
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Figure 3 23. CO2 Solubility in a 30 % equivalent concentration of aqueous

solution of K2CO3. Points: Tosh et al. (1959), Lines: Electrolyte NRTL.
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Figure 3 24. CO2 Solubility in a 40 % equivalent concentration of aqueous

solution of K2CO3. Points: Tosh et al. (1959), Lines: Electrolyte NRTL.
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Figure 3 25 gives the results of fit for the experimental CO2 solubility at

313, 343 and 403 K for 20, 30, and 40 % equivalent concentration of K2CO3. At

the given temperature, the optimum model exhibits a weak effect of K+

presented in the CO2 solubility data.
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Figure 3 25. CO2 Solubility at 313, 343, 403 K in 20, 30, and 40 % equivalent

concentration of aqueous solutions of K2CO3. Points: Tosh et al. (1959),

Lines: Electrolyte NRTL.

Overall, the optimum model adequately describes the CO2 solubility

data in aqueous K2CO3 CO2 mixtures within average absolute relative errors

of +/ 10, 12. and 11 percent, respectively.
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3.6.5 H2O K2CO3 CO2 Heat Capacity Predictions

Using the electrolyte NRTL model as a purely predictive model, the

heat capacity in 20, 30, and 40 % equivalent concentration of K2CO3 versus

loading from 343 – 403 K as given in Figures 3 26, 3 27, and 3 28.
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Figure 3 26. Heat Capacity in a 20 % equivalent concentration of aqueous

solution of K2CO3. Lines: Electrolyte NRTL.

Figure 3 29 gives heat capacity predictions at 313 and 403 K for 20, 30,

and 40 % equivalent concentration of K2CO3. At the given temperature range,

the optimum model exhibits a weak effect of K+ presented in the heat capacity

for the H2O K2CO3 CO2 system.
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Figure 3 27. Heat Capacity in a 30 % equivalent concentration of aqueous

solution of K2CO3. Lines: Electrolyte NRTL.
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Figure 3 28. Heat Capacity in a 40 % equivalent concentration of aqueous

solution of K2CO3. Lines: Electrolyte NRTL.
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Figure 3 29. Heat Capacity at 313 and 403 K in 20, 30, and 40 % equivalent

concentration of aqueous solutions of K2CO3. Lines: Electrolyte NRTL.

3.7 Conclusions

Results presented above indicate that the electrolyte NRTL model,

through simultaneous regression, gave a set of optimum binary interaction

parameters for the H2O K2CO3 CO2 electrolyte system. The optimum model

adequately represents the vapor pressure depression, heat capacity of

solution, mean ionic activity coefficient data for aqueous K2CO3 and KHCO3

mixtures, and CO2 solubility data for aqueous K2CO3 CO2 mixtures.

789



68

Chapter 4

Aqueous Piperazine System

This chapter describes the data regression and model predictions for the

H2O Piperazine (PZ) system.

Literature data used in this work for the H2O PZ electrolyte system are

discussed followed by a discussion of each data type with examples of the

experimental/simulated data. The results for the binary interaction

parameters for the NRTL model within Aspen Plus® are then presented;

showing good statistical fit to the literature data with an average absolute

relative error of +/ 1.2 %, with the exception of a few outliers.

4.1 H2O PZSystem

Recall from Chapter 2 that as the concentration of ions in an electrolyte

solution approaches zero, the electrolyte NRTL model reduces to the NRTL

Model of Renon and Prausnitz (1968). The NRTL model was, therefore, the

valid choice in the determination of the molecule molecule binary interaction

parameters for the H2O PZ system.

The NRTL model is an excess Gibbs energy model given by the

following form for a binary system:
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21 21 12 12
1 2

1 2 21 2 1 12

exG G G
x x

RT x x G x x G
 4.1 

Where

i is the species index, 1: H2O and 2: PZ,

j is the species index, 1: H2O and 2: PZ,

ix is the liquid mole fraction of component i,

ij is the binary interaction parameter between component i and j,

ij is the molecule molecule nonrandomness factor, 0.2,

12 12

12G e ,

21 21

21G e .

The molecule molecule binary interaction parameters were assumed to

be temperature dependent and were fitted to the following function of

temperature:

12
12 12

B
A

T
 4.2 

21
21 21

B
A

T
 4.3 

Taking the appropriate derivative of Equation 4.1, an expression for

the activity coefficient of PZ can then be derived from thermodynamic

relationships.

/
ln

ex

i

i

nG RT

n
 4.4 

2

2 12 21 21
2 1 12 2

2 1 12 1 2 21

ln
G G

x
x x G x x G

 4.5 
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By taking the limit as the mole fraction of PZ 2x approaches zero, we

get an explicit form of Equation 4.5 for the infinite dilution activity coefficient

of PZ as given below:

12 21

2 12 21ln e  4.6 

Where

2 is the infinite dilution activity coefficient for piperazine.

From Equation 5.4, we can see how excess Gibbs energy and activity

coefficients are related through model parameters. The creation of the H2O

PZ model begins with the regression of literature data. Wilson and Wilding

(1994) reported total pressure data for aqueous PZ solutions at high

temperatures (386.05 and 471.95 K). Since total pressure data does not allow

for the direct calculation of individual component activity coefficients or

extrapolation to infinite dilution, activity coefficients regressed from total

pressure data cannot be accurately determined. Thus, total pressure data

from Wilson and Wilding (1994) was excluded.

Cabani et al. (1975) reported the heat of solution of PZ at 298 K, but

noted that the heat of solution of PZ was not obtained with very good

precision. Thus, the heat of solution from Cabani et al. (1975) was excluded.

Other thermodynamic and calorimetric data reported from various authors

were calculated or derived from other thermodynamic data and were very

limited in the range of temperature and concentration of piperazine. Due to a

lack of substantial data, predictions for the activity coefficient behavior of

aqueous PZ were obtained from the UNIFAC [Dortmund Modified (DMD)]

Method [Weidlich and Gmehling (1987); Gmehling et al. (1993)], where the
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activity coefficients are calculated from contributions of the various groups

making up the molecules of a solution. The activity coefficient data included

the range in temperature from 298 to 323 K and composition from 0.1 to 3 m

of PZ. Predicting the activity coefficient behavior of aqueous PZ from a

purely predictive property may or may not capture experimental trends;

gathering experimental data for the activity coefficient of aqueous PZ and

other thermodynamic and calorimetric data for solutions at various loadings

will help to validate model predictions from various authors.

The following stoichiometric chemical equilibrium expression (Equation

4.7) for the dissociation of piperazine is given below:

2 3PZH H O PZ l H O  4.7 

Equation 4.7 describes the dissociation of protonated piperazine PZH ion

to aqueous piperazine and hydronium 3H O ion. The chemical equilibrium

constant for the above reaction was regressed from pKa data reported by

Hetzer et al. (1968) and corrected for the symmetric reference state for the

activity coefficient of piperazine from infinite dilution in water to infinite

dilution in amine solvent.

4.2 Data Types

4.2.1 UNIFAC DMD Activity Coefficient

Data in the form of UNIFAC DMD predictions of the liquid phase

activity coefficients for PZ and H2O, as a function of molality and
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temperature were used to regress of the binary interaction parameters in the

electrolyte NRTL model for the H2O PZsystem. The UNIFAC DMDmethod

bases the estimation of the liquid phase activity coefficients on the

assumption that a liquid mixture may be considered a solution of similar

liquid structures. In this work, we must then assume the same liquid

reference state for piperazine.

The UNIFAC DMDmodel calculates the liquid phase activity

coefficients through the use of a combinatorial and residual term given

below:

 ln ln lnc r

i i i  4.8 

Where

i is the activity coefficient of component i,
c

i is the combinatorial activity coefficient of component i,
r

i is the residual activity coefficient of component i.

The combinatorial term accounts for molecular size and shape differences and

the residual term accounts for molecular interactions as given by the

following equations:

'

ln ln 1 5 ln 1c i i i i
i i

i i i i

q
x x

 4.9 

ln ln ln
ng

c i

i ki k k

k

 4.10 

Where
3

' 4

3
4

i i

nc

i
j j

j

r

x
x r

is the modified molecular volume of component i,
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i i
i nc

j j

j

x r

x r

is the molecular volume of component i,

5

5

i i
i nc

j j

j

x q

x q

is the surface fraction of component i,

nc is the number of components in the mixture,
ng

i ki k

k

r R is the group volume parameter,

ng

i ki k

k

q Q is the group area parameter,

ki is the number of groups of type k in molecule i,

kR is the relative molecular volume of pure component i,

kQ is the relative molecular surface of pure component i,

ng is the number of groups in the mixture,

k is the activity coefficient of a group at the mixture composition,
i

k is the activity coefficient of group k in a mixture of groups corresponding

to pure component i.

Table 4 1 gives the relative molecular volume and relative molecular

surface for water and piperazine as stated within the Aspen Physical Property

System: Physical Property Data 12.1 (Aspen Technology, 2003)

documentation.

Table 4 1. UNIFAC DMD Physical Properties for H2O and PZ.

Component Q R

H2O 2.4561 1.7334

PZ 0.7081 0.6325

Please refer to Weidlich and Gmehling (1987) and Gmehling et al. (1993) for a

complete discussion of the UNIFAC DMDModel.
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An example of the UNIFAC DMD activity coefficients for PZ and H2O

data used in this work from 298 323 K is shown in Figure 4 1.
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Figure 4 1. UNIFAC DMD Predictions for the Activity Coefficient of PZ

from 298 – 323 K.

Please refer to Appendix E for more information about how Aspen Plus®

accepts activity coefficient data into the Data Regression System (DRS).

4.2.2 Dissociation Constant of Piperazine

Recall from Chapter 3 that the chemical equilibrium or dissociation

constant for Equation 4.7 in terms of the activity is given by the following

relationship:

3

2

* PZ H O

H OPZH

a a
K

a a
 4.11 
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Where
*K is the asymmetric chemical equilibrium constant for Equation 4.7

(molality based),

ia is the activity of component i.

The chemical equilibrium constant vis à vis component activities

provides the connection between the equilibrium state of relevance and the

standard (reference) states of the individual species. In this work, H2O and

PZ were regarded as solvents and the solution was treated as a mixed solvent

system and described by the symmetric reference state convention where the

activity coefficient approaches one as the mole fraction of the species

approaches their pure liquid state.

Experimental pKa data from Smith and Smith (1949), Schwarzenbach

(1953), Pickett et al. (1953), Pagano et al. (1961), Paoletti et al. (1968), and

Hetzer et al. (1968) were compared. Experimental pKa data reported by

Schwarzenbach (1953) at 293.15 K and Smith and Smith (1949) and Paoletti et

al. (1968) at 298.15 K agree with results reported by Hetzer et al. (1968).

Additionally, experimental pKa data reported by Pagano et al. (1961) at 283.15

K agree with results reported by Hetzer et al. (1968) but Pickett et al. (1953)

and Pagano et al. (1961) diverge from other experimental data above 296.15 K.

As a result, the chemical equilibrium constant for Equation 4.7 was regressed

based on experimental pKa data for the second dissociation constant of

piperazine from 273 to 323 K as reported by Hetzer et al. (1968). Experimental

pKa data from various authors are shown in Figure 4 2.
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Figure 4 2. Experimental pKa for the Second Dissociation Constant of

Piperazine (molality based) from 273 to 323 K.

Chemical equilibria reported in literature are normally referenced to

infinite dilution in water (molality based), treating piperazine as a solute.

Solute and ionic activity coefficients are described by the asymmetric

reference state convention which states that as the activity coefficient

approaches one, the mole fraction of the species approach zero in pure water.

Hetzer et al. (1968) found it helpful to express the chemical equilibrium

as a p function where the p function is the negative logarithm (base 10) of the

number as given by the following expression:

10logpK K  4.12 
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Where

p is the p function of a numerical datum.

In this work, chemical equilibrium constants are defined in terms of

mole fractions; therefore the chemical equilibrium constant reported by

Hetzer et al. (1968) has to be converted. However, due to the asymmetric

reference state convention, the chemical equilibrium constant of piperazine

requires an additional conversion to the symmetric reference state convention

since all subsequent piperazine based ionic equilibrium constants are

determined based on the asymmetric reference state convention referenced to

infinite dilution in piperazine. These two reference state conventions are

related for piperazine by the following expression:

* 0
lim
PZ

PZ
PZ PZ

x
PZ

 4.13 

Where

PZ is the symmetric activity coefficient for piperazine,
*

PZ is the asymmetric activity coefficient for piperazine as the solution

approaches its pure solute reference state.

Thus, the chemical equilibrium constant of piperazine (Equation 4.7)

referenced to the symmetric reference state convention used in this work is

related by the following expression:

2*

1000

H O

PZ

MW
K K  4.14 
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Where

2H OMW is the molecular weight of H2O, 18.01528 gm/mole,

K is the symmetric chemical equilibrium constant (mole fraction based).

The infinite dilution activity coefficient of piperazine is calculated from

the binary interaction parameters for the water piperazine system using the

NRTL Model. The resulting values were then re regressed to the standard

temperature dependent form of the chemical equilibrium constant given in

Chapter 3 and compared to Equation 4.6. This modified chemical equilibrium

constant for piperazine will then be utilized in the electrolyte NRTL model

within Aspen Plus®. Therefore, chemical equilibrium constants reported in

this work must be corrected for the infinite dilution activity coefficient of

piperazine prior to comparison with other work.

4.3 Aqueous Piperazine System Data Regression

4.3.1 Binary Interaction Parameters

For the NRTL model, binary interaction parameters for molecule

molecule interactions were given a default value of zero.

Through simultaneous regression, the molecule molecule binary

interaction parameters for the H2O PZ system were obtained through the

regression of UNIFAC DMD activity coefficient predictions for PZ and H2O

as determined by DRS within Aspen Plus® and default values for the

standard error were assigned.

800



79

After performing a nonlinear regression for the full model using DRS,

the following regression summary statistics output for estimates of the

adjustable binary parameter coefficients are shown in Table 4 2.

Table 4 2. DRS Regression Output for Full H2O PZ System Model.

Parameter i j Estimate wrt Estimate wrt (333 K)

1-Am,m PZ H2O 6.44 0.40 0.40

2-Bm,m PZ H2O -2724 126 0.38

3-Am,m H2O PZ 3.77 1.02 1.02

4-Bm,m H2O PZ -162 320 0.96

Interacting Species

Residual Sum of Squares: 619

Residual Root Mean Square: 1.875

Degree of Freedom: 176

Recall that the standard error of an estimate is the estimated standard

deviation of that statistic. Notice that all of the estimates are large relative to

their standard errors with the exception of a few outliers. A complete

description of the variability of the coefficient estimates requires examining

the correlations between the estimates as shown in Table 4 3.

Table 4 3. Correlation Matrix of the Coefficient Estimates, for the Full H2O

PZ System Model.

Parameter 1 2 3 4

1 1.00    

2 -1.00 1.00   

3 -0.98 0.99 1.00  

4 0.97 -0.98 -1.00 1.00

Table 4 3 shows highly negative and positive correlations between all of

the parameters. This suggests that some of the parameters might be usefully

removed from the model without significant loss of information.
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After performing backward elimination using DRS, the following

optimum model regression summary statistics output for estimates of the

adjustable binary parameter coefficients are shown in Table 4 4. Please refer

to Appendix G for more information about the backward elimination

procedure to determine the optimal set of binary interaction parameters for

the H2O PZ system.

Table 4 4. DRS Regression Output for Optimum H2O PZ System Model.

Parameter i j Estimate wrt Estimate  wrt (333 K)

1-Am,m PZ H2O 6.65 0.10 0.10

2-Bm,m PZ H2O -2789 22.5 0.07

3-Am,m H2O PZ 3.25 0.06 0.06

Interacting Species

Residual Sum of Squares: 620

Residual Root Mean Square: 1.871

Degree of Freedom: 177

Notice that all of the estimates are larger relative to their standard

errors. Comparing the estimates from the full model to the optimum model,

there was relatively little difference between the estimated values, but in the

full model there was one parameter where the estimate was smaller relative

to the standard error. The sum of squares and the standard errors for the

optimum model have decreased as compared to the full model. The

proposed optimum model provides the following correlations between the

estimates as shown in Table 4 5.
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Table 4 5. Correlation Matrix of the Coefficient Estimates, for the Optimum

H2O PZ System Model.

Parameter 1 2 3

1 1.00   

2 -1.00 1.00  

3 -0.95 0.92 1.00

Table 4 5 again shows highly negative and positive correlations between

all of the parameters suggesting that some of the remaining parameters might

be usefully removed from the model without significant loss of information.

Results from the previous section show that dropping a term from the

optimum model may provide a submodel that may have a decrease in the

correlation between the estimate coefficients and improve the reliability of the

model. Testing whether any subset of the regression estimate coefficients

may be zero plays an important role in many analyses which leads to the

following hypotheses:

NH: ,2 0m mB Submodel function applies

AH: ,2 0m mB Optimum model function applies

We can perform an F Test to compare the purposed submodel with the

optimum model. Significance levels for this test are obtained by comparing

the observed value of F to the ,NH AH AHdf df dfF distribution. The p value is then

computed as an upper tail test and gives the probability associated with

evidence to reject the null hypothesis which will then be compared to the

results given by the submodel.

If we were to remove the highly correlated parameters from the

optimum model, the following submodel regression summary statistics
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output for estimates of the adjustable binary parameter coefficients is shown

in Table 4 6.

Table 4 6. DRS Regression Output for H2O PZ System Submodel.

Parameter i j Estimate wrt Estimate

1-Am,m PZ H2O 201 5.3E+11

2-Am,m H2O PZ -0.54 0.04

Interacting Species

Residual Sum of Squares: 491272

Residual Root Mean Square: 52.535

Degree of Freedom: 178

Notice that only one of the estimates is larger relative to the standard

error. Comparing the estimates from the submodel to the optimum model,

there was large difference between the estimated values with respect to the

order of magnitude. The residual sum of squares and the standard errors for

the submodel have increased as compared to the optimum model. The

proposed submodel provides the following estimated covariances between

the estimates as shown in Table 4 7.

Table 4 7. Correlation Matrix of the Coefficient Estimates, for the H2O PZ

System Submodel.

Parameter 1 2

1 1.0  

2 0.0 1.0

Table 4 7 shows the two parameters are uncorrelated and independent

suggesting that 2 might be usefully removed from the model without

significant loss of information.
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The two models were then compared using the test statistic F applied to

the null hypothesis versus the alternative:

5

491272 620

178 177
~ 1.4 1,177

620

177

e

We can then calculate the probability for a F distribution, df = 1, 177,

upper tail.

F dist. with (1, 177) df, value = 1.4e5, upper tail probability = 0

The finding of 0p provides strong evidence against the null hypothesis

that
,2 0m mB . Since a value of F this strong would be observed zero times

out of a hundred if the null hypothesis were true, the submodel will not give

an adequate description of the data over the range of temperatures and

concentration available in the data.

4.3.2 OptimumModel Results

With the determination of the estimates for the binary interaction

parameters known for the optimummodel, a simple Aspen Plus® Flash model

was used to test the predictive capability of the H2O PZ model against

literature data. For each data point, the deviation between the experimental

and estimated values is expressed in terms of the average absolute relative

deviation (AARD). Table 4 8 gives the percent AARD and the maximum

percent AARD for the model predictions.
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Table 4 8. Absolute Percent Relative Error for the H2O PZ OptimumModel.

PZ Activity Coefficient UNIFAC DMD

Temp. (K) AARD (%) Maximum (%)

298 2.0 4.4

303 1.2 3.6

308 0.9 2.7

313 0.7 3.0

318 0.9 3.5

323 1.7 3.4

Overall 1.2 4.4

Overall, the model adequately describes the H2O K2CO3 CO2 property

data listed above within an average absolute relative error of +/ 1.2 percent,

with the exception of a few outliers.

4.3.3 Chemical Equilibrium Constant

With the determination of the estimates for the binary interaction

parameters known for the optimummodel, we can directly evaluate the

infinite dilution activity coefficient of piperazine (Equation 4.7) as given by

the following expression:

2789
0.2 6.652789

ln 3.25 6.65 T

PZ e
T

 4.15 

Previous authors chose to linearize the above expression into the

temperature dependent form used for the chemical equilibrium constants as

given by the following expression from the Arc (2002) summary statistics
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output for estimates of the temperature dependent coefficients shown in

Table 4 9:

30975
ln 551.4 78.79lnPZ T

T
 4.16 

We can then compare the two expressions as shown in Table 4 10.

Equation 4.16 implies a thermal effect equivalent to the excess enthalpy

given by the following equation:

ln
30975 78.79

1/

E

PZH d
T

R d T
 4.17 

At 298 and 393 K, the excess enthalpy (kJ/mol) is 62.31 and 0.0875,

respectively.

The third term is equivalent to the excess heat capacity as given by the

following equation:

78.79
E E

PC dH

R dT
 4.18 

Evaluating Equation 4.18, heat capacity is 655.06 J/mol K.

Table 4 9. ARC Regression Output for the Infinite Dilution Activity

Coefficient for Piperazine.

Normal Regression

Kernel mean function = Identity

Response = LN PZ

Terms = (1/TEMPK, LNTEMPK)

Coefficient Estimates

Label Estimate wrt Estimate

Constant 551.4 8.40
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1/TEMPK 30975 372

LNTEMPK 78.79 1.25

R Squared: 0.999975

Sigma hat: 0.00733995

Number of cases: 22

Degrees of freedom: 19

Summary Analysis of Variance Table

Source df SS MS F p value

Regression 2 40.7902 20.3951 378563.84 0.0000

Residual 19 0.00102362 0.0000538749

Table 4 10. Comparison between Equations 4.14 and 4.15 for the Natural

Log Infinite Dilution Activity Coefficient for Piperazine in Water.

LN Infinite Dilution Activity Coefficient for PZ

Temp. (K) Equation 4.14 Equation 4.15 AARD (%)

273 4.027 4.017 0.3

278 3.404 3.407 0.1

283 2.836 2.845 0.3

288 2.318 2.326 0.3

293 1.844 1.847 0.2

298 1.409 1.408 0.1

303 1.010 1.005 0.6

308 0.643 0.636 1.2

313 0.305 0.299 2.1

318 0.007 0.008 9.4

323 0.296 0.285 3.4

Overall 1.6

Table 4 10 illustrates how linearization of Equation 4.15 may cause

moderate errors at elevated temperatures. In this work, we chose to use

Equation 4.15 to represent the infinite dilution activity coefficient of

piperazine due to the small variations between the Equation 4.15 and

Equation 4.16.
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With the determination of the above expression known, we can then

regress Equation 4.14 to the standard temperature dependent form of the

chemical equilibrium constant given in Chapter 3 based on experimental data

reported by Hetzer et al. (1968) using Arc (2002) as shown in Table 4 11.

Table 4 11. Estimates for the Chemical Equilibrium Coefficients for the

H2O PZ System.

Reference State Concentration Basis A A B B C C

Asymmetric Molality 65.4 18.5 2473 819 9.01 2.76

Asymmetric Mole Fraction 18.1 2.77 3814 411 0.015 0.005

Symmetric Mole Fraction 482 19.2 33449 852 69.8 2.87

Data Reference: Hetzer et al. (1968)

ln K = A + B/T(K) + C·lnT(K)

4.4 Model Predictions

4.4.1 UNIFAC DMD Activity Coefficient Predictions

With the determination of the estimates for the energy parameter

coefficients known for the optimum model, a simple Aspen Plus® Flash

model was used to test the predictive capability of the H2O PZ energy

parameter coefficients against literature data. Figure 4 3 compares estimated

and experimental activity coefficient of piperazine from UNIFAC DMD

predictions, for aqueous PZ mixtures from 0 3 m at 298, 313, and 323K. The

optimum model exhibits systematic error presented in the infinite dilution

activity coefficient for PZ as temperature increases even though all the

predictions of the model were within an AARD of +/ 1.2 %, with the

exception of a few outliers.
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Figure 4 3. Comparison of Electrolyte NRTL Predictions with UNIFAC

DMD Predictions for the Activity Coefficient of PZ from 298 323 K.

Figure 4 4 illustrates predictions for the activity coefficient of H2O and

PZ by the optimum model for aqueous PZ mixtures at 313, 343, and 393K.

Predictions illustrated in Figure 4 4 indicate that at industrial

conditions (0.03 < PZx < 0.05), the piperazine activity coefficient changes

significantly with temperature as shown in Figure 4 5.

Predictions illustrated in Figure 4 5 indicate that the possibility of

phase separation at high temperatures due to the highly non ideal and

temperature dependent nature of the piperazine activity coefficient. Smith et

al. (1996) noted for a binary system to remain stable (single phase) and not

split into two phases the change in Gibbs energy at constant temperature and
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pressure and its first and second derivatives must be continuous functions

with respect to concentration.
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Figure 4 4. Model Predictions for the Activity Coefficient of Water and

Piperazine at 313, 343, and 393 K.

Smith et al. (1996) gave the following criterion of the stability for a single

phase in a binary system:

2

2

1

/
0

d G RT

dx
 4.19 

This criterion can then be applied to an excess Gibbs energy expression for a

binary system as given by the following expression:

2

2

1 1 2

/ 1
Ed G RT

dx x x
 4.20 
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Figure 4 5. Model Predictions for the Activity Coefficient of Piperazine at

313, 343, and 393 K.

Where for a binary system,

1 1 2 2ln ln
EG

x x x x
RT

 4.21 

Equation 4.20 combined with Equation 4.19 yields

2

1 2

2

1 1 1

/ ln ln
Ed G RT d d

dx dx dx
 4.22 

Applying the Gibbs/Duhem equation to Equation 4.21 results in the following

criterion in terms of the activity coefficient of component i.
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ln 1i

i i

d

dx x
 4.23 

Figure 4 6 illustrates predictions for the single phase stability of aqueous

PZ mixtures at 313 and 393K from the optimum model binary interaction

parameters given in Table 4 4. Figure 4 6 shows that a second phase will not

appear below 393 K, but calculations have shown that at temperatures above

423 K and low PZ concentrations 0.2 PZx a second phase may appear.
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Figure 4 6. Model Predictions for the Phase Stability Criterion for aqueous

PZ mixtures at 313 and 393 K.
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4.5 Conclusions

Results presented above indicate that the electrolyte NRTL model,

through simultaneous regression gave a set of optimum binary interaction

parameters for the H2O PZ electrolyte system. The optimum model

adequately represents the UNIFAC DMD activity coefficient predictions for

aqueous PZ mixtures.
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Chapter 5

Aqueous K2CO3 PZ CO2 System

This chapter describes the data regression and model predictions for the

H2O K2CO3 PZ CO2 system.

Literature data used in this work for H2O PZ CO2 and H2O K2CO3 PZ

CO2 electrolyte systems are discussed, respectively, followed by a discussion

of each data type with examples of the experimental data. The binary

interaction parameters associated with this system are then simultaneously

regressed in the electrolyte NRTL model utilizing a unique set of binary

interaction parameters to characterize the H2O K2CO3 PZ CO2 system within

Aspen Plus®. Overall, the model adequately describes total pressure and CO2

solubility data within an average absolute relative error of +/ 14.2 % and

proton NMR speciation within an average absolute error of +/ 2.3 %, with

the exception of a few outliers for the H2O PZ CO2 and H2O K2CO3 PZ CO2

systems.

5.1 H2O PZ CO2System

The creation of the H2O K2CO3 PZ CO2 model begins with the

regression of H2O PZ CO2 literature data. Three data sets have been

regressed with the electrolyte NRTL model to represent speciation and phase
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equilibrium through the regression of CO2 solubility in piperazine [Bishnoi

(2000)], total pressure [Pérez Salado Kamps et al. (2003)] and proton NMR

[Ermatchkov et al. (2003)]. The data included the range in temperature and

concentration from 293 to 393 K and 0.1 to 4 m PZ, respectfully, at various

loadings from approximately 0.15 to 1.04 mol CO2tot/mol PZ.

5.2 H2O K2CO3 PZ CO2 System

For the completion of the H2O K2CO3 PZ CO2 model, CO2 solubility and

proton NMR in potassium carbonate piperazine mixtures as reported by

Cullinane et al. (2004) was regressed with the electrolyte NRTL model to

represent the speciation and phase equilibrium. The data provide a wide

range of both temperature and concentration from 300 to 384 K, 2.5 to 6.2 m

K+, and 0.6 to 3.6 m PZ, respectively, at various loadings from approximately

0.37 to 0.74 mol CO2tot/(mol K+ + mol PZ). Molality is defined with the

assumption that K2CO3 is the only source of potassium after the complete

dissociation of K2CO3 in an aqueous solution.

5.3 Proposed System Chemical and Vapor Liquid Equilibrium

Figure 5 1 illustrates the proposed system to correlate/predict the

solubility of CO2 in aqueous solutions of K2CO3 and PZ.
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2CO

2CO

2H O

2H O

Vapor Phase

Liquid Phase

PZ

PZ

R1: 2 32H O H O OH    5.1 

R2: 2 2 3 32CO H O H O HCO   5.2 

R3: 2

3 2 3 3HCO H O H O CO   5.3 

R4: 2 3PZH H O PZ l H O   5.4 

R5: 3 2PZ l HCO PZCOO H O   5.5 

R6: 3 22
PZCOO HCO PZ COO H O  5.6 

R7: H PZCOO PZ l PZCOO PZH  5.7 

Figure 5 1. Chemical and Vapor liquid Equilibrium of K2CO3 and PZ.

Reactions 5.5 and 5.6 describe the piperazine carbamate PZCOO

formation from piperazine and then the piperazine bicarbamate

2
PZ COO formation. The final reaction, 5.7, describes the dissociation of

protonated piperazine carbamate H PZCOO to piperazine carbamate and

protonated piperazine.

Estimates for the chemical equilibrium coefficients based on the

temperature dependence of the chemical equilibrium expression (Equation
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3.9) for Equations 5.1 5.3, were taken from Posey (1996) and Edwards et al.

(1978) as given in Chapter 3. Equation 5.4 was regressed and converted to the

symmetric reference state (mole fraction basis) based on experimental data

reported by Hetzer (1968) as given in Chapter 4. Equations 5.5 5.7 were

taken from Cullinane et al. (2004) and corrected for the infinite dilution

activity coefficient of piperazine used in this work (Equation 4.14) as given in

Table 5 1. Chemical equilibrium constants reported in this work must be

corrected for the infinite dilution activity coefficient of piperazine prior to

comparison with other work.

Table 5 1. Chemical Equilibrium Expressions (mole fraction concentration

basis) and Estimates for the Chemical Equilibrium Coefficients from

Cullinane et al. (2004).

Equation # Equilibrium Constant A B C

5.5 610 36512 87.08

5.6 251 14080 36.78

5.7 489 27753 69.78

ln K = A + B/T(K) + C lnT(K)

2

3

5

H OPZCOO
R

PZ HCO

a a
K

a a

2
2

3

6

H OPZ COO

R

PZCOO HCO

a a

K
a a

7
PZCOO PZH

R

PZH PZCOO

a a
K

a a

5.4 Data Types

5.4.1 Total Pressure

Data in the form of total pressure which measured the solubility of

carbon dioxide into aqueous piperazine solutions as a function of molality
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and temperature was used to adjust the activity coefficients of carbon

dioxide, piperazine, and water for the H2O PZ CO2 system through the

simultaneous regression of the binary interaction parameters in the

electrolyte NRTL model for the H2O K2CO3 PZ CO2 system.

For our ternary system (H2O, PZ, and CO2), the following equation can

be used to represent the equilibrium for the total pressure data.

2 2 2 2 2 2

0 0 *

PZ PZ PZ H O H O H O CO CO COP x P x P x H  5.8 

Where

P is the total pressure of the system, MPa,

ix is the apparent mole fraction of component i,

i is the symmetric activity coefficient of component i,
*

i is the asymmetric activity coefficient of component i,
0

iP is the Extended Antoine pure vapor pressure of component i, Pa,

2COH is the Henry’s constant of CO2 in H2O, Pa.

An example of the experimental total pressure data used in this work

by Pérez Salado Kamps et al. (2003) from 333 – 393 K at 2 m PZ and from 353

– 393 K at 4 m PZ are shown in Figures 5 2 and 5 3, respectively.

Please refer to Appendix F for more information about how Aspen

Plus® accepts total pressure data into the DRS.

5.4.2 CO2 Solubility

Data in the form of CO2 solubility, which measures the partial pressure of

CO2 over aqueous piperazine and potassium carbonate/piperazine solutions,

as a function of loading and temperature was used to adjust the partial
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pressure of CO2 for the H2O PZ CO2 and H2O K2CO3 CO2 systems through

the simultaneous regression of the binary interaction parameters in the

electrolyte NRTL model for the H2O K2CO3 PZ CO2 system.
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Figure 5 2. Total Pressure in 2 m PZ solution from 313 – 393 K. Points:

Pérez Salado Kamps et al. (2003).

For our apparent component ternary and quaternary systems (H2O,

K2CO3, PZ, and CO2), the following equation can be used to represent the

vapor liquid equilibrium for CO2 solubility data.

2 2 2 2

*

CO CO CO COPy x H  5.9 

Where

2COy is the vapor mole fraction of CO2.

820



99

0.1

1

10

0.5 0.6 0.7 0.8 0.9 1.0 1.1

Loading (mol CO2/mol PZ)

T
o

ta
l 

P
re

s
s
u

re
 (

M
P

a
)/

L
d

g
2

353 

373

393 K 

Figure 5 3. Total Pressure in 4 m PZ solution from 353 – 393 K. Points:

Pérez Salado Kamps et al. (2003).

In this work, we assumed that the partial pressure of CO2 to be equal

to the total pressure, where the mole fraction of CO2 in the vapor phase is

unity for the purposes of data regression. The only assumption in this

approach is that the fugacity coefficient of pure CO2 at its partial pressure is

equal to the fugacity coefficient of CO2 in the H2O PZ CO2 vapor at the

correct composition. This assumption is quite reasonable if the vapor mole

fraction of CO2 is small; then the total pressure is also small; hence the

fugacity coefficient is near unity. If the vapor mole fraction of CO2 is close to

unity, then the pressure may be large, but the pure assumption is still close to

reality.

821



100

Examples of the experimental CO2 solubility used in this work from

Bishnoi (2000) for 0.6 M (0.62 m) PZ at 313 and 343 K are shown in Figure 5 4

and from Cullinane et al. (2004) in Figure 5 5.
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Figure 5 4. CO2 Partial Pressure in 0.6 M PZ solution at 313 and 343 K.

Points: Bishnoi (2000).

5.4.3 PZ Speciation

Data in the form of proton NMR speciation for aqueous piperazine and

potassium carbonate/piperazine solutions, as a function of loading and

temperature, was used to adjust the activity coefficient for each liquid phase

component in H2O PZ CO2 and H2O K2CO3 CO2 systems through the

simultaneous regression of the binary interaction parameters in the

electrolyte NRTL model for the H2O K2CO3 PZ CO2 system.
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Figure 5 5. CO2 Partial Pressure in 5 m K+ + 2.5 m PZ solutions from 313 to

383 K. Points: Cullinane et al. (2004).

For our true component ternary and quaternary systems (H2O, K2CO3,

PZ, and CO2), the following equations can be used to represent the liquid

phase equilibrium for the proton NMR speciation data.

/ PZ PZH
PZ PZH n n  5.10 

/
PZCOO H PZCOO

PZCOO H PZCOO n n  5.11 

2
2 PZ COO

PZ COO n  5.12 

Where

in is the number of moles for each piperazine component corresponding to

the relative proton NMR peak areas.
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Ermatchkov et al. (2003) and Cullinane et al. (2004) measured the peak

areas or intensities for the corresponding protons associated with each

molecule(s) and then solved a set of simultaneous equations to calculate the

number of moles for each component. Examples of the experimental proton

NMR speciation used in this work from Ermatchkov et al. (2003) for 1 m PZ at

298 K is shown in Figure 5 6 and from Cullinane et al. (2004) for 5 m K+ + 2.5

m PZ at 333 K is shown in Figure 5 7.
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Figure 5 6. Proton NMR Speciation in 1 m PZ solution at 298.15 K. Points:

Ermatchkov et al. (2003).
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5.5 Aqueous Piperazine System Data Regression

For the three types of binary interaction parameters introduced in

Chapter 2 for the electrolyte NRTL model, only molecule molecule, ,m m , and

molecule electrolyte, ,m ca and ,ca m , binary interactions parameters were

regressed for the H2O PZ CO2 and H2O K2CO3 PZ CO2 system where the

molecule electrolyte nonrandomness parameter was set to an arbitrary value

of
, 0.2ca m for all correlations involving electrolyte systems. For the

electrolyte NRTL model, default values for the molecule electrolyte and

electrolyte molecule interactions were given in Chapter 3: Table 3 2.
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Figure 5 7. Proton NMR Speciation in 5 m K+ + 2.5 m PZ solution at 333 K.

Points: Cullinane et al. (2004).
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The molecule molecule and molecule electrolyte binary interaction

parameters were assumed to be temperature dependent and were fitted to the

following temperature functions:

,

, ,

m i

m i m i

B
A

T
 5.13 

,

, ,

i m

i m i m

B
A

T
 5.14 

Where

i is the secondary binary interaction parameter, electrolyte (ca) or molecule

(m).

Through simultaneous regression, the molecule molecule and molecule

electrolyte binary interaction parameters for the H2O PZ CO2 and H2O

K2CO3 PZ CO2electrolyte systems were obtained through the regression of

total pressure [Pérez Salado Kamps et al. (2003)], CO2 solubility in aqueous

solutions of piperazine and potassium carbonate/piperazine [Bishnoi (2000);

Cullinane et al. (2004)] and proton NMR speciation in aqueous solutions of

piperazine and potassium carbonate/piperazine [Ermatchkov et al. (2003);

Cullinane et al. (2004)].

A list of the aqueous electrolyte data sets that were examined in this

work is given in Table 5 2. The column labels T , P , 2PCO ,
ix , iy , give

standard error associated with the temperature, pressure, partial pressure of

CO2, liquid mole fraction, and the vapor mole fraction, respectively, with each

data set. DRS suggested standard error default values were assigned unless

otherwise stated by the author.
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Table 5 2. Experimental data used for regression of the H2O PZ CO2 and

H2O K2CO3 PZ CO2 systems.

Source

Obs. T (K) PZ (m) Ldg T P xi yi

30 333 393 2 4 0.5 1.0 0.1 0.1% 0.1% 1.0% Pérez Salado Kamps et al . (2003)

Obs. T (K) PZ (m) Ldg T PCO2 xi yi

14 313 343 0.62 0.2 1.0 0.1 5.0% 0.1% 0% Bishnoi (2000)

Obs. T (K) PZ (m) Ldg T P xi yi

101 283 333 0.1 1.5 0.15 0.97 0.1 0.1% 0.1% 1.0% Ermatchkov et al . (2003)

CO2 Solubility

Proton NMR Speciation

H2O PZ CO2 System

Total Pressure

Source

Obs. T (K) K+ (m) PZ (m) Ldg T PCO2 xi yi

38 312 383 2.5 6.2 0.6 3.6 0.37 0.74 0.1 5.0% 0.1% 0% Cullinane et al . (2004)

Obs. T (K) K+ (m) PZ (m) Ldg T P xi yi

41 300 343 3.4 6.2 0.6 3.6 0.38 0.65 0.1 0.1% 0.1% 1.0% Cullinane et al . (2004)Proton NMR Speciation

H2O K2CO3 PZ CO2 System

CO2 Solubility

Data sets included in this work were given equal weighting of 1.0 except

for CO2 solubility and proton NMR Speciation data sets that were given equal

weighting of 2.0. Since total pressure data does not allow for the direct

calculation of individual component activity coefficients, activity coefficients

regressed from total pressure data cannot be accurately determined; as a

result data sets containing total pressure data are weighted less so as not to

unduly influence the regression case.

After performing a nonlinear regression for the full model using DRS,

the following regression summary statistics output for estimates of the

adjustable binary parameter coefficients are shown in Table 4 4.
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Table 5 3. DRS Regression Output for Full H2O K2CO3 PZ CO2 System

Model.

Parameter i j k Estimate  wrt Estimate

1-Am,ca H2O PZH
+

HCO3
-

8.82 0.44

2-Aca,m PZH
+

HCO3
-

H2O -3.33 0.30

3-Am,ca H2O PZH
+

PZCOO
-

0.34 1.68

4-Aca,m PZH
+

PZCOO
-

H2O -2.83 0.21

5-Am,ca H2O K
+

PZCOO
-

7.92 1.79

6-Aca,m K
+

PZCOO
-

H2O -3.94 0.49

7-Am,ca H2O K
+

PZ(COO
-
)2 7.56 1.16

8-Aca,m K
+

PZ(COO
-
)2 H2O -4.15 0.39

9-Am,ca PZ K
+

PZCOO
-

-0.32 0.94

10-Aca,m K
+

PZCOO
-

PZ -4.70 0.70

11-Am,ca PZ K
+

CO3
-2

2.74 0.82

12-Aca,m K
+

CO3
-2

PZ 0.14 0.54

13-Am,ca H
+
PZCOO

-
K

+
HCO3

-
7.26 18.0

14-Aca,m K
+

HCO3
- H

+
PZCOO

-
-1.15 5.32

15-Am,ca H
+
PZCOO

-
K

+
PZ(COO

-
)2 2.03 5.92

16-Aca,m K
+

PZ(COO
-
)2 H

+
PZCOO

-
-2.83 15.5

17-Am,m H2O H
+
PZCOO

-
-0.53 0.16

18-Am,m H
+
PZCOO

-
H2O 0.08 0.16

Interacting Species

Residual Sum of Squares: 11612

Residual Root Mean Square: 5.521

Degree of Freedom: 206

Recall that the standard error of an estimate is the estimated standard

deviation of that statistic. Notice that all of the estimates are large relative to

their standard errors with the exception of eight outliers. A complete

description of the variability of the coefficient estimates requires examining

the correlations between the estimates as shown in Table 5 4.
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Table 5 4. Correlation Matrix of the Coefficient Estimates, for the Full H2O

K2CO3 PZ CO2 System Model.
Parameter 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 1                  

2 -1.00 1                 

3 -0.03 0.02 1                

4 0.06 -0.05 -0.13 1               

5 -0.02 0.02 0.02 0.08 1              

6 0.05 -0.05 -0.05 0.00 -0.82 1             

7 -0.02 0.02 0.03 -0.02 0.52 -0.31 1            

8 0.04 -0.04 -0.05 0.10 -0.22 0.24 -0.90 1           

9 -0.05 0.04 0.06 -0.05 0.57 -0.49 0.31 -0.17 1          

10 0.03 -0.03 -0.04 0.02 0.10 -0.10 0.06 -0.02 -0.63 1         

11 -0.04 0.04 0.04 -0.15 -0.74 0.28 -0.41 -0.02 -0.19 -0.37 1        

12 -0.03 0.03 0.04 -0.08 0.04 -0.10 -0.09 0.10 -0.45 0.58 -0.17 1.00       

13 -0.06 0.06 0.04 -0.11 -0.29 0.15 -0.01 -0.15 -0.33 0.13 0.29 0.03 1.00      

14 0.02 -0.02 -0.03 0.04 -0.11 0.01 -0.14 0.06 0.09 -0.13 0.19 -0.04 -0.74 1.00     

15 0.01 -0.01 -0.01 -0.05 -0.57 0.42 -0.06 -0.17 -0.12 -0.06 0.48 -0.28 0.09 0.29 1.00    

16 -0.01 0.01 0.02 0.02 0.51 -0.40 0.08 0.12 0.10 0.04 -0.41 0.30 -0.15 -0.22 -0.98 1.00   

17 -0.27 0.25 0.28 -0.54 0.03 -0.14 0.09 -0.17 0.16 -0.11 0.16 0.11 0.18 -0.09 0.00 0.01 1.00  

18 0.29 -0.27 -0.30 0.53 -0.03 0.15 -0.09 0.17 -0.17 0.11 -0.16 -0.11 -0.18 0.10 0.00 0.00 -0.99 1.00

Table 5 4 shows a high negative correlation between 2 1 for the first

energy parameter estimate,
2 3/H O PZH HCO

, but the correlation between other

parameters is relatively small, suggesting that 2 might be usefully removed

from the model without significant loss of information. Table 5 4 shows a

total of three highly correlated parameters and similar arguments can be

stated about the possibility of removing those parameters without significant

loss of information.

After performing backward elimination using DRS, the following

optimum model regression summary statistics output for estimates of the

adjustable binary parameter coefficients is shown in Table 5 5. Please refer to

Appendix G for more information about the backward elimination procedure

to determine the optimal set of binary interaction parameters.
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Table 5 5. DRS Regression Output for Optimum H2O K2CO3 PZ CO2

System Model.

Parameter i j k Estimate  wrt Estimate

1-Am,ca H2O PZH
+

HCO3
-

9.08 0.35

2-Aca,m PZH
+

HCO3
-

H2O -3.54 0.23

3-Am,ca H2O PZH
+

PZCOO
-

6.82 0.33

4-Am,ca H2O K
+

PZ(COO
-
)2 7.01 0.07

5-Aca,m K
+

PZCOO
-

PZ -7.25 0.18

6-Am,ca PZ K
+

CO3
-2

4.80 0.26

7-Am,ca H
+
PZCOO

-
K

+
PZ(COO

-
)2 3.81 1.00

8-Am,m H2O H
+
PZCOO

-
-2.08 0.51

9-Am,m H
+
PZCOO

-
H2O 7.15 4.84

Interacting Species

Residual Sum of Squares: 9537

Residual Root Mean Square: 4.951

Degree of Freedom: 215

Notice that all of the estimates are larger relative to their standard

errors. In comparing the estimates from the full model to the optimum

model, there were relatively small differences between the estimated values,

but in the full model there were eight parameters where the estimates were

smaller relative to their standard errors. The sum of squares and the standard

errors for the optimum model have decreased as compared to the full model.

The proposed optimum model provides the following correlations between

the estimates as shown in Table 5 6.

830



109

Table 5 6. Correlation Matrix of the Coefficient Estimates, for the Optimum

H2O K2CO3 PZ CO2 System Model.

Parameter 1 2 3 4 5 6 7 8 9

1 1.00         

2 -1.00 1.00        

3 0.21 -0.19 1.00       

4 -0.02 0.01 -0.01 1.00      

5 0.01 -0.01 -0.11 -0.30 1.00     

6 0.00 0.00 0.06 -0.43 -0.59 1.00    

7 -0.23 0.21 -0.28 0.41 0.19 -0.39 1.00   

8 -0.28 0.25 -0.34 0.06 -0.08 0.03 0.66 1.00  

9 -0.30 0.27 -0.34 0.06 -0.08 0.03 0.66 1.00 1.00

Table 5 6 again shows a high negative correlation between 2 1 for the

first energy parameter estimate,
2 3/H O PZH HCO

, but the correlation between

other parameters is still relatively small, suggesting that 2 might be usefully

removed from the model without significant loss of information. Table 5 6

shows a total of two highly correlated parameters ( ,2 ca mA and ,9 m mA ), and

similar arguments can be stated about the possibility of removing those

parameters without significant loss of information.

Results from the previous section show that dropping a term from the

optimum model may provide a submodel that may have a decrease in the

correlation between the estimate coefficients and improve reliability of the

model. Testing whether any subset of the regression estimate coefficients

may be zero plays an important role in many analyses which leads to the

following hypotheses

NH: , ,2 9 0ca m m mA A Submodel function applies

AH: At lease one , ,2 ,9 0ca m m mA A Optimum model function applies
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We can perform an F Test to compare the purposed submodel with the

optimum model. Significance levels for this test are obtained by comparing

the observed value of F to the ,NH AH AHdf df dfF distribution. The p value is then

computed as an upper tail test and gives the probability associated with

evidence to reject the null hypothesis which will then be compared to the

results given by the submodel.

If we were to remove the highly correlated parameters from the

optimum model, the following submodel regression summary statistics

output for estimates of the adjustable binary parameter coefficients is shown

in Table 5 7.

Table 5 7. DRS Regression Output for H2O K2CO3 PZ CO2 System

Submodel.

Parameter i j k Estimate  wrt Estimate

1-Am,ca H2O PZH
+

HCO3
-

9.86 0.02

2-Am,ca H2O PZH
+

PZCOO
-

6.96 0.31

3-Am,ca H2O K
+

PZ(COO
-
)2 7.04 0.07

4-Aca,m K
+

PZCOO
-

PZ -7.20 0.20

5-Am,ca PZ K
+

CO3
-2

4.76 0.27

6-Am,ca H
+
PZCOO

-
K

+
PZ(COO

-
)2 1.40 0.36

7-Am,m H2O H
+
PZCOO

-
-0.43 0.02

Interacting Species

Residual Sum of Squares: 11176

Residual Root Mean Square: 5.346

Degree of Freedom: 217

Notice that all of the estimates are larger relative to their standard error.

Comparing the estimates from the submodel to the optimum model, there

was relatively little difference between the estimated values with respect to

the order of magnitude. The residual sum of squares and the standard errors
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for the submodel have increased as compared to the optimum model. The

proposed submodel provides the following estimated covariances between

the estimates as shown in Table 5 8.

Table 5 8. Correlation Matrix of the Coefficient Estimates, for the H2O

K2CO3 PZ CO2 System Submodel.

Parameter 1 2 3 4 5 6 7

1 1.00       

2 0.27 1.00      

3 0.00 0.01 1.00     

4 -0.04 -0.15 -0.36 1.00    

5 0.02 0.08 -0.39 -0.57 1.00   

6 -0.02 -0.09 0.53 0.26 -0.53 1.00  

7 0.07 -0.08 0.00 0.03 -0.01 -0.12 1.00

Table 5 8 shows that all of the correlations are small relative to each

binary interaction parameter.

The two models were then compared using the test statistic F applied to

the null hypothesis versus the alternative:

11176 9537

217 215
~ 18.48 2,215

9537

215

We can then calculate the probability for an F distribution, df = 2, 215,

upper tail.

F dist. with (2, 215) df, value = 18.475, upper tail probability = 0

The finding of 0p provides strong evidence against the null hypothesis

that
, ,2 9 0ca m m mA A . A value of F this strong would be observed zero times

out of a hundred if the null hypothesis were true, suggesting that the
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submodel will not give an adequate description of the data over the range of

temperatures and concentration available in the data.

5.5.1 OptimumModel Results

With the determination of the estimates for the binary interaction

parameters known for the optimum model, a simple Aspen Plus® Flash

model was used to test the predictive capability of the H2O K2CO3 PZ CO2

model against literature data. For each data point, the deviation between the

experimental and estimated values is expressed in terms of the average

absolute relative deviation (AARD). Table 5 9 gives the percent AARD and

the maximum percent AARD for the model total pressure and CO2 solubility

predictions. For each proton NMR data point, the deviation between the

experimental and estimated values is expressed in terms of the average

absolute deviation (AAD), as given by the following equation:

100
% exp esti i

i

AAD
N

 5.15 

Where

N is the number of experimental data points.

Table 5 10 gives the percent AAD for the model predictions.
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Table 5 9. Absolute Average Percent Relative Error for the H2O K2CO3 PZ

CO2 OptimumModel.

H2O/PZ/CO2 System

AARD (%) Max.

Total Pressure Pérez Salado Kamps et al . (2003) 15.9 35.2

CO2 Solubility Bishnoi (2000) 11.8 47.8

H2O/K2CO3/PZ/CO2 System

CO2 Solubility Cullinane et al . (2004) 13.8 28.2

Overall, the model adequately describes the H2O K2CO3 PZ CO2

property data listed above within an absolute average relative error of +/ 14.2

percent with the exception of a few outliers.

Table 5 10. Average Percent Absolute Error for the H2O K2CO3 PZ CO2

OptimumModel.

H2O/PZ/CO2 System

PZ/PZH
+

PZCOO /H
+
PZCOO PZ(COO )2

Proton NMR Speciation Ermatchkov et al . (2003) 1.8 2.2 1.2

H2O/K2CO3/PZ/CO2 System

PZ/PZH+ PZCOO /H+PZCOO PZ(COO )2
Proton NMR Speciation Cullinane et al . (2004) 3.0 3.9 4.3

AAD (%)

Overall, the model adequately describes the H2O K2CO3 PZ CO2

property data listed above within an average absolute error of +/ 2.3 percent

with the exception of a few outliers.

We found that parameters sequentially regressed for the above two

systems did not accurately describe significant systematic trends presented in
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the vapor liquid equilibrium. Sequential regression consists of a two part

process where chemical equilibrium constants for the H2O PZ CO2 system

were determined and then held fixed while binary interaction parameters for

the H2O PZ CO2 and H2O K2CO3 PZ CO2 systems were regressed as

suggested by Weiland et al. (1993). Model predictions gave an average

absolute error of +/ 5 percent for proton NMR speciation for H2O PZ CO2

and H2O K2CO3 PZ CO2 systems as shown in Figures 5 8 and 5 9,

respectively.
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Figure 5 8. Comparison of Ermatchkov et al. (2003) Proton NMR Speciation

to Electrolyte NRTLModel Predictions in aqueous PZ solutions from 283

333 K Utilizing the Weiland et al. (1993) Two stage Regression Technique.
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Figure 5 9. Comparison of Cullinane et al. (2004) Proton NMR Speciation to

Electrolyte NRTL Model Predictions in aqueous PZ solutions from 300

343 K Utilizing the Weiland et al. (1993) Two stage Regression Technique.

5.6 Model Predictions

5.6.1 Total Pressure

With the determination of the estimates for the energy parameter

coefficients known for the optimum model, a simple Aspen Plus® Flash

model was used to test the predictive capability of the H2O PZ CO2 energy

parameter coefficients against literature data. Figures 5 10 and 5 11 compare

estimated and experimental total pressure measurements from Pérez Salado

Kamps et al. (2003) for loaded PZ mixtures at 2 and 4 m and from 313 to 393 K

and 353 to 393 K, respectively.
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Figure 5 10. Comparison of Pérez Salado Kamps et al. (2003) Total Pressure

to Electrolyte NRTLModel Predictions in loaded 2 m PZ solutions from

313 393 K.

Overall, the optimum model adequately describes the total pressure

data in loaded PZ mixtures within average absolute relative error of +/ 16

percent.

5.6.2 CO2 Solubility

Figure 5 12 gives the results of fit for experimental CO2 solubility from

Bishnoi (2000) at 0.6 M PZ (0.62 m) versus loading at 313 and 343 K and

model predictions at 298 and 373 K.
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Figure 5 11. Comparison of Pérez Salado Kamps et al. (2003) Total Pressure

to Electrolyte NRTLModel Predictions in loaded 4 m PZ solutions from

353 393 K.

Overall, the optimum model adequately describes the CO2 solubility

from Bishnoi (2000) in loaded PZ mixtures within an average absolute

relative error of +/ 11.8 percent.

Figure 5 13 compares estimated and experimental CO2 solubility for

aqueous K2CO3 PZ mixtures at 2.5 – 6.2 m K+ and 0.6 – 3.6 m PZ from 312 –

384 K. Overall, the optimum model represents the CO2 solubility predictions

with an AARD of +/ 14 % with the exception of a few outliers.
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Figure 5 12. Comparison of Bishnoi (2000) CO2 Solubility to Electrolyte

NRTL Model Predictions in loaded 0.6 M PZ solutions from 298 373 K.

Figure 5 14 compares estimated and experimental CO2 solubility for

aqueous 5 m K+ and 2.5 m PZ mixtures from 313 383 K.

5.6.3 Proton NMR Speciation

Figure 5 15 compares estimated and experimental proton NMR

speciation for 0.1 – 1.5 m aqueous PZ mixtures from 283 – 333 K. The

optimum model exhibits a systematic over estimation error presented in the

PZ(COO )2 speciation data listed above even though all the models

predictions were within an AAD of +/ 1.7 % with the exception of a few

outliers.
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Figure 5 13. Comparative Fit of Experimental CO2 Solubility Data from

Cullinane et al. (2004) to Model Predictions for Aqueous K2CO3 PZ

Mixtures from 312 – 384 K.
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Figure 5 14. Comparison of Cullinane et al. (2004) CO2 Solubility to

Electrolyte NRTL Model Predictions in loaded 5 m K+/2.5 m PZ solutions

from 313 383 K.
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Figure 5 15. Comparative Fit of Experimental Proton NMR Speciation Data

from Ermatchkov et al. (2003) to Model Predictions for Aqueous PZ

Mixtures from 283 – 333 K.

Figure 5 16 compares estimated and experimental proton NMR

speciation for 1 m PZ mixture at 298 K. Figure 5 16 illustrates the PZ(COO )2

over estimation error occurring at high CO2 concentrations, greater than 0.6

mol CO2tot.

Figure 5 17 compares estimated and experimental proton NMR

speciation for 3.4 – 6.2 m K+ and 0.6 – 3.6 m PZ mixtures from 300 – 343 K.

The optimum model exhibits a systematic under estimation error presented

in the PZCOO /H+PZCOO speciation data listed above even though all the
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model predictions were within an AAD of +/ 3.7 % with the exception of a

few outliers.
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Figure 5 16. Comparison of Proton NMR Speciation from Ermatchkov et al.

(2003) to Electrolyte NRTL Model Predictions in a 1 m PZ solution at 298 K.

Figure 5 18 compares estimated and experimental proton NMR

speciation for 5 m K+/2.5 m PZ mixture at 333 K. Figure 5 18 illustrates the

PZCOO /H+PZCOO under estimation error occurring at moderate CO2

concentrations, greater than 1 mole CO2tot.
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Figure 5 17. Comparative Fit of Experimental Proton NMR Speciation Data

from Cullinane et al. (2004) to Model Predictions for Aqueous K+/PZ

Mixtures from 300 – 343 K.

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0 2.5

Mole of CO2

M
o

le
 o

f 
S

p
e
c
ie

s
 i

PZ/PZH
+

PZCOO
-
/H

+
PZCOO

-

PZ(COO
-
)2

Figure 5 18. Comparison of Proton NMR Speciation from Cullinane et al.

(2004) to Electrolyte NRTL Model Predictions in a 5 m K+/2.5 m PZ solution

at 333 K.
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5.6.4 Heat of Adsorption

Using the electrolyte NRTL model as a purely predictive model, the

heat of CO2 absorption into aqueous PZ and K+/PZ mixtures was determined

based on the following Clausius/Clapeyron equation:

2
ln

1/

CO

abs

d P
H R

d T
 5.16 

Where

absH is the heat of CO2 absorption, kJ/mole,

R is the Universal Gas Constant, 0.008314 kJ/mol K.

Figure 5 19 illustrates the predictive capabilities of the electrolyte

NRTL model for the heat of CO2 absorption for 1.8 m PZ mixtures from 313 –

393 K. Figure 5 19 demonstrates strong non linear temperature dependence

for the heat of CO2 absorption as a function of loading. A similar finding as

reported by Cullinane et al. (2004) shows an approximate constant heat of CO2

absorption between low and moderate loadings (0.1 < Ldg < 0.7) as shown by

the average heat of CO2 absorption (313 – 393 K) dashed curve.

Figure 5 20 illustrates the predictive capabilities of the electrolyte

NRTL model for the heat of CO2 absorption for 5 m K+/2.5 m PZ mixtures

from 313 – 393 K. Figure 5 20 also demonstrates a strong non linear

temperature dependence for the heat of CO2 absorption as a function of

loading < 0.7. At loadings above ~0.72, the non linear temperature

dependence for the heat of CO2 absorption collapses to approximately a linear

function with respect to loading approaching the heat of CO2 absorption
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corresponding to the physical absorption of CO2. Since the heat of CO2

absorption is a purely predictive property, gathering experimental data for

the heat of CO2 absorption and the heat capacity for solutions at various

loadings will help to validate model predictions from various authors.
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Figure 5 19. Predictions for the Heat of CO2 Absorption from the

Electrolyte NRTL Model in a 1.8 m PZ solutions from 313 393 K.

5.6.5 Effect of Potassium Ion on Speciation

Using the electrolyte NRTL model as a purely predictive model, proton

NMR speciation for 2.5 m PZ was compared to 5 m K+/2.5 m PZ experimental

data from Cullinane et al. (2004) and electrolyte NRTL predictions at 313 K as

shown in Figure 5 21.
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Figure 5 20. Predictions for the Heat of CO2 Absorption from the

Electrolyte NRTL Model in a 5 m K+/2.5 m PZ solutions from 313 393 K.

Figure 5 21 illustrates the effect of potassium ion on proton NMR

speciation. The presence of potassium shows an increase in PZ(COO )2

concentration below a loading of 0.7 but then decreases as a function of

loading. PZCOO concentration reaches a maximum at a loading of 0.51 but

as PZCOO is consumed; H+PZCOO is produced reaching a maximum at a

loading of 0.91.

Figure 5 21 also demonstrates that PZ and PZH+ concentrations are

hindered with the addition of potassium above loadings of 0.4, but the

concentration of the two reactive species (PZ and PZCOO ) is enhanced by the

addition of potassium. If we represent the speciation in terms of total
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piperazine (mol /total piperazine concentration), we can see the individual

species contribution to speciation as given by Figure 5 22.
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Figure 5 21. Comparison of Proton NMR Speciation from Cullinane et al.

(2004) to Electrolyte NRTL Model Predictions in 2.5 m PZ and 5 m K+/2.5 m

PZ solutions at 313 K. Points: Cullinane et al. (2004) Speciation. Solid

Lines: Electrolyte NRTL Predictions for 5 m K+/2.5 m PZ. Dashed Lines:

Electrolyte NRTL Predictions for 2.5 m PZ.

Figure 5 22 illustrates the contribution for each reactant species

concentration. At loadings below 0.4, the main contribution to the total

amount of reacting species is PZ, but at loadings above 0.44 consumption of

PZ increases. While predictions illustrated in Figure 5 22 indicate that at

industrial loading conditions (0.4 < Ldg < 0.7), production of PZCOO
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increases and replaces PZ as the main driving force for the total amount of

reactant species in solution.

0

0.2

0.4

0.6

0.8

1

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Loading (mol CO2/mol K
+
 + mol PZ)

F
ra

c
ti

o
n

 o
f 

T
o

ta
l 
P

Z

PZ

PZH
+

PZCOO
-

PZ(COO
-
)2

H
+
PZCOO

-

PZ + PZCOO
-

Figure 5 22. Comparison of Electrolyte NRTL Speciation Predictions in 2.5

m PZ and 5 m K+/2.5 m PZ solutions at 313 K. Solid Lines: Electrolyte

NRTL Predictions for 5 m K+/2.5 m PZ. Dashed Lines: Electrolyte NRTL

Predictions for 2.5 m PZ.

5.7 Conclusions

Results presented above indicate that the electrolyte NRTL model,

through simultaneous regression, gave a set of optimum binary interaction

parameters for the H2O K2CO3 PZ CO2 electrolyte system. The optimum

model adequately represents the total pressure, CO2 solubility, and proton

NMR speciation for aqueous PZ CO2 and K2CO3 PZ CO2 mixtures.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions and Recommendations

Parameters sequentially regressed for the H2O K2CO3 and H2O KHCO3

systems without CO2 solubility data did not accurately describe significant

systematic trends presented in the vapor liquid equilibrium.

The H2O K2CO3 CO2 system parameters regressed by Aspen Plus®

(ehotca.bkp) based only on CO2 solubility data from Tosh et al. (1959), did not

capture systematic temperature trends presented in the CO2 solubility data.

The optimum model adequately describe the mean ionic activity

coefficient data in aqueous K2CO3 mixtures within average absolute relative

error of ± 8.5 percent, but extrapolation to higher temperatures would not be

advised.

The optimum model was found to adequately describes the CO2

solubility data in aqueous K2CO3 CO2 mixtures within average absolute

relative errors of +/ 10, 12. and 11 percent, respectively, and exhibits a weak

effect of K+ presented in the CO2 solubility data and heat capacity predictions.

Predicting the activity coefficient behavior of aqueous PZ from a purely

predictive property may or may not capture experimental trends; gathering
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experimental data for the activity coefficient of aqueous PZ and other

thermodynamic and calorimetric data for solutions at various loadings will

help to validate model predictions from various authors.

In this work, we chose to use Equation 4.15 to represent the infinite

dilution activity coefficient of piperazine due to the small variations between

the Equation 4.15 and Equation 4.16.

The optimum model exhibits systematic error presented in the infinite

dilution activity coefficient for PZ as temperature increases even though all

the predictions of the model were within an AARD of +/ 1.2 %, with the

exception of a few outliers.

Predictions illustrated in Figure 4 5 indicate that the possibility of phase

separation at high temperatures due to the highly non ideal and temperature

dependent nature of the piperazine activity coefficient, but calculations have

shown that at temperatures only above 423 K and low PZ concentrations

0.2 PZx a second phase may appear.

Parameters sequentially regressed for the H2O PZ CO2 and H2O K2CO3

PZ CO2 systems did not accurately describe significant systematic trends

presented in the vapor liquid equilibrium. Sequential regression consists of a

two part process where chemical equilibrium constants for the H2O PZ CO2

system were determined and then held fixed while binary interaction

parameters for the H2O PZ CO2 and H2O K2CO3 PZ CO2 systems were

regressed as suggested by Weiland et al. (1993). Model predictions gave an

average absolute error of +/ 5 percent for proton NMR speciation for H2O
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PZ CO2 and H2O K2CO3 PZ CO2 systems as shown in Figures 5 8 and 5 9,

respectively.

Overall, the model adequately describes total pressure and CO2

solubility data within an average absolute relative error of +/ 14.2 % and

proton NMR speciation within an average absolute error of +/ 2.3 %, with

the exception of a few outliers for the H2O PZ CO2 and H2O K2CO3 PZ CO2

systems.

The heat of CO2 absorption for 1.8 m PZ mixtures from 313 – 393 K was

found to demonstrate strong non linear temperature dependence as a

function of loading.

The heat of CO2 absorption for 5 m K+/2.5 m PZ mixtures from 313 – 393

K was found to also demonstrate a strong non linear temperature

dependence as a function of loading < 0.7. At loadings above ~0.72, the non

linear temperature dependence for the heat of CO2 absorption collapses to

approximately a linear function with respect to loading approaching the heat

of CO2 absorption corresponding to the physical absorption of CO2. Since the

heat of CO2 absorption is a purely predictive property, gathering

experimental data for the heat of CO2 absorption and the heat capacity for

solutions at various loadings will help to validate model predictions from

various authors.

Finally, the presence of potassium shows an increase in PZ(COO )2

concentration below a loading of 0.7 but then decreases as a function of

loading. PZCOO concentration reaches a maximum at a loading of 0.51 but

as PZCOO is consumed H+PZCOO is produced reaching a maximum at a
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loading of 0.91. PZ and PZH+ concentrations were then hindered with the

addition of potassium above loadings of 0.4, but the concentration of the two

reactive species (PZ and PZCOO ) is enhanced by the addition of potassium.

If we represent the speciation in terms of total piperazine (mol /total

piperazine concentration), we can see the individual species contribution to

speciation as given by Figure 5 22.

At loadings below 0.4, the main contribution to the total amount of

reacting species is PZ, but at loadings above 0.44 consumption of PZ

increases. While predictions illustrated in Figure 5 22 indicate that at

industrial loading conditions (0.4 < Ldg < 0.7), production of PZCOO

increases and replaces PZ as the main driving force for the total amount of

reactant species in solution.

6.2 Data Plots

One of the main goals of this project was to be able to describe the H2O

K2CO3 PZ CO2 electrolyte system thermodynamics from experimental vapor

liquid equilibrium and speciation literature data over typical

absorber/stripper conditions. Through the regression of total pressure [Pérez

Salado Kamps et al. (2003)], CO2 solubility in aqueous solutions of piperazine

and potassium carbonate/piperazine [Bishnoi (2000); Cullinane et al. (2004)]

and proton NMR speciation data in aqueous solutions of piperazine and

potassium carbonate/piperazine [Ermatchkov et al. (2003); Cullinane et al.

(2004)]; we can construct the following experimental data plots to examine
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the range in temperature, piperazine, and potassium ion concentrations

versus loading for the above data sets.
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Figure 6 1. Absorber and Stripper Conditions for the H2O PZ CO2 System

at Regressed Temperatures.
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Figure 6 2. Piperazine Operating
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System Based on Regressed Data.
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Figure 6 4. Piperazine Operating
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Data.
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Figure 6 5. Potassium Operating

Ranges for the H2O K2CO3 PZ

CO2 System Based on Regressed

Data.

The above data plots will allow for the improvement of future

modifications by including new experimental literature data and possibly by

expanding the scope for the inclusion other amines.
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Appendix A

Aqueous Potassium Carbonate System

Literature Data

A.1 Tabular K2CO3 Vapor Pressure Depression

Table A 1. Aseyev (1999) – Vapor Pressure Depression (Pa).

wt% mole/kg H2O 25 30 35 40 45 50

2 0.148 3150 4210 5573 7330 9532 12270

4 0.301 3140 4170 5534 7300 9488 12200

6 0.462 3120 4150 5506 7260 9435 12130

8 0.629 3100 4130 5474 7210 9370 12050

10 0.804 3090 4110 5441 7160 9300 11960

12 0.987 3070 4090 5404 7100 9225 11870

14 1.178 3040 4080 5377 7040 9144 11770

16 1.378 3010 4060 5344 6980 9058 11660

18 1.588 2980 4030 5297 6910 8971 11550

20 1.809 2950 4000 5246 6830 8866 11420

22 2.041 2900 3950 5181 6740 8748 11270

24 2.285 2860 3890 5097 6630 8613 11100

26 2.542 2810 3820 5009 6520 8469 10910

28 2.814 2750 3740 4909 6390 8293 10680

30 3.101 2690 3650 4790 6240 8104 10440

32 3.405 2630 3540 4654 6080 7899 10170

34 3.727 2560 3490 4559 5910 7666 9880

36 4.07 2490 3310 4366 5730 7440 9570

38 4.435 2400 3180 4215 5540 7168 9250

40 4.824 2320 3050 4039 5330 6927 8910

42 5.24 2210 2900 3853 5100 6636 8540

44 5.685 2100 2740 3652 4850 6312 8120

46 6.164 1970 2580 3440 4570 5955 7670

48 6.679 1820 2339 3164 4270 5586 7190

50 7.236 1680 2210 2964 3960 5184 6700
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Table A 2. Aseyev (1999) – Vapor Pressure Depression (Pa) continued.

wt% mole/kg H2O 55 60 65 70 75 80

2 0.148 15652 19820 24909 31000 38240 47100

4 0.301 15561 19710 24777 30830 38008 46800

6 0.462 15466 19590 24635 30650 37764 46500

8 0.629 15366 19460 24467 30460 37579 46300

10 0.804 15258 19330 24303 30250 37317 46000

12 0.987 15144 19180 24107 30010 37047 45700

14 1.178 15014 19010 23893 29760 36774 45400

16 1.378 14877 18840 23679 29490 36438 45000

18 1.588 14726 18640 23433 29180 36033 44500

20 1.809 14561 18430 23168 28850 35623 44000

22 2.041 14373 18190 22859 28470 35187 43500

24 2.285 14150 17910 22528 28060 34638 42800

26 2.542 13904 17600 22145 27590 34063 42100

28 2.814 13620 17250 21708 27070 33476 41400

30 3.101 13314 16870 21248 26500 32749 40500

32 3.405 12968 16440 20728 25880 32012 39600

34 3.727 12607 15990 20171 25200 31192 38600

36 4.07 12215 15510 19579 24470 30294 37500

38 4.435 11931 15200 19056 23690 29359 36400

40 4.824 11380 14460 18265 22850 28329 35100

42 5.24 10914 13870 17515 21930 27244 33800

44 5.685 10384 13210 16700 20930 26020 32300

46 6.164 9814 12500 15830 19850 24654 30600

48 6.679 9203 11760 14958 18730 23097 28600

50 7.236 8599 10990 13971 17570 21866 27200
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Table A 3. Aseyev (1999) – Vapor Pressure Depression (Pa) continued.

wt% mole/kg H2O 85 90 95 100 105 110

2 0.148 57800 69700

4 0.301 57503 69300 82200 98400 117600 139600

6 0.462 57189 69000 81800 97600 116400 138400

8 0.629 56910 68600 81400 96800 115200 137200

10 0.804 56601 68300 81000 96000 114000 136000

12 0.987 56255 67900 80200 94800 112800 134400

14 1.178 55911 67500 79400 93600 111600 132800

16 1.378 55458 67000 78600 92400 110200 131400

18 1.588 54897 66400 77800 91200 108600 130200

20 1.809 54298 65700 77000 90000 107000 129000

22 2.041 53707 65000 75800 88800 105400 127000

24 2.285 52894 64100 74600 87600 103800 125000

26 2.542 52049 63100 73400 86200 102200 122800

28 2.814 51132 61900 72200 84600 100600 120400

30 3.101 50075 60700 71000 83000 99000 118000

32 3.405 48945 59300 69400 81400 97000 115600

34 3.727 47711 57800 67800 79800 95000 113200

36 4.07 46372 56200 66200 78000 92600 110200

38 4.435 44968 54400 64600 76000 89800 106600

40 4.824 43409 52600 63000 74000 87000 103000

42 5.24 41791 50600 61000 71600 84600 99800

44 5.685 39957 48400 59000 69200 82200 96600

46 6.164 37909 46000 56600 66800 79800 93600

48 6.679 35648 43600 53800 64400 77400 90800

50 7.236 33789 41100 51000 62000 75000 88000
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Table A 4. Aseyev (1999) – Vapor Pressure Depression (Pa) continued.

wt% mole/kg H2O 115 120 125 130

2 0.148 229400 267600

4 0.301 165600 194600 227800 265200

6 0.462 164400 193400 226200 262800

8 0.629 163200 192200 224600 260400

10 0.804 162000 191000 223000 258000

12 0.987 160400 189000 221000 256000

14 1.178 158800 187000 219000 254000

16 1.378 157200 185200 217000 251800

18 1.588 155600 183600 215000 249400

20 1.809 154000 182000 213000 247000

22 2.041 151600 179200 209800 243000

24 2.285 149200 176400 206600 239000

26 2.542 146600 173400 203200 235000

28 2.814 143800 170200 199600 231000

30 3.101 141000 167000 196000 227000

32 3.405 137800 163000 191600 222600

34 3.727 134600 159000 187200 218200

36 4.07 130800 154600 182200 213000

38 4.435 126400 149800 176600 207000

40 4.824 122000 145000 171000 201000

42 5.24 118400 140200 165400 194600

44 5.685 114800 135400 159800 188200

46 6.164 111200 130800 154200 181600

48 6.679 107600 126400 148600 174800

50 7.236 104000 122000 143000 168000

Table A 5. Puchkov and Kurochkina (1970) – Vapor Pressure Depression

(mmHg).

wt% 25 40 50 60 70 80 90

0.0483 23.5 54.6 91.3 147.5 230.7 350.3 518.8

0.1416 22.8 52.8 88.2 142.5 223.1 340.0 505.8

0.2596 21.1 48.9 81.8 132.1 207.0 316.2 473.2

0.3640 18.5 42.7 71.3 115.6 182.4 279.6 418.8

0.4243 16.4 37.9 63.4 103.0 162.9 250.9 375.8

0.5102 12.0 28.5 48.4 79.4 127.4 197.0 298.5
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A.2 Tabular KHCO3 Vapor Pressure Depression

Table A 6. Aseyev (1999) – Vapor Pressure Depression (Pa).

wt% mole/kg H2O 25

2 0.204 3146

4 0.416 3126

6 0.638 3105

8 0.869 3086

10 1.11 3066

12 1.362 3045

14 1.626 3023

16 1.903 3001

18 2.193 2979

20 2.497 2957

A.3 Tabular K2CO3 Mean Ionic Activity Coefficient

Table A 7. Aseyev and Zaytsev (1996) – Mean Ionic Activity Coefficient ( ).

mole/kg H2O ±

0.001 0.8858

0.002 0.8525

0.003 0.8255

0.004 0.8036

0.005 0.7854

0.006 0.77

0.007 0.7585

0.008 0.7479

0.009 0.73

0.01 0.6991

0.02 0.6605

0.03 0.6237

0.04 0.5925

0.05 0.5676

0.06 0.5477

0.07 0.5333

0.08 0.5208

0.09 0.5018
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Table A 8. Aseyev and Zaytsev (1996) – Mean Ionic Activity Coefficient ( )

Continued.

mole/kg H2O ±

0.1 0.4711

0.2 0.4343

0.3 0.4008

0.4 0.3738

0.5 0.3535

0.6 0.3385

0.7 0.3274

0.8 0.3188

0.9 0.3115

1 0.305

1.25 0.3

1.5 0.2977

1.75 0.2982

2 0.3016

2.25 0.3074

2.5 0.3155

3 0.3374

3.25 0.3511

3.5 0.3667

3.75 0.3842

4 0.4039

4.25 0.4257

4.5 0.45

4.75 0.4769

5 0.5067

5.25 0.5395

5.5 0.5756

5.75 0.6151

6 0.6581

6.25 0.7047

6.5 0.7549

6.75 0.8082

7 0.8642

7.25 0.923

7.5 0.9817
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A.4 Tabular K2CO3 Calorimetry

Table A 9. Aseyev and Zaytsev (1996) – Heat Capacity (J/kg K).

wt% mole/kg H2O 10 20 30 40 50 60

2 0.15 4057 4062 4067 4073 4077 4086

4 0.30 3960 3966 3973 3981 3990 3998

6 0.46 3860 3866 3870 3881 3893 3908

8 0.63 3773 3776 3780 3793 3807 3822

10 0.80 3573 3678 3684 3701 3715 3734

12 0.99 3586 3593 3596 3613 3636 3659

14 1.18 3497 3505 3512 3529 3546 3567

16 1.38 3420 3427 3433 3452 3470 3491

18 1.59 3342 3350 3357 3374 3391 3412

20 1.81 3262 3271 3278 3295 3315 3334

22 2.04 3193 3201 3209 3223 3244 3261

24 2.28 3127 3135 3140 3161 3177 3198

26 2.54 3059 3067 3075 3089 3110 3131

28 2.81 2997 3005 3010 3031 3048 3068

30 3.10 2933 2942 2945 2964 2989 3010

32 3.40 2871 2880 2882 2903 2926 2947

34 3.73 2813 2822 2824 2847 2868 2888

36 4.07 2761 2770 2771 2792 2813 2834

38 4.43 2709 2718 2721 2742 2763 2780

40 4.82 2668 2676 2679 2696 2715 2736

42 5.24 2611 2617 2620 2637 2654 2671

44 5.69 2564 2570 2574 2587 2604 2618

46 6.16 2514 2520 2524 2537 2553 2570

48 6.68 2470 2475 2478 2793* 2507 2522

50 7.24 2424 2430 2432 2449 2461 2478

* Questionable or outlying data poiint.
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Table A 10. Aseyev and Zaytsev (1996) – Heat Capacity (J/kg K) Continued.

wt% mole/kg H2O 70 80 90 110 120 130

2 0.15 4096 4107 4119 4154 4172 4197

4 0.30 4011 4023 4038 4078 4099 4126

6 0.46 3923 3939 3956 4005 4029 4059

8 0.63 3839 3856 3877 3927 3953 3984

10 0.80 3755 3774 3797 3852 3881 3914

12 0.99 3671 3692 3717 3773 3802 3836

14 1.18 3588 3609 3634 3691 3720 3755

16 1.38 3512 3533 3558 3614 3644 3678

18 1.59 3431 3452 3475 3533 3561 3595

20 1.81 3357 3378 3403 3459 3488 3522

22 2.04 3282 3303 3330 3382 3410 3443

24 2.28 3219 3240 3265 3318 3346 3379

26 2.54 3152 3173 3196 3250 3278 3310

28 2.81 3089 3110 3131 3186 3214 3246

30 3.10 3029 3050 3068 3125 3153 3186

32 3.40 2968 2987 3006 3062 3090 3122

34 3.73 2905 2926 2649* 3000 3028 3059

36 4.07 2855 2876 2895 2945 2972 3003

38 4.43 2801 2821 2842 2894 2920 2951

40 4.82 2754 2775 2792 2840 2866 2895

42 5.24 2687 2704 2721 2769 2792 2819

44 5.69 2633 2650 2667 2711 2733 2759

46 6.16 2583 2600 2616 2661 2683 2708

48 6.68 2537 2551 2566 2609 2631 2655

50 7.24 2491 2507 2522 2565 2586 2610

* Questionable or outlying data poiint.
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A.5 Tabular KHCO3 Calorimetry

Table A 11. Aseyev and Zaytsev (1996) – Heat Capacity (J/kg K).

wt% mole/kg H2O 5 10 15 20 25 30

4 0.42 3946 3953 3961 3969 3977 3985

6 0.64 3853 3861 3869 3877 3885 3897

8 0.87 3774 3783 3792 3801 3810 3818

10 1.11 3702 3708 3714 3722 3730 3743

12 1.36 3631 3639 3647 3655 3663 3671

14 1.63 3564 3572 3580 3588 3596 3600

16 1.90 3517 3521 3525 3529 3533 3533

18 2.19 3470 3470 3470 3470 3470 3470

20 2.50 3424 3420 3416 3412 3408 3408

Table A 12. Aseyev and Zaytsev (1996) – Heat Capacity (J/kg K) Continued.

wt% mole/kg H2O 35 40 45 55 60 65

4 0.42 4006 4013 4020 4027 4036 4048

6 0.64 3910 3918 3927 3948 3960 3974

8 0.87 3830 3839 3847 3864 3872 3887

10 1.11 3751 3759 3772 3789 3801 3714*

12 1.36 3680 3688 3697 3713 3722 3692

14 1.63 3604 3613 3617 3630 3638 3647

16 1.90 3537 3537 3542 3546 3546 3553

18 2.19 3470 3470 3470 3470 3470 3474

20 2.50 3403 3403 3399 3395 3395 3396

* Questionable or outlying data point.

Table A 13. Aseyev and Zaytsev (1996) – Heat Capacity (J/kg K) Continued.

wt% mole/kg H2O 70 75 80 85 90 95

4 0.42 4058 4069 4080 4091 4102 4115

6 0.64 3987 4000 4014 4028 4043 4058

8 0.87 3898 3910 3922 3935 3948 3961

10 1.11 3826 3839 3852 3565* 3879 3894

12 1.36 3699 3706 3714 3722 3730 3739

14 1.63 3655 3663 3672 3682 3691 3702

16 1.90 3557 3561 3566 3571 3577 3583

18 2.19 3476 3478 3481 3487 3487 3491

20 2.50 3395 3396 3396 3397 3398 3400

* Questionable or outlying data point.
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Table A 14. Aseyev and Zaytsev (1996) – Heat Capacity (J/kg K) Continued.

wt% mole/kg H2O 105 110 115 120 125 130

4 0.42 4140 4155 4169 4184 4201 4219

6 0.64 4090 4107 4125 4142 4163 4183

8 0.87 3990 4006 4021 4037 4056 4075

10 1.11 3924 3940 3957 3974 3993 4013

12 1.36 3758 3769 3780 3791 3805 3818

14 1.63 3723 3736 3748 3760 3775 3790

16 1.90 3596 3604 3612 3620 3630 3640

18 2.19 3500 3505 3511 3517 3525 3533

20 2.50 3404 3407 3411 3414 3420 3425

A.6 Tabular CO2 Solubility

Table A 15. Tosh et al. (1959) – CO2 Solubility (Psi) in 20 % Equivalent

K2CO3 Solution at 70 oC.

Loading PCO2 PH2O P

0.000 - 4.18 4.18

0.101 0.03 4.14 4.17

0.201 0.17 3.96 4.13

0.334 0.56 3.89 4.45

0.335 0.46 4.12 4.58

0.500 1.69 3.49 5.18

0.669 4.3 3.15 7.45

0.811 10.3 2.84 13.1

Loading = mol CO2
tot

/mol K2CO3
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Table A 16. Tosh et al. (1959) – CO2 Solubility (Psi) in 20 % Equivalent

K2CO3 Solution at 90 oC.

Loading PCO2 PH2O P

0.000 - 9.23 9.23

0.100 0.08 9.47 9.55

0.200 0.33 9.01 9.34

0.332 1.05 8.89 9.94

0.333 0.87 9.15 10

0.502 2.93 8.53 11.5

0.673 8.3 6.84 15.1

0.797 15.6 6.54 22.2

Loading = mol CO2
tot

/mol K2CO3

Table A 17. Tosh et al. (1959) – CO2 Solubility (Psi) in 20 % Equivalent

K2CO3 Solution at 110 oC.

Loading PCO2 PH2O P

0.000 - 17.8 17.8

0.100 0.1 17.8 17.9

0.202 0.49 18.9 19.4

0.335 1.83 18.4 20.3

0.334 1.97 18 20

0.334 1.95 18.6 20.5

0.335 1.63 18.5 20.1

0.496 4.69 17.4 22.1

0.507 5.11 17.2 22.3

0.672 13.7 14.9 28.6

0.672 13.8 14.5 28.3

0.824 28.6 15.1 43.7

0.817 30.9 12.8 43.7

Loading = mol CO2
tot

/mol K2CO3
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Table A 18. Tosh et al. (1959) – CO2 Solubility (Psi) in 20 % Equivalent

K2CO3 Solution at 130 oC.

Loading PCO2 PH2O P

0.000 - 33.5 33.5

0.100 0.17 33.8 34

0.201 0.49 35.8 36.6

0.333 2.45 35 37.4

0.334 2.18 35.2 37.3

0.500 7.41 33.2 40.6

0.669 19 30.2 49.2

0.666 20.2 29.1 49.3

0.792 40.4 26.7 67.1

0.788 41.8 25.3 67.1

Loading = mol CO2
tot

/mol K2CO3

Table A 19. Tosh et al. (1959) – CO2 Solubility (Psi) in 30 % Equivalent

K2CO3 Solution at 70 oC.

Loading PCO2 PH2O P

0.000 0 3.67 3.67

0.000 0 3.99 3.99

0.100 0.04 3.9 3.94

0.200 0.17 3.53 3.7

0.332 0.51 4.07 4.58

0.494 1.97 3.59 5.56

0.652 4.44 3.43 7.87

0.648 4.46 3.31 7.77

0.810 12 3.32 15.3

Loading = mol CO2
tot

/mol K2CO3
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Table A 20. Tosh et al. (1959) – CO2 Solubility (Psi) in 30 % Equivalent

K2CO3 Solution at 90 oC.

Loading PCO2 PH2O P

0.000 0 8.58 8.58

0.000 0 8.13 8.13

0.100 0.09 8.35 8.44

0.199 0.35 8.36 8.71

0.330 0.91 8.63 9.54

0.489 3.45 8.3 11.8

0.641 8.18 6.94 15.1

0.786 19.6 6.26 25.9

Loading = mol CO2
tot

/mol K2CO3

Table A 21. Tosh et al. (1959) – CO2 Solubility (Psi) in 30 % Equivalent

K2CO3 Solution at 110 oC.

Loading PCO2 PH2O P

0.000 0 15.2 15.2

0.000 0 15.4 15.4

0.100 0.14 17.9 18

0.100 0.13 17.8 17.9

0.198 0.59 16.8 17.4

0.200 0.73 17.4 18.1

0.328 1.65 17.6 19.3

0.483 5.5 16.2 21.7

0.625 13.4 14.3 27.6

0.625 13.4 14.6 27.8

0.761 28.4 14.1 42.5

Loading = mol CO2
tot

/mol K2CO3
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Table A 22. Tosh et al. (1959) – CO2 Solubility (Psi) in 30 % Equivalent

K2CO3 Solution at 130 oC.

Loading PCO2 PH2O P

0.000 0 30.2 30.2

0.000 0 30.6 30.6

0.100 0.19 31.4 31.6

0.100 0.19 30.8 31

0.198 0.86 32 32.9

0.326 2.42 33.8 36.2

0.473 9.03 32 41.1

0.615 18 29.1 47.2

0.610 19.6 30.6 50.2

0.735 38.4 26.9 65.3

Loading = mol CO2
tot

/mol K2CO3

Table A 23. Tosh et al. (1959) – CO2 Solubility (Psi) in 40 % Equivalent

K2CO3 Solution at 70 oC.

Loading PCO2 PH2O P

0.101 0.04 3.42 3.46

0.201 0.2 3.66 3.86

0.334 0.61 3.3 3.91

0.422 1.32 2.89 4.21

Loading = mol CO2
tot

/mol K2CO3

Table A 24. Tosh et al. (1959) – CO2 Solubility (Psi) in 40 % Equivalent

K2CO3 Solution at 90 oC.

Loading PCO2 PH2O P

0.100 0.08 7.41 7.49

0.200 0.34 7.68 8.02

0.333 1.22 7.26 8.48

0.419 2.49 6.97 9.46

Loading = mol CO2
tot

/mol K2CO3
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Table A 25. Tosh et al. (1959) – CO2 Solubility (Psi) in 40 % Equivalent

K2CO3 Solution at 110 oC.

Loading PCO2 PH2O P

0.000 0 15.6 15.6

0.100 0.13 14.2 15.6

0.200 0.71 15.7 16.4

0.295 1.42 15.7 17.1

0.296 1.61 15.6 17.2

0.334 2.32 15 17.3

0.351 2.09 15.6 17.7

0.403 4.14 14.2 18.3

0.449 4.76 15 19.8

0.485 7.89 13.4 21.3

0.554 9.4 15.5 24.9

0.585 8.43 14 22.4

0.601 14.2 12.5 26.7

0.638 11.6 16.6 28.2

0.664 20.8 11.6 32.4

0.714 26 12.7 38.7

0.759 31.5 13.3 44.8

0.809 50.5 11 61.5

0.850 72.7 10.1 82.8

0.874 69.7 16.4 86.1

Loading = mol CO2
tot

/mol K2CO3
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Table A 26. Tosh et al. (1959) – CO2 Solubility (Psi) in 40 % Equivalent

K2CO3 Solution at 120 oC.

Loading PCO2 PH2O P

0.000 0 21.9 21.9

0.295 1.81 21.7 23.5

0.295 1.81 22.2 24

0.349 3.4 21.5 24.9

0.402 3.52 21.5 25

0.446 6.11 21.2 27.3

0.482 7.66 19.7 27.4

0.551 12.5 20 32.5

0.588 18.5 17.5 36

0.626 20.9 17.5 38.4

0.706 33.6 15.3 48.9

0.744 42.5 15.3 57.8

0.791 65.9 13.2 79.1

0.835 86.1 15.2 101.3

Loading = mol CO2
tot

/mol K2CO3

Table A 27. Tosh et al. (1959) – CO2 Solubility (Psi) in 40 % Equivalent

K2CO3 Solution at 130 oC.

Loading PCO2 PH2O P

0.000 0 29.8 29.8

0.100 0.2 27.7 27.9

0.199 1.36 29.1 30.5

0.292 3.94 29.5 33.4

0.346 6.03 28.1 34.1

0.402 6.61 27.7 34.3

0.540 20.5 23.6 44.1

0.568 19.5 20.7 40.2

0.580 30.6 17.5 48.1

0.617 29.8 20.9 50.7

0.644 33.2 21 54.2

0.685 48 17.5 65.5

0.726 57.4 18.1 75.5

0.776 80.1 18.3 98.4

0.814 104.4 17.3 121.7

0.828 99.4 17.7 117.1

Loading = mol CO2
tot

/mol K2CO3
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Appendix B

Aqueous Piperazine System

Literature Data

B.1 Tabular UNIFAC DMD Activity Coefficient

Table B 1. Weidlich and Gmehling (1987); Gmehling et al. (1993) – Activity

Coefficient ( ).

25 30 35

mole/kg H2O PZ  H2O PZ  H2O PZ  H2O

0.1 0.24039 1.00000 0.36859 1.00000 0.54204 1.00001

0.2 0.24031 1.00000 0.36704 1.00002 0.53799 1.00003

0.3 0.24058 1.00000 0.36597 1.00003 0.53457 1.00006

0.4 0.24115 0.99998 0.36532 1.00004 0.53172 1.00009

0.5 0.24201 0.99995 0.36505 1.00005 0.52939 1.00013

0.6 0.24313 0.99991 0.36513 1.00004 0.52752 1.00016

0.7 0.24448 0.99984 0.36552 1.00003 0.52608 1.00019

0.8 0.24603 0.99976 0.36619 1.00001 0.52503 1.00022

0.9 0.24779 0.99965 0.36713 0.99997 0.52432 1.00024

1 0.24972 0.99951 0.36830 0.99991 0.52394 1.00025

1.1 0.25182 0.99936 0.36969 0.99984 0.52386 1.00026

1.2 0.25406 0.99917 0.37127 0.99975 0.52404 1.00025

1.3 0.25645 0.99896 0.37304 0.99965 0.52447 1.00023

1.4 0.25896 0.99872 0.37498 0.99952 0.52513 1.00020

1.5 0.26160 0.99846 0.37707 0.99937 0.52599 1.00016

1.6 0.26434 0.99817 0.37931 0.99921 0.52705 1.00010

1.7 0.26719 0.99785 0.38167 0.99902 0.52829 1.00003

1.8 0.27013 0.99751 0.38416 0.99882 0.52969 0.99995

1.9 0.27317 0.99714 0.38676 0.99860 0.53123 0.99985

2 0.27628 0.99674 0.38946 0.99835 0.53292 0.99974

2.1 0.27948 0.99632 0.39225 0.99809 0.53474 0.99961

2.2 0.28274 0.99587 0.39514 0.99780 0.53667 0.99947

2.3 0.28608 0.99539 0.39810 0.99750 0.53871 0.99932

2.4 0.28947 0.99490 0.40114 0.99718 0.54085 0.99915

2.5 0.29292 0.99438 0.40425 0.99684 0.54309 0.99897

2.6 0.29643 0.99383 0.40743 0.99648 0.54541 0.99877

2.7 0.29999 0.99327 0.41066 0.99611 0.54781 0.99856

2.8 0.30359 0.99268 0.41394 0.99571 0.55028 0.99834

2.9 0.30724 0.99207 0.41728 0.99530 0.55281 0.99811

3 0.31092 0.99144 0.42066 0.99488 0.55541 0.99786
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Table B 2. Weidlich and Gmehling (1987); Gmehling et al. (1993) – Activity

Coefficient ( ) Continued.

40 45 50

mole/kg H2O PZ  H2O PZ  H2O PZ  H2O

0.1 0.76782 1.00001 1.05166 1.00001 1.39739 1.00001

0.2 0.75992 1.00004 1.03828 1.00005 1.37667 1.00005

0.3 0.75286 1.00008 1.02601 1.00010 1.35740 1.00012

0.4 0.74656 1.00013 1.01476 1.00017 1.33947 1.00020

0.5 0.74096 1.00019 1.00443 1.00025 1.32276 1.00030

0.6 0.73599 1.00026 0.99495 1.00035 1.30718 1.00042

0.7 0.73160 1.00033 0.98625 1.00045 1.29263 1.00055

0.8 0.72773 1.00040 0.97826 1.00056 1.27903 1.00069

0.9 0.72434 1.00047 0.97093 1.00067 1.26632 1.00085

1 0.72139 1.00054 0.96419 1.00079 1.25442 1.00101

1.1 0.71884 1.00061 0.95801 1.00091 1.24327 1.00118

1.2 0.71667 1.00067 0.95235 1.00104 1.23282 1.00135

1.3 0.71484 1.00073 0.94716 1.00116 1.22303 1.00153

1.4 0.71332 1.00078 0.94240 1.00128 1.21383 1.00172

1.5 0.71210 1.00083 0.93805 1.00140 1.20520 1.00190

1.6 0.71114 1.00086 0.93407 1.00152 1.19709 1.00209

1.7 0.71043 1.00089 0.93045 1.00164 1.18946 1.00228

1.8 0.70994 1.00092 0.92715 1.00175 1.18230 1.00247

1.9 0.70967 1.00093 0.92414 1.00186 1.17555 1.00266

2 0.70959 1.00093 0.92142 1.00196 1.16920 1.00286

2.1 0.70970 1.00093 0.91896 1.00206 1.16323 1.00305

2.2 0.70997 1.00091 0.91674 1.00216 1.15760 1.00323

2.3 0.71040 1.00089 0.91475 1.00224 1.15230 1.00342

2.4 0.71097 1.00085 0.91297 1.00233 1.14730 1.00360

2.5 0.71167 1.00081 0.91139 1.00240 1.14259 1.00379

2.6 0.71250 1.00076 0.90999 1.00247 1.13815 1.00397

2.7 0.71345 1.00069 0.90876 1.00254 1.13396 1.00414

2.8 0.71450 1.00062 0.90769 1.00260 1.13001 1.00432

2.9 0.71564 1.00054 0.90677 1.00265 1.12629 1.00449

3 0.71688 1.00045 0.90599 1.00270 1.12278 1.00465
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B.2 Tabular pKa Data for the Second Dissociation Constant of

Piperazine

Table B 3. Hetzer et al. (1968) – Molality Based pKa.

Temp (K) pKa

273.15 10.401

273.15 10.413

278.15 10.253

278.15 10.265

283.15 10.121

283.15 10.131

288.15 9.991

288.15 10.001

293.15 9.859

293.15 9.869

298.15 9.726

298.15 9.736

303.15 9.603

303.15 9.615

308.15 9.478

308.15 9.492

313.15 9.359

313.15 9.375

318.15 9.246

318.15 9.258

323.15 9.136

323.15 9.148

Table B 4. Pagano et al. (1961) – Molality Based pKa.

Temp (K) pKa

283.25 10.19

283.25 10.05

293.35 9.87

293.35 9.91

302.85 9.68

302.85 9.68

313.15 9.53

313.15 9.43

Table B 5. Schwarzenbach (1953) – Molality Based pKa.

Temp (K) pKa

293.15 9.82
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Table B 6. Pickett et al. (1953) – Molality Based pKa.

Temp (K) pKa

296.65 9.83

Table B 7. Smith and Smith (1949) – Molality Based pKa.

Temp (K) pKa

298.15 9.70

Table B 8. Paoletti et al. (1968) – Molality Based pKa.

Temp (K) pKa

298.15 9.72
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Appendix C

Aqueous PZ CO2 and

Aqueous K2CO3 PZ CO2 Systems

Literature Data

C.1 Tabular PZ CO2 System Total Pressure

Table C 1. Pérez Salado Kamps et al. (2003) – Total Pressure (MPa).

Temp (K) mole/kg H2O Loading Pressure

313.13 1.995 0.73 0.0133

333.14 1.995 0.69 0.0308

333.14 1.995 0.89 0.1016

353.16 1.995 0.65 0.063

353.16 1.995 0.83 0.1385

353.16 1.995 0.92 0.2627

353.16 1.995 0.94 0.3736

353.16 1.995 1.03 1.151

373.15 2.035 0.66 0.1556

373.15 2.035 0.84 0.3851

373.15 2.035 0.89 0.5257

373.15 2.035 1.02 1.63

393.15 2.035 0.54 0.274

393.15 2.035 0.79 0.665

393.15 2.035 0.92 1.37

393.15 2.035 1.02 2.699

Loading = mol CO2
tot

/mol PZ
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Table C 2. Pérez Salado Kamps et al. (2003) – Total Pressure (MPa)

Continued.

Temp (K) mole/kg H2O Loading Pressure

353.14 3.964 0.91 0.3404

353.14 3.964 0.97 0.6899

353.14 3.964 1.04 1.666

373.16 3.95 0.73 0.1756

373.16 3.95 0.80 0.3054

373.16 3.95 0.87 0.6459

373.16 3.95 0.95 1.331

373.16 3.95 1.02 2.787

393.15 3.95 0.50 0.2325

393.15 3.95 0.70 0.4472

393.15 3.95 0.81 0.8936

393.15 3.95 0.89 1.741

393.15 3.95 0.96 3.076

393.15 3.95 1.02 4.712

Loading = mol CO2
tot

/mol PZ

C.2 Tabular PZ CO2 System – CO2 Solubility

Table C 3. Bishnoi (2000) – CO2 Solubility (Pa).

Temp (K) mole/kg H2O Loading PCO2

313.00 0.625 0.32 32

313.00 0.625 0.48 110

313.00 0.625 0.55 250

313.00 0.625 0.72 850

313.00 0.625 0.72 950

313.00 0.625 0.82 3000

313.00 0.625 0.96 40000

343.15 0.625 0.16 63

343.15 0.625 0.22 132

343.15 0.625 0.35 448

343.15 0.625 0.42 648

343.15 0.625 0.47 1440

343.15 0.625 0.59 3430

343.15 0.625 0.72 7875

Loading = mol CO2
tot

/mol PZ
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C.3 Tabular PZ CO2 System – 1H NMR Speciation

Table C 4. Ermatchkov et al. (2003) – 1H NMR Speciation at 283.15 K.

T (K) mol PZ mol CO2 mol PZ/H+ mol PZCOO-/H+ mol PZCOO2

283.15 0.1033 0.0732 0.0684 0.0324 0.0025

283.15 0.1033 0.0498 0.0745 0.0272 0.0016

283.15 0.1033 0.0235 0.0890 0.0140 0.0003

283.15 0.2160 0.1695 0.1191 0.0892 0.0077

283.15 0.2160 0.1225 0.1366 0.0711 0.0083

283.15 0.2160 0.0734 0.1633 0.0494 0.0032

283.15 0.2160 0.0325 0.1888 0.0264 0.0008

283.15 0.2858 0.1888 0.1652 0.1079 0.0127

283.15 0.2858 0.1255 0.1986 0.0804 0.0069

283.15 0.2858 0.0590 0.2411 0.0431 0.0016

283.15 0.4630 0.3917 0.2016 0.2428 0.0186

283.15 0.4630 0.3149 0.2353 0.2026 0.0251

283.15 0.4630 0.2076 0.3063 0.1430 0.0136

283.15 0.4990 0.2555 0.3145 0.1651 0.0193

283.15 0.4990 0.1684 0.3684 0.1229 0.0077

283.15 0.5122 0.1077 0.4220 0.0871 0.0031

283.15 0.9996 0.8179 0.3931 0.5425 0.0639

283.15 0.9996 0.7425 0.4478 0.4779 0.0739

283.15 0.9996 0.6455 0.5030 0.4243 0.0723

283.15 0.9998 0.9651 0.3107 0.6566 0.0325

283.15 0.9998 0.4881 0.6164 0.3384 0.0450

283.15 0.9998 0.3386 0.7172 0.2616 0.0210

283.15 0.9998 0.2361 0.7894 0.1993 0.0111

283.15 1.4489 1.3974 0.4119 0.9905 0.0465

283.15 1.4489 0.6810 0.8973 0.4812 0.0704

283.15 1.4489 0.5087 0.9923 0.4198 0.0368

283.15 1.4489 0.3418 1.1303 0.3052 0.0133

283.15 1.4489 0.2845 1.1748 0.2658 0.0082

283.15 1.4687 1.2260 0.4967 0.8734 0.0986

283.15 1.4687 0.9824 0.6858 0.6619 0.1211

283.15 1.4775 0.8166 0.8203 0.5628 0.0945
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Table C 5. Ermatchkov et al. (2003) – 1H NMR Speciation at 289.15 K.

T (K) mol PZ mol CO2 mol PZ/H+ mol PZCOO-/H+ mol PZCOO2

298.15 0.1033 0.0235 0.0905 0.0126 0.0002

298.15 0.1033 0.0498 0.0785 0.0239 0.0010

298.15 0.1033 0.0732 0.0698 0.0321 0.0014

298.15 0.2160 0.0352 0.1915 0.0240 0.0005

298.15 0.2160 0.0734 0.1664 0.0473 0.0022

298.15 0.2160 0.1225 0.1420 0.0686 0.0053

298.15 0.2160 0.1695 0.1274 0.0828 0.0057

298.15 0.2858 0.2611 0.1472 0.1333 0.0053

298.15 0.2858 0.1888 0.1672 0.1091 0.0096

298.15 0.2858 0.1255 0.2006 0.0796 0.0056

298.15 0.2858 0.0590 0.2393 0.0452 0.0013

298.15 0.4630 0.3917 0.2361 0.2107 0.0162

298.15 0.4630 0.3149 0.2708 0.1700 0.0222

298.15 0.4630 0.2076 0.3235 0.1267 0.0127

298.15 0.4990 0.2555 0.3299 0.1519 0.0172

298.15 0.4990 0.1684 0.3820 0.1099 0.0071

298.15 0.5122 0.1077 0.4339 0.0755 0.0027

298.15 0.9996 0.8179 0.4398 0.4983 0.0615

298.15 0.9996 0.7425 0.4888 0.4432 0.0676

298.15 0.9996 0.6455 0.5481 0.3843 0.0672

298.15 0.9998 0.4881 0.6485 0.3093 0.0420

298.15 0.9998 0.3386 0.7434 0.2371 0.0192

298.15 0.9998 0.2361 0.8135 0.1777 0.0086

298.15 1.4489 0.6810 0.9347 0.4493 0.0649

298.15 1.4489 0.5087 1.0446 0.3703 0.0340

298.15 1.4489 0.3418 1.1676 0.2673 0.0140

298.15 1.4489 0.2845 1.2276 0.2130 0.0082

298.15 1.4687 1.2260 0.5651 0.8080 0.0957

298.15 1.4687 0.9824 0.7465 0.6087 0.1134

298.15 1.4775 0.8166 0.8711 0.5156 0.0909
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Table C 6. Ermatchkov et al. (2003) – 1H NMR Speciation at 313.15 K.

T (K) mol PZ mol CO2 mol PZ/H+ mol PZCOO-/H+ mol PZCOO2

313.15 0.1033 0.0732 0.0734 0.0284 0.0015

313.15 0.1033 0.0498 0.0802 0.0223 0.0009

313.15 0.1033 0.0235 0.0904 0.0127 0.0002

313.15 0.2160 0.1695 0.1395 0.0717 0.0047

313.15 0.2160 0.1225 0.1474 0.0631 0.0055

313.15 0.2160 0.0734 0.1674 0.0461 0.0025

313.15 0.2160 0.0352 0.1895 0.0261 0.0004

313.15 0.2858 0.1888 0.1783 0.0980 0.0095

313.15 0.2858 0.1255 0.2064 0.0739 0.0055

313.15 0.2858 0.0590 0.2435 0.0408 0.0015

313.15 0.4630 0.3917 0.2511 0.1942 0.0176

313.15 0.4630 0.3149 0.2780 0.1660 0.0190

313.15 0.4630 0.2076 0.3202 0.1324 0.0104

313.15 0.4990 0.2555 0.3298 0.1499 0.0192

313.15 0.4990 0.1684 0.3756 0.1141 0.0093

313.15 0.5122 0.1077 0.4232 0.0869 0.0020

313.15 0.9996 0.8179 0.4526 0.4676 0.0794

313.15 0.9996 0.7425 0.4909 0.4333 0.0754

313.15 0.9996 0.6455 0.5213 0.4122 0.0661

313.15 0.9998 0.4881 0.6323 0.3184 0.0491

313.15 0.9998 0.3386 0.7335 0.2430 0.0233

313.15 0.9998 0.2361 0.7994 0.1884 0.0119

313.15 1.4489 0.6810 0.9359 0.4420 0.0710

313.15 1.4489 0.5087 1.0300 0.3775 0.0414

313.15 1.4489 0.3418 1.1660 0.2665 0.0165

313.15 1.4489 0.2845 1.1899 0.2481 0.0109

313.15 1.4687 0.9824 0.8194 0.5444 0.1049

313.15 1.4775 0.8166 0.8666 0.5190 0.0919
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Table C 7. Ermatchkov et al. (2003) – 1H NMR Speciation at 333.15 K.

T (K) mol PZ mol CO2 mol PZ/H+ mol PZCOO-/H+ mol PZCOO2

333.15 0.4630 0.2076 0.3661 0.0690 0.0278

333.15 0.4990 0.2555 0.3652 0.0998 0.0340

333.15 0.4990 0.1684 0.3982 0.0894 0.0114

333.15 0.5122 0.1077 0.4384 0.0709 0.0029

333.15 0.9998 0.4881 0.7039 0.2526 0.0433

333.15 0.9998 0.3386 0.7770 0.1842 0.0385

333.15 0.9998 0.2361 0.8259 0.1514 0.0225

333.15 1.4489 0.6810 1.0083 0.3679 0.0727

333.15 1.4489 0.5087 1.0906 0.2885 0.0698

333.15 1.4489 0.3418 1.1693 0.2557 0.0239

333.15 1.4489 0.2845 1.2301 0.1982 0.0206

333.15 1.4775 0.8166 0.9874 0.3032 0.1870

C.4 Tabular K2CO3 PZ CO2 System – CO2 Solubility

Table C 8. Cullinane et al. (2004) – CO2 Solubility (Pa).

Temp (K) K+ (m) PZ (m) Loading PCO2

333.6 2.50 2.50 0.500 919

373.5 2.50 2.50 0.371 321

372.5 2.50 2.50 0.425 1833

313.4 3.60 0.60 0.553 64

313.2 3.60 0.60 0.698 1635

332.5 3.60 0.60 0.553 279

331.1 3.60 0.60 0.698 3539

352.4 3.60 0.60 0.553 502

351.5 3.60 0.60 0.698 10200

372.8 3.60 0.60 0.557 1069

374.1 3.60 0.60 0.643 5374

373.8 3.60 0.60 0.699 14341

382.4 3.60 0.60 0.557 1693

382.4 3.60 0.60 0.643 6797

383.4 3.60 0.60 0.699 23000

334.8 3.60 1.80 0.610 1544

332.2 3.60 1.80 0.735 12829

352.3 3.60 1.80 0.610 5590

Loading = mol CO2
tot

/(mol PZ + mol K
+
)

881



160

Table C 9. Cullinane et al. (2004) – CO2 Solubility (Pa) Continued.

Temp (K) K+ (m) PZ (m) Loading PCO2

313.7 3.60 3.60 0.560 371

314.2 3.60 3.60 0.684 1711

333.1 3.60 3.60 0.652 6868

351.8 3.60 3.60 0.554 7323

352.5 3.60 3.60 0.684 34570

333.5 4.80 0.60 0.717 6212

352.0 4.80 0.60 0.717 14160

313.4 5.00 2.50 0.570 136

312.4 5.00 2.50 0.680 1840

333.5 5.00 2.50 0.445 45

333.7 5.00 2.50 0.595 1642

333.0 5.00 2.50 0.602 1778

332.8 5.00 2.50 0.652 4081

332.3 5.00 2.50 0.703 9467

352.9 5.00 2.50 0.689 25720

351.1 5.00 2.50 0.716 30460

373.7 5.00 2.50 0.612 13150

383.5 5.00 2.50 0.521 2658

383.4 5.00 2.50 0.612 16300

333.9 6.20 1.20 0.700 6014

Loading = mol CO2
tot

/(mol PZ + mol K
+
)
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C.5 Tabular K2CO3 PZ CO2 System – 1H NMR Speciation

Table C 10. Cullinane et al. (2004) – 1H NMR Speciation.

Temp (K) K+ (m) PZ (m) Loading % PZ/H+ % PZCOO-/H+ % PZCOO2

300 3.6 0.61 0.486 48.1 43.8 8.1

300 3.59 0.61 0.515 31.8 49.5 18.7

300 3.56 0.61 0.554 17 47.3 35.7

313 3.6 0.61 0.486 48.7 43.4 7.9

313 3.59 0.61 0.515 33 49.6 17.4

313 3.56 0.61 0.554 19.1 48.6 32.3

333 3.6 0.61 0.486 51 40.9 8.1

333 3.59 0.61 0.515 35.5 49.4 15

333 3.56 0.61 0.554 22.7 49.2 28

333 3.58 0.6 0.601 15.4 46.9 37.7

333 3.59 0.61 0.63 12.9 43.8 43.3

343 3.6 0.61 0.486 52.1 41.2 6.7

300 3.59 1.81 0.433 51.5 41 7.5

303 3.44 1.85 0.618 17.3 47 35.7

313 3.59 1.81 0.433 51.6 41.4 6.9

313 3.44 1.85 0.618 18.1 47.5 34.4

333 3.59 1.81 0.433 52.2 41.3 6.5

333 3.44 1.85 0.618 20.4 47 32.6

300 3.57 3.58 0.499 35.4 49 15.6

300 3.59 3.61 0.6 20.2 48.6 31.2

300 3.59 3.59 0.646 26 49.1 24.9

Loading = mol CO2
tot

/(mol PZ + K+)
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Table C 11. Cullinane et al. (2004) – 1H NMR Speciation Continued.

Temp (K) K+ (m) PZ (m) Loading % PZ/H+ % PZCOO-/H+ % PZCOO2

313 3.6 3.58 0.376 59.2 36.5 4.2

313 3.57 3.58 0.499 35.3 48.8 15.8

313 3.59 3.61 0.6 21.2 48.8 29.9

313 3.59 3.59 0.646 25.9 49.6 24.5

333 3.6 3.58 0.376 59.5 36.6 3.9

333 3.57 3.58 0.499 36 48.6 15.4

333 3.59 3.59 0.646 28.1 47.6 24.3

300 4.99 2.51 0.467 43.9 46.8 9.2

300 4.64 2.5 0.65 11.5 43.8 44.7

300 4.98 2.5 0.534 27.9 50.4 21.6

300 4.98 2.5 0.6 14.9 46.5 38.7

313 4.99 2.51 0.467 44 47.2 8.8

313 4.64 2.5 0.65 12.3 44.3 43.4

313 4.98 2.5 0.534 27.5 50.2 22.3

313 4.98 2.5 0.6 15.2 46.1 38.8

333 5 2.5 0.433 53.6 40 6.4

333 4.99 2.51 0.467 42 46.5 11.5

333 4.64 2.5 0.65 15.2 43.2 41.6

313 6.18 1.23 0.57 13.2 45.7 41.2

333 6.18 1.23 0.57 14.5 47.6 37.8

Loading = mol CO2
tot

/(mol PZ + K+)
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Appendix D

 Aqueous Potassium Carbonate System                    
Aspen Plus® Data Input and Format 

The following discussion documents how literature data from Appendix

A was entered into the Aspen Plus® Data Regression System (DRS) to regress

the H2O K2CO3 CO2 system binary interaction parameters.

D.1 K2CO3 and KHCO3 Vapor Pressure Depression

Vapor pressure depression data from Aseyev (1999) and Puchkov and

Kurochkina (1970), which measures the partial pressure of water, as a

function of molality and temperature for the H2O K2CO3 and H2O KHCO3

systems was entered into DRS using the temperature, pressure, liquid phase

mole fraction, and vapor phase mole fraction (TPXY) data type. K2CO3 and

KHCO3 concentrations (molality based) were converted to mole fractions

using the following expressions:

2 3

2 3

2 3
55.508

K CO

K CO

K CO

m
x

m
D.1

3

3

3
55.508

KHCO

KHCO

KHCO

m
x

m
D.2
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Where

ix is the mole fraction of component i,
2

1i H Ox x ,

im is the molality of component i, mole/kg H2O,

55.508 is the number of moles in 1 kg of H2O.

The vapor mole fraction of water was set equal to 1 and the vapor pressure

depression data was entered as the total pressure at the appropriate

temperature as shown in Figure D 1.

Figure D 1. Aqueous K2CO3 Vapor Pressure Depression from Aseyev (1999)

as Entered into the Aspen Plus® DRS v12.1.9.
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D.2 K2CO3 Mean Ionic Activity Coefficient

Mean ionic activity coefficient from Aseyev and Zaytsev (1996), which

relates the ionic activity coefficients to the mean activity coefficient for a

single salt in solution as a function of molality for the H2O K2CO3 system was

entered into DRS using the mean ionic activity coefficient (molality based for

a single salt) (GAMMA) data type. K2CO3 concentrations (molality based)

were converted to mole fractions using Equation D.1, the total pressure and

temperature was set equal to 101.325 kPa and 25 oC, respectively, as shown in

Figure D 2.

Figure D 2. Aqueous K2CO3 Mean Ionic Activity Coefficient from Aseyev

and Zaytsev (1996) as Entered into the Aspen Plus® DRS v12.1.9.
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D.3 K2CO3 and KHCO3 Calorimetry

Heat capacity from Aseyev and Zaytsev (1996), as a function of molality

and temperature was entered into DRS using the liquid mass heat capacity

(CPLMX M) data type. K2CO3 and KHCO3 concentrations (molality based)

were converted to mole fractions using Equations D.1 and D.2, the total

pressure was set equal to 101.325 kPa at the appropriate temperature, as

shown in Figure D 3.

Figure D 3. Aqueous K2CO3 Heat Capacity from Aseyev and Zaytsev (1996)

as entered into the Aspen Plus® DRS v12.1.9.
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D.4 CO2 Solubility

CO2 solubility from Tosh et al. (1959), which measures the partial

pressure of CO2 over aqueous potassium carbonate/bicarbonate solutions as a

function of the fractional conversion (loading) of K2CO3 to KHCO3 and

temperature were entered into the DRS using the TPXY data type. K2CO3 and

CO2 concentrations were converted to mole fractions using the following

equations:

2 3

2 3

2 3

% 100 gmK CO

K CO

K CO

wt
n

MW
D.3

2

2

2

% 100 gmH O

H O

H O

wt
n

MW
D.4

2 32
tot K COCO

n n Ldg D.5

i
i

i

n
x

n
D.6

Where

ix is the mole fraction of component i, 1ix ,

in is the number of moles of component i,

Ldg is the solution loading, mol CO2tot/mol K2CO3,

iMW is the molecular weight of component i, gm/mole,

%wt is the percent weight fraction of component i, %,

100 gm is the assumed basis for the solution, gram.
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The vapor mole fraction of CO2 was set equal to 1 and the partial pressure of

CO2 was entered as the total pressure at the appropriate temperature as

shown in Figure D 4.

Figure D 4. CO2 Solubility from Tosh et al. (1959) as entered into the Aspen

Plus® DRS v12.1.9.
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Appendix E

Aqueous Piperazine System

Aspen Plus® Data Input and Format

The following discussion documents how literature data from Appendix

B was entered into the Aspen Plus® Data Regression System (DRS) to regress

the H2O PZ system binary interaction parameters.

E.1 UNIFAC DMD Activity Coefficient

UNIFAC DMD predictions from Weidlich and Gmehling (1987) and

Gmehling et al. (1993), of the liquid phase activity coefficients for PZ and H2O,

as a function of molality and temperature were entered into DRS using the

GAMMA data type. PZ concentrations (molality based) were converted to

mole fractions using the following expression:

55.508

PZ
PZ

PZ

m
x

m
 E.1 

Where

ix is the mole fraction of component i,
2

1i H Ox x ,

im is the molality of component i, mole/kg H2O,

55.508 is the number of moles in 1 kg of H2O.

The total pressure was set equal to 101.325 kPa as shown in Figure E 1.
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Figure E 1. PZ and H2O Activity Coefficients based on UNIFAC DMD

Predictions fromWeidlich and Gmehling (1987) and Gmehling et al. (1993)

as Entered into the Aspen Plus® DRS v12.1.9.

E.2 pKa Data for the Second Dissociation Constant of Piperazine

The chemical equilibrium constant for Equation 4.6 in Chapter 4 was

regressed using Arc (2002) based on experimental pKa data reported by

Hetzer et al. (1968). The asymmetric reference state (molality basis) chemical

equilibrium constant was then corrected to the symmetric reference state

(mole fraction basis) using Equation 4.13 in Chapter 4 and then regressed
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using Arc (2002) to the standard temperature dependent form of the chemical

equilibrium constant as given in Chapter 3.

893



172

Appendix F

Aqueous PZ CO2 and

Aqueous K2CO3 PZ CO2 Systems

Aspen Plus® Data Input and Format

The following discussion documents how literature data from Appendix

C was entered into the Aspen Plus® Data Regression System (DRS) to regress

the H2O PZ CO2 and the H2O K2CO3 PZ CO2 systems binary interaction

parameters.

F.1 PZ CO2 System Total Pressure

Total pressure data from Pérez Salado Kamps et al. (2003), which

measured the solubility of carbon dioxide into aqueous piperazine solutions

as a function of molality and temperature was entered into DRS using the

TPXY data type. PZ and CO2tot concentrations (molality based) were

converted to mole fractions using the following expressions:

2

55.508tot

PZ
PZ

PZ CO

m
x

m m
F.1

2

2

2

55.508

tot

tot

tot

CO

CO
PZ CO

m
x

m m
F.2
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Where

ix is the mole fraction of component i,
2

1i H Ox x ,

im is the molality of component i, mole/kg H2O,

55.508 is the number of moles in 1 kg of H2O.

The vapor mole fraction of PZ and CO2 was not entered and the total pressure

was entered at the appropriate temperature as shown in Figure F 1.

Figure F 1. . Aqueous PZ CO2 Total Pressure from Pérez Salado Kamps et

al. (2003) as Entered into the Aspen Plus® DRS v12.1.9.
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F.2 PZ CO2 System – CO2 Solubility

CO2 solubility from Bishnoi (2000), which measures the partial pressure

of CO2 over aqueous piperazine solutions as a function of loading and

temperature were entered into the DRS using the TPXY data type. PZ and

CO2 concentrations were converted to mole fractions using the following

equations:

1000

PZ PZ
PZ

PZ

M MW
wt F.3

2

1

PZ

PZ
PZ

PZ PZ

PZ H O

wt

MW
x

wt wt

MW MW

F.4

2

1000PZ
PZ

H O

x
n

MW
F.5

2
tot PZCO

n n Ldg F.6

i
i

i

n
x

n
F.7

Where

iwt is the weight fraction of component i, 1iw

ix is the mole fraction of component i, 1ix ,

in is the number of moles of component i,

Ldg is the solution loading, mol CO2tot/mol PZ,

iMW is the molecular weight of component i, gm/mole.
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The vapor mole fraction of CO2 was set equal to 1 and the partial pressure of

CO2 was entered as the total pressure at the appropriate temperature as

shown in Figure F 2.

Figure F 2. CO2 Solubility from Bishnoi (2000) as entered into the Aspen

Plus® DRS v12.1.9.

F.3 PZ CO2 System – 1H NMR Speciation

Proton NMR speciation from Ermatchkov et al. (2003), for aqueous

piperazine solutions, as a function of loading and temperature where the

component mole fractions were predicted by the Cullinane et al. (2004)
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electrolyte NRTL model and then entered into the DRS using the TPXY data

type. The vapor mole fraction of CO2 was set equal to 1 and the predicted

partial pressure of CO2 was entered as the total pressure at the appropriate

temperature as shown in Figure F 3.

Figure F 3. Proton NMR Speciation from Ermatchkov et al. (2003) as

entered into the Aspen Plus® DRS v12.1.9.

F.4 K2CO3 PZ CO2 System – CO2 Solubility

CO2 solubility from Cullinane et al. (2004), which measured the partial

pressure of CO2 over aqueous potassium carbonate/piperazine solutions as a

function of loading and temperature were entered into the DRS using the

TPXY data type. Component concentrations were converted to mole fractions

using the following equations:
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2 3 2
K

K CO

m
n F.8

PZ PZn m F.9

2 3 2 32

2tot PZ K CO K COCO
n Ldg n n n F.10

2
55.508H On F.11

i
i

i

n
x

n
F.12

Where

im is the molality of component i, mole/kg H2O,

ix is the mole fraction of component i, 1ix ,

in is the number of moles of component i,

Ldg is the solution loading, mol CO2tot/mol K+ + mol PZ,

iMW is the molecular weight of component i, gm/mole.

The vapor mole fraction of CO2 was set equal to 1 and the partial pressure of

CO2 was entered as the total pressure at the appropriate temperature as

shown in Figure F 2.
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Figure F 4. CO2 Solubility from Cullinane et al. (2004) as entered into the

Aspen Plus® DRS v12.1.9

F.5 K2CO3 PZ CO2 System – 1H NMR Speciation

Proton NMR speciation from Cullinane et al. (2004), for aqueous

potassium carbonate/piperazine solutions, as a function of loading and

temperature where the component mole fractions were predicted by the

Cullinane et al. (2004) electrolyte NRTL model and then entered into the DRS

using the TPXY data type. The vapor mole fraction of CO2 was set equal to 1

and the predicted partial pressure of CO2 was entered as the total pressure at

the appropriate temperature as shown in Figure F 5.
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Figure F 5. Proton NMR Speciation from Cullinane et al. (2004) as entered

into the Aspen Plus® DRS v12.1.9.
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Appendix G

Aspen Plus® Data Regression

Procedures

The following discussion documents the data regression procedures for

literature data from Appendices A, B, and C as entered into the Aspen Plus®

Data Regression System (DRS) to regress the H2O K2CO3 PZ CO2 system

binary interaction parameters. For specific regression results for literature

data from Appendices A, B, and C, please refer to Appendices H, I, and J,

respectively.

G.1 Overall Regression Procedure

Adjustable binary interaction parameters were determined by DRS

within Aspen Plus® utilizing the maximum likelihood principle of Britt and

Luecke (1973) through the minimization of the objective function as given in

Chapter 3. The following procedure outlines the steps to determine the

optimum set of binary interaction parameters used in this work.

1. Start with the Aspen Plus® Default Parameters as the initial values

given in Chapters 3, 4, and 5.

2. Run the DRS regression package to regress the full model.

3. Document the full model regression case results as “Full.”
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4. Start with the results from the full model as the initial values.

5. Fix or exclude a parameter to the default value starting with

coefficients associated with the C term.

a. If all coefficients associated with the C term are set to the default

value, then fix or exclude a parameter to the default value

starting with coefficients associated with the B term.

b. If all coefficients associated with the B term are set to the default

value, then fix or exclude a parameter to the default value

starting with coefficients associated with the A term. This

action will then fix the selected tau parameter to the appropriate

default value.

6. Select which coefficient gave the smallest change between the sum of

squares of the fixed regression case and the full model.

7. Delete or fixed to the default value the coefficient with the smallest

change.

8. Repeat steps 5 through 7 until all coefficients/parameters are fixed to

the default parameters.

9. Sort (ascending) the regression cases by the sum of squares.

10. Perform a logic test on each regression case by determining if the

standard error with respect to the estimate of the coefficient is less than

the value for the estimate of the coefficient.

a. If the standard error is less than the estimate of the coefficient

then add one to the count for each regression case.
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b. Tabulate the total count for each regression case and sort

(ascending) the results.

11. Determine for each regression case how many parameters are highly

positively or negatively correlated.

a. If the correlation coefficient between two parameters is greater

than 0.9 or less than 0.9 add one to the count for each

regression case.

b. Tabulate the total count for each regression case and sort

(ascending) the results.

12. Select cases with the lowest value associated with the sum of squares,

logic test, and the total number of correlated parameters. Label each

possible optimum case.

13. Test each optimum case to see which case gives the lowest absolute

average relative deviation (AARD) for each data set.

14. Label the case with the lowest AARD for each data set as the Optimum

Model.
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Appendix H

 Aqueous Potassium Carbonate System                    
Aspen Plus® Data Regression 

The following discussion documents data regression results for

literature data from Appendix A as entered into the Aspen Plus® Data

Regression System (DRS) to regress the H2O K2CO3 CO2 system binary

interaction parameters.

H.1 Sum of Squares

Adjustable binary interaction parameters were determined by DRS

within Aspen Plus® utilizing the maximum likelihood principle of Britt and

Luecke (1973) through the minimization of the objective function as given in

Chapter 3. The sum of squares (SSQ) for each regression case tested for the

H2O K2CO3 CO2 system is shown in Figure H 1.
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Figure H 1. Perturbation Test Cases for the H2O K2CO3 CO2 System

Regression.
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Figure H 2. Selected Perturbation Test Cases for the H2O K2CO3 CO2

System Regression.

From the above analysis, we choose Regression Case 9 as the Optimum

Model for the H2O K2CO3 CO2 system.
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H.2 Tabular H2O K2CO3 CO2 System Regression Case Summary

Results

Table H 1. Full Model Regression Results.

Current Terms

Weighted 

Sum of 

Squares: Logic Test Correltation

Residual 

Root Mean 

of Squared

FULL (K+,CO3--2) H2O A B C SSQ 16945 3 8 3.707

H2O (K+,CO3--2) A B C

(K+,HCO3-) H2O A B C

H2O (K+,HCO3-) A B C

Adjustiable Parameter Coefficient

Table H 2. Fixed Parameter Case Results.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

Deviation 

from Full 

Model

I Delete (K+,CO3--2) H2O B 0.0 SSQ 17275 7 3.742 1 8 2.0%

J Delete (K+,CO3--2) H2O C 0.0 SSQ 16956 6 3.707 4 8 0.1%

K Delete H2O (K+,CO3--2) B 0.0 SSQ 16939 1 3.705 3 9 0.0%

L Delete H2O (K+,CO3--2) C 0.0 SSQ 18544 8 3.877 2 9 8.7%

1 Delete (K+,HCO3-) H2O B 0.0 SSQ 16941 3 3.705 2 4 0.0%

2 Delete (K+,HCO3-) H2O C 0.0 SSQ 16944 5 3.706 3 7 0.0%

3 Delete H2O (K+,HCO3-) B 0.0 SSQ 16939 2 3.705 2 9 0.0%

4 Delete H2O (K+,HCO3-) C 0.0 SSQ 16942 4 3.705 3 8 0.0%

Table H 3. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

T Delete (K+,CO3--2) H2O B 0.00 SSQ 18667 6 3.888 3 2 9.3%

U Delete (K+,CO3--2) H2O C 0.00 SSQ 16956 5 3.705 3 8 0.1%

V Delete H2O (K+,CO3--2) C 0.00 SSQ 19354 7 3.959 0 14 12.5%

W Delete (K+,HCO3-) H2O B 0.00 SSQ 16942 2 3.704 1 3 0.0%

5 Delete (K+,HCO3-) H2O C 0.00 SSQ 16946 4 3.704 1 2 0.0%

6 Delete H2O (K+,HCO3-) B 0.00 SSQ 16940 1 3.704 1 4 0.0%

7 Delete H2O (K+,HCO3-) C 0.00 SSQ 16942 3 3.704 1 2 0.0%

Table H 4. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

AD Delete (K+,CO3--2) H2O B 0.00 SSQ 18686 5 3.888 2 3 9.4%

AE Delete (K+,CO3--2) H2O C 0.00 SSQ 16956 3 3.704 1 2 0.1%

AF Delete H2O (K+,CO3--2) C 0.00 SSQ 19416 6 3.963 1 2 12.8%

AG Delete (K+,HCO3-) H2O B 0.00 SSQ 17048 4 3.714 2 4 0.6%

8 Delete (K+,HCO3-) H2O C 0.00 SSQ 16945 2 3.703 0 2 0.0%

9 Delete H2O (K+,HCO3-) C 0.00 SSQ 16940 1 3.702 0 2 0.0%

Table H 5. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

AN Delete (K+,CO3--2) H2O B 0.00 SSQ 18680 5 3.886 1 3 9.3%

AO Delete (K+,CO3--2) H2O C 0.00 SSQ 16953 1 3.702 0 1 0.1%

AP Delete H2O (K+,CO3--2) C 0.00 SSQ 19645 6 3.985 1 2 13.8%

10 Delete (K+,HCO3-) H2O B 0.00 SSQ 17053 3 3.713 0 3 0.7%

11 Delete (K+,HCO3-) H2O C 0.00 SSQ 17836 4 3.797 1 2 5.0%

12 Delete H2O (K+,HCO3-) A 8.00 SSQ 16983 2 3.705 0 3 0.3%
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Table H 6. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

AV Delete (K+,CO3--2) H2O B 0.00 SSQ 18844 4 3.901 1 2 10.1%

AW Delete H2O (K+,CO3--2) C 0.00 SSQ 281414 5 15.077 1 2 94.0%

AX Delete (K+,HCO3-) H2O B 0.00 SSQ 17057 2 3.712 0 2 0.7%

13 Delete (K+,HCO3-) H2O C 0.00 SSQ 17836 3 3.796 0 1 5.0%

14 Delete H2O (K+,HCO3-) A 8.00 SSQ 16997 1 3.705 0 2 0.3%

Table H 7. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BC Delete (K+,CO3--2) H2O B 0.00 SSQ 19026 3 3.919 1 1 11.0%

BD Delete H2O (K+,CO3--2) C 0.00 SSQ 283412 4 15.124 1 2 94.0%

BE Delete (K+,HCO3-) H2O B 0.00 SSQ 17102 1 3.715 0 1 1.0%

15 Delete (K+,HCO3-) H2O C 0.00 SSQ 17880 2 3.799 0 2 5.3%

Table H 8. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BI Delete (K+,CO3--2) H2O B 0.0 SSQ 19026 2 3.917 0 1 11.0%

BJ Delete H2O (K+,CO3--2) C 0.0 SSQ 285784 3 15.181 1 1 94.1%

BK Delete (K+,HCO3-) H2O C 0.0 SSQ 17938 1 3.803 0 1 5.6%

Table H 9. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BO Delete (K+,CO3--2) H2O B 0.0 SSQ 20308 1 4.045 0 1 16.6%

BP Delete H2O (K+,CO3--2) C 0.0 SSQ 286018 3 15.181 0 1 94.1%

16 Delete (K+,HCO3-) H2O A -4.0 SSQ 34325 2 5.259 0 0 50.7%

Table H 10. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BT Delete (K+,CO3--2) H2O A -4 SSQ 71406 2 7.582 0 0 76.3%

17 Delete H2O (K+,CO3--2) C 0 SSQ 287151 3 15.205 0 1 94.1%

18 Delete (K+,HCO3-) H2O A -4 SSQ 42462 1 5.847 0 1 60.1%
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H.3 Tabular H2O K2CO3 CO2 System Individual Regression Case

Results

Table H 11. DRS Regression Output for the Full Model Regression Case.

Parameter i j k Estimate wrt Estimate

GMELCC/1 K
+

CO3
-2

H2O -4.28 0.02

GMELCD/1 K
+

CO3
-2

H2O -93.6 8.10

GMELCE/1 K
+

CO3
-2

H2O -0.21 0.15

GMELCC/1 H2O K
+

CO3
-2

9.21 0.03

GMELCD/1 H2O K
+

CO3
-2

0.12 3.68

GMELCE/1 H2O K
+

CO3
-2

6.62 0.40

GMELCC/1 K
+

HCO3
-1

H2O -2.86 0.46

GMELCD/1 K
+

HCO3
-2

H2O -197 146

GMELCE/1 K
+

HCO3
-3

H2O -6.54 4.53

GMELCC/1 H2O K
+

HCO3
-1

7.32 0.91

GMELCD/1 H2O K
+

HCO3
-2

91.2 314

GMELCE/1 H2O K
+

HCO3
-3

7.15 8.63

Interacting Species

Table H 12. Correlation Matrix for the Coefficients Estimates for the Full

Model.

Parameter 1 2 3 4 5 6 7 8 9 10 11 12

1 1.00            

2 -0.96 1.00           

3 -0.28 0.19 1.00          

4 0.25 -0.47 0.17 1.00         

5 0.17 -0.16 -0.08 -0.40 1.00        

6 0.29 -0.20 -0.99 -0.18 0.09 1.00       

7 0.02 0.00 -0.19 0.22 -0.59 0.20 1.00      

8 -0.01 0.00 0.17 -0.25 0.62 -0.18 -0.96 1.00     

9 -0.06 0.05 0.22 -0.05 0.16 -0.25 -0.64 0.46 1.00    

10 0.08 -0.10 0.16 -0.20 0.68 -0.16 -0.92 0.94 0.39 1.00   

11 -0.08 0.09 -0.14 0.23 -0.68 0.13 0.82 -0.91 -0.18 -0.96 1.00  

12 0.06 -0.05 -0.22 0.06 -0.18 0.25 0.65 -0.48 -1.00 -0.42 0.21 1.00

Please contact Dr. Gary T. Rochelle for achieved individual cases results.
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Appendix I

Aqueous Piperazine System

Aspen Plus® Data Regression

The following discussion documents data regression results for

literature data from Appendix B as entered into the Aspen Plus® Data

Regression System (DRS) to regress the H2O PZ system binary interaction

parameters.

I.1 Sum of Squares

Adjustable binary interaction parameters were determined by DRS

within Aspen Plus® utilizing the maximum likelihood principle of Britt and

Luecke (1973) through the minimization of the objective function as given in

Chapter 4. The sum of squares (SSQ) for each regression case tested for the

H2O PZ system is shown in Figure I 1.
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Figure I 1. Perturbation Test Cases for the H2O PZ System Regression.
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Figure I 2. Selected Perturbation Test Cases for the H2O PZ System

Regression.
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From the above analysis, we choose Regression Case 2 as the Optimum

Model for the H2O PZ system.

I.2 Tabular H2O PZ System Regression Case Summary Results

Table I 1. Full Model Regression Results.

Weighted 

Sum of 

Squares: Logic Test Correltation

Residual 

Root Mean 

of Squared

FULL PZ H2O A B SSQ 619 1 6 1.875

H2O PZ A B

Table I 2. Fixed Parameter Case Results.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

Deviation 

from Full 

Model

1 Delete PZ H2O B 0.00 SSQ 2772 2 3.957 1 0 77.7%

2 Delete H2O PZ B 0.00 SSQ 620 1 1.871 0 3 0.1%

Table I 3. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Estimate 

Value

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BW Delete PZ H2O B 0.0 SSQ 491272 2 52.535 1 0 99.9%

3 Delete H2O PZ A 0.0 2135 1 3.463 0 1 71.0%

I.3 Tabular H2O PZ System Individual Regression Case Results

Table I 4. DRS Regression Output for the Full Model Regression Case.

Parameter i j Estimate wrt Estimate

NRTL/1 PZ H2O 6.44 0.40

NRTL/2 PZ H2O -2724 126

NRTL/1 H2O PZ 3.77 1.02

NRTL/2 H2O PZ -162 320

Interacting Species
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Table I 5. Correlation Matrix for the Coefficients Estimates for the Full

Model.

Parameter 1 2 3 4

1 1.00    

2 -1.00 1.00   

3 -0.98 0.99 1.00  

4 0.97 -0.98 -1.00 1.00

Please contact Dr. Gary T. Rochelle for achieved individual cases results.
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Appendix J

Aqueous Potassium Carbonate System

Aspen Plus® Data Regression

The following discussion documents data regression results for

literature data from Appendix C as entered into the Aspen Plus® Data

Regression System (DRS) to regress the H2O K2CO3 PZ CO2 system binary

interaction parameters.

J.1 Sum of Squares

Adjustable binary interaction parameters were determined by DRS

within Aspen Plus® utilizing the maximum likelihood principle of Britt and

Luecke (1973) through the minimization of the objective function as given in

Chapter 5. The sum of squares (SSQ) for each regression case tested for the

H2O K2CO3 PZ CO2 system is shown in Figure J 1.
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Figure J 2. Selected Perturbation Test Cases for the H2O K2CO3 PZ CO2

System Regression.
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From the above analysis, we choose Regression Case 53 as the Optimum

Model for the H2O K2CO3 PZ CO2 system.

J.2 Tabular H2O K2CO3 PZ CO2 System Regression Case

Summary Results

Table J 1. Full Model Regression Results.

Current Terms

Weighted 

Sum of 

Squares: Logic Test Correltation

Residual 

Root Mean 

of Squared

FULL H2O (PZH+,HCO3-) A 11612 8 3 5.521

(PZH+,HCO3-) H2O A

H2O (PZH+,PZCOO-) A

(PZH+,PZCOO-) H2O A

H2O HPZCOO A

HPZCOO H2O A

H2O (K+,PZCOO-) A

(K+,PZCOO-) H2O A

H2O (K+,PZCOO-2) A

(K+,PZCOO-2) H2O A

PZ (K+,PZCOO-) A

(K+,PZCOO-) PZ A

PZ (K+,CO3--2) A

(K+,CO3--2) PZ A

HPZCOO (K+,HCO3-) A

(K+,HCO3-) HPZCOO A

HPZCOO (K+,PZCOO-2) A

(K+,PZCOO-2) HPZCOO A

Table J 2. Fixed Parameter Case Results.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

A Delete H2O (PZH+,HCO3-) A SSQ 10835 17 5.33 7 5 -7.2%

B Delete (PZH+,HCO3-) H2O A SSQ 10021 6 5.13 6 5 -15.9%

C Delete H2O (PZH+,PZCOO-) A SSQ 10970 18 5.37 7 5 -5.9%

D Delete (PZH+,PZCOO-) H2O A SSQ 9503 2 4.99 5 4 -22.2%

E Delete H2O HPZCOO A SSQ 10826 16 5.33 7 7 -7.3%

F Delete HPZCOO H2O A SSQ 10519 8 5.25 6 6 -10.4%

G Delete H2O (K+,PZCOO-) A SSQ 10630 12 5.28 6 4 -9.2%

H Delete (K+,PZCOO-) H2O A SSQ 10622 11 5.28 7 6 -9.3%

I Delete H2O (K+,PZCOO-2) A SSQ 10616 10 5.28 6 4 -9.4%

J Delete (K+,PZCOO-2) H2O A SSQ 10632 13 5.28 7 5 -9.2%

K Delete PZ (K+,PZCOO-) A SSQ 10517 7 5.25 5 5 -10.4%

L Delete (K+,PZCOO-) PZ A SSQ 9553 4 5.01 4 5 -21.6%

1 Delete PZ (K+,CO3--2) A SSQ 10679 15 5.29 5 4 -8.7%

2 Delete (K+,CO3--2) PZ A SSQ 10583 9 5.27 6 7 -9.7%

3 Delete HPZCOO (K+,HCO3-) A SSQ 10635 14 5.28 7 5 -9.2%

4 Delete (K+,HCO3-) HPZCOO A SSQ 9659 5 5.04 5 3 -20.2%

5 Delete HPZCOO (K+,PZCOO-2) A SSQ 9552 3 5.01 5 3 -21.6%

6 Delete (K+,PZCOO-2) HPZCOO A SSQ 9357 1 4.96 5 3 -24.1%
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Table J 3. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

M Delete H2O (PZH+,HCO3-) A SSQ 11306 17 5.44 6 6 -2.7%

N Delete (PZH+,HCO3-) H2O A SSQ 9882 5 5.09 4 3 -17.5%

O Delete H2O (PZH+,PZCOO-) A SSQ 10980 16 5.36 6 6 -5.8%

P Delete (PZH+,PZCOO-) H2O A SSQ 9473 1 4.98 4 3 -22.6%

Q Delete H2O HPZCOO A SSQ 10713 9 5.30 5 5 -8.4%

R Delete HPZCOO H2O A SSQ 10654 7 5.28 6 4 -9.0%

S Delete H2O (K+,PZCOO-) A SSQ 10733 11 5.30 5 6 -8.2%

T Delete (K+,PZCOO-) H2O A SSQ 9682 4 5.03 5 3 -19.9%

U Delete H2O (K+,PZCOO-2) A SSQ 10705 8 5.29 6 5 -8.5%

V Delete (K+,PZCOO-2) H2O A SSQ 9533 2 5.00 6 3 -21.8%

W Delete PZ (K+,PZCOO-) A SSQ 10850 12 5.33 4 5 -7.0%

7 Delete (K+,PZCOO-) PZ A SSQ 9667 3 5.03 3 5 -20.1%

8 Delete PZ (K+,CO3--2) A SSQ 10936 15 5.35 5 4 -6.2%

9 Delete (K+,CO3--2) PZ A SSQ 10855 13 5.33 4 4 -7.0%

10 Delete HPZCOO (K+,HCO3-) A SSQ 10611 6 5.27 5 4 -9.4%

11 Delete (K+,HCO3-) HPZCOO A SSQ 10721 10 5.30 6 4 -8.3%

12 Delete HPZCOO (K+,PZCOO-2) A SSQ 10906 14 5.34 7 5 -6.5%

Table J 4. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

X Delete H2O (PZH+,HCO3-) A SSQ 11094 15 5.38 6 3 -4.7%

Y Delete (PZH+,HCO3-) H2O A SSQ 9901 6 5.08 4 2 -17.3%

Z Delete H2O (PZH+,PZCOO-) A SSQ 10178 7 5.15 4 3 -14.1%

AA Delete H2O HPZCOO A SSQ 11019 13 5.36 4 3 -5.4%

AB Delete HPZCOO H2O A SSQ 10715 9 5.29 4 3 -8.4%

AC Delete H2O (K+,PZCOO-) A SSQ 9646 4 5.02 3 3 -20.4%

AD Delete (K+,PZCOO-) H2O A SSQ 19761 16 7.18 8 5 41.2%

AE Delete H2O (K+,PZCOO-2) A SSQ 10872 10 5.33 6 4 -6.8%

AF Delete (K+,PZCOO-2) H2O A SSQ 9627 2 5.01 4 3 -20.6%

AG Delete PZ (K+,PZCOO-) A SSQ 10907 12 5.34 5 5 -6.5%

13 Delete (K+,PZCOO-) PZ A SSQ 9746 5 5.04 2 7 -19.2%

14 Delete PZ (K+,CO3--2) A SSQ 9646 3 5.02 4 4 -20.4%

15 Delete (K+,CO3--2) PZ A SSQ 9626 1 5.01 4 4 -20.6%

16 Delete HPZCOO (K+,HCO3-) A SSQ 10682 8 5.28 4 4 -8.7%

17 Delete (K+,HCO3-) HPZCOO A SSQ 11071 14 5.38 6 6 -4.9%

18 Delete HPZCOO (K+,PZCOO-2) A SSQ 10883 11 5.33 4 4 -6.7%

Table J 5. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

AH Delete H2O (PZH+,HCO3-) A SSQ 10130 7 5.14 4 4 -14.6%

AI Delete (PZH+,HCO3-) H2O A SSQ 9953 6 5.09 4 4 -16.7%

AJ Delete H2O (PZH+,PZCOO-) A SSQ 11591 15 5.49 4 4 -0.2%

AK Delete H2O HPZCOO A SSQ 11149 14 5.39 3 4 -4.2%

AL Delete HPZCOO H2O A SSQ 10944 9 5.34 3 3 -6.1%

AM Delete H2O (K+,PZCOO-) A SSQ 9555 1 4.99 4 3 -21.5%

AN Delete (K+,PZCOO-) H2O A SSQ 9558 2 4.99 4 4 -21.5%

AO Delete H2O (K+,PZCOO-2) A SSQ 9611 3 5.00 4 4 -20.8%

AP Delete (K+,PZCOO-2) H2O A SSQ 10961 10 5.34 4 3 -5.9%

19 Delete PZ (K+,PZCOO-) A SSQ 11003 11 5.35 4 6 -5.5%

20 Delete (K+,PZCOO-) PZ A SSQ 11084 12 5.37 3 3 -4.8%

21 Delete PZ (K+,CO3--2) A SSQ 11128 13 5.38 7 4 -4.4%

22 Delete HPZCOO (K+,HCO3-) A SSQ 9616 4 5.00 3 4 -20.8%

23 Delete (K+,HCO3-) HPZCOO A SSQ 9663 5 5.02 3 4 -20.2%

24 Delete HPZCOO (K+,PZCOO-2) A SSQ 10238 8 5.16 2 5 -13.4%
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Table J 6. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

AQ Delete H2O (PZH+,HCO3-) A SSQ 11257 13 5.41 4 3 -3.2%

AR Delete (PZH+,HCO3-) H2O A SSQ 11478 14 5.46 5 4 -1.2%

AS Delete H2O (PZH+,PZCOO-) A SSQ 10242 7 5.16 4 4 -13.4%

AT Delete H2O HPZCOO A SSQ 11186 12 5.39 4 4 -3.8%

AU Delete HPZCOO H2O A SSQ 10994 9 5.34 4 4 -5.6%

AV Delete (K+,PZCOO-) H2O A SSQ 11111 11 5.37 4 7 -4.5%

AW Delete H2O (K+,PZCOO-2) A SSQ 11020 10 5.35 4 6 -5.4%

AX Delete (K+,PZCOO-2) H2O A SSQ 9595 3 4.99 3 4 -21.0%

25 Delete PZ (K+,PZCOO-) A SSQ 9563 1 4.98 3 3 -21.4%

26 Delete (K+,PZCOO-) PZ A SSQ 9724 5 5.03 3 4 -19.4%

27 Delete PZ (K+,CO3--2) A SSQ 10086 6 5.12 4 3 -15.1%

28 Delete HPZCOO (K+,HCO3-) A SSQ 10985 8 5.34 3 5 -5.7%

29 Delete (K+,HCO3-) HPZCOO A SSQ 9577 2 4.99 3 4 -21.3%

30 Delete HPZCOO (K+,PZCOO-2) A SSQ 9679 4 5.01 3 5 -20.0%

Table J 7. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

AY Delete H2O (PZH+,HCO3-) A SSQ 10995 10 5.34 3 2 -5.6%

AZ Delete (PZH+,HCO3-) H2O A SSQ 9895 6 5.06 2 2 -17.4%

BA Delete H2O (PZH+,PZCOO-) A SSQ 10226 8 5.15 2 3 -13.6%

BB Delete H2O HPZCOO A SSQ 11175 12 5.38 2 2 -3.9%

BC Delete HPZCOO H2O A SSQ 10981 9 5.33 2 3 -5.7%

BD Delete (K+,PZCOO-) H2O A SSQ 9623 5 4.99 3 4 -20.7%

BE Delete H2O (K+,PZCOO-2) A SSQ 11041 11 5.35 3 5 -5.2%

31 Delete (K+,PZCOO-2) H2O A SSQ 9621 4 4.99 3 5 -20.7%

32 Delete (K+,PZCOO-) PZ A SSQ 17719 13 6.78 5 4 34.5%

33 Delete PZ (K+,CO3--2) A SSQ 10087 7 5.11 3 3 -15.1%

34 Delete HPZCOO (K+,HCO3-) A SSQ 9565 1 4.98 2 3 -21.4%

35 Delete (K+,HCO3-) HPZCOO A SSQ 9566 2 4.98 2 3 -21.4%

36 Delete HPZCOO (K+,PZCOO-2) A SSQ 9593 3 4.99 2 3 -21.0%

Table J 8. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BF Delete H2O (PZH+,HCO3-) A SSQ 10075 8 5.10 2 2 -15.3%

BG Delete (PZH+,HCO3-) H2O A SSQ 9910 6 5.06 2 2 -17.2%

BH Delete H2O (PZH+,PZCOO-) A SSQ 10214 9 5.14 2 4 -13.7%

BI Delete H2O HPZCOO A SSQ 11174 11 5.37 1 2 -3.9%

BJ Delete HPZCOO H2O A SSQ 10978 10 5.33 1 2 -5.8%

BK Delete (K+,PZCOO-) H2O A SSQ 9542 1 4.97 2 3 -21.7%

37 Delete H2O (K+,PZCOO-2) A SSQ 9555 3 4.97 2 5 -21.5%

38 Delete (K+,PZCOO-2) H2O A SSQ 9567 4 4.97 2 5 -21.4%

39 Delete (K+,PZCOO-) PZ A SSQ 18016 12 6.82 4 3 35.5%

40 Delete PZ (K+,CO3--2) A SSQ 9947 7 5.07 2 3 -16.7%

41 Delete (K+,HCO3-) HPZCOO A SSQ 9543 2 4.97 1 3 -21.7%

42 Delete HPZCOO (K+,PZCOO-2) A SSQ 9614 5 4.98 1 3 -20.8%
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Table J 9. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BL Delete H2O (PZH+,HCO3-) A SSQ 10091 5 5.10 1 2 -15.1%

BM Delete (PZH+,HCO3-) H2O A SSQ 9927 4 5.06 1 2 -17.0%

BN Delete H2O (PZH+,PZCOO-) A SSQ 10221 6 5.13 1 3 -13.6%

BO Delete H2O HPZCOO A SSQ 11246 9 5.38 1 2 -3.3%

BP Delete HPZCOO H2O A SSQ 11044 8 5.34 1 2 -5.1%

43 Delete H2O (K+,PZCOO-2) A SSQ 10680 7 5.25 2 2 -8.7%

44 Delete (K+,PZCOO-2) H2O A SSQ 9539 1 4.96 1 2 -21.7%

45 Delete (K+,PZCOO-) PZ A SSQ 18763 11 6.95 3 2 38.1%

46 Delete PZ (K+,CO3--2) A SSQ 12135 10 5.59 1 3 4.3%

47 Delete (K+,HCO3-) HPZCOO A SSQ 9561 2 4.96 1 3 -21.5%

48 Delete HPZCOO (K+,PZCOO-2) A SSQ 9611 3 4.98 0 3 -20.8%

Table J 10. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BQ Delete H2O (PZH+,HCO3-) A SSQ 10055 4 5.08 1 1 -15.5%

BR Delete (PZH+,HCO3-) H2O A SSQ 9897 3 5.04 1 1 -17.3%

BS Delete H2O (PZH+,PZCOO-) A SSQ 10168 5 5.11 1 2 -14.2%

BT Delete H2O HPZCOO A SSQ 10837 7 5.28 0 1 -7.2%

49 Delete HPZCOO H2O A SSQ 10683 6 5.24 0 1 -8.7%

50 Delete H2O (K+,PZCOO-2) A SSQ 17891 9 6.78 2 2 35.1%

51 Delete (K+,PZCOO-) PZ A SSQ 19785 10 7.13 3 2 41.3%

52 Delete PZ (K+,CO3--2) A SSQ 12637 8 5.70 1 2 8.1%

53 Delete (K+,HCO3-) HPZCOO A SSQ 9537 1 4.951 0 2 -21.8%

54 Delete HPZCOO (K+,PZCOO-2) A SSQ 9624 2 4.97 0 2 -20.7%

Table J 11. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BU Delete H2O (PZH+,HCO3-) A SSQ 10093 3 5.09 1 1 -15.0%

BV Delete (PZH+,HCO3-) H2O A SSQ 9939 2 5.05 1 1 -16.8%

BW Delete H2O (PZH+,PZCOO-) A SSQ 10248 4 5.13 1 2 -13.3%

55 Delete H2O HPZCOO A SSQ 10837 6 5.27 0 1 -7.2%

56 Delete HPZCOO H2O A SSQ 10683 5 5.23 0 1 -8.7%

57 Delete H2O (K+,PZCOO-2) A SSQ 17243 8 6.65 1 2 32.7%

58 Delete (K+,PZCOO-) PZ A SSQ 19386 9 7.05 1 2 40.1%

59 Delete PZ (K+,CO3--2) A SSQ 13097 7 5.79 2 1 11.3%

60 Delete HPZCOO (K+,PZCOO-2) A SSQ 9687 1 4.98 0 2 -19.9%

Table J 12. Fixed Parameter Case Results Continued.

Case Current Terms Parameter

Rank: 

Ascending

Residual 

Root Mean 

of Squared Logic Test Correltation

% Deviation 

from Full 

Model

BX Delete H2O (PZH+,HCO3-) A SSQ 10195 2 5.11 0 1 -13.9%

BY Delete (PZH+,HCO3-) H2O A SSQ 10058 1 5.07 0 1 -15.4%

61 Delete H2O (PZH+,PZCOO-) A SSQ 10381 3 5.15 0 2 -11.9%

62 Delete H2O HPZCOO A SSQ 12341 5 5.62 0 1 5.9%

63 Delete HPZCOO H2O A SSQ 12032 4 5.55 0 1 3.5%

64 Delete H2O (K+,PZCOO-2) A SSQ 17160 7 6.62 0 2 32.3%

65 Delete (K+,PZCOO-) PZ A SSQ 19386 8 7.04 0 1 40.1%

66 Delete PZ (K+,CO3--2) A SSQ 13775 6 5.94 0 2 15.7%
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J.3 Tabular H2O K2CO3 PZ CO2 System Individual Regression

Case Results

Table J 13. DRS Regression Output for the Full Model Regression Case.

Parameter i j k Estimate

GMELCC/1 H2O PZH
+

HCO3
-

8.82

GMELCC/1 PZH
+

HCO3
-

H2O -3.33

GMELCC/1 H2O PZH
+

PZCOO
-

0.34

GMELCC/1 PZH
+

PZCOO
-

H2O -2.83

GMELCC/1 H2O K
+

PZCOO
-

7.92

GMELCC/1 K
+

PZCOO
-

H2O -3.94

GMELCC/1 H2O K
+

PZ(COO
-
)2 7.56

GMELCC/1 K
+

PZ(COO
-
)2 H2O -4.15

GMELCC/1 PZ K
+

PZCOO
-

-0.32

GMELCC/1 K
+

PZCOO
-

PZ -4.70

GMELCC/1 PZ K
+

CO3
-2

2.74

GMELCC/1 K
+

CO3
-2

PZ 0.14

GMELCC/1 H
+
PZCOO

-
K

+
HCO3

-
7.26

GMELCC/1 K
+

HCO3
- H

+
PZCOO

-
-1.15

GMELCC/1 H
+
PZCOO

-
K

+
PZ(COO

-
)2 2.03

GMELCC/1 K
+

PZ(COO
-
)2 H

+
PZCOO

-
-2.83

NRTL/1 H2O H
+
PZCOO

-
-0.53

NRTL/1 H
+
PZCOO

-
H2O 0.08

Interacting Species

Table J 14. Correlation Matrix for the Coefficients Estimates for the Full

Model.
Parameter 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 1                  

2 -1.00 1                 

3 -0.03 0.02 1                

4 0.06 -0.05 -0.13 1               

5 -0.02 0.02 0.02 0.08 1              

6 0.05 -0.05 -0.05 0.00 -0.82 1             

7 -0.02 0.02 0.03 -0.02 0.52 -0.31 1            

8 0.04 -0.04 -0.05 0.10 -0.22 0.24 -0.90 1           

9 -0.05 0.04 0.06 -0.05 0.57 -0.49 0.31 -0.17 1          

10 0.03 -0.03 -0.04 0.02 0.10 -0.10 0.06 -0.02 -0.63 1         

11 -0.04 0.04 0.04 -0.15 -0.74 0.28 -0.41 -0.02 -0.19 -0.37 1        

12 -0.03 0.03 0.04 -0.08 0.04 -0.10 -0.09 0.10 -0.45 0.58 -0.17 1.00       

13 -0.06 0.06 0.04 -0.11 -0.29 0.15 -0.01 -0.15 -0.33 0.13 0.29 0.03 1.00      

14 0.02 -0.02 -0.03 0.04 -0.11 0.01 -0.14 0.06 0.09 -0.13 0.19 -0.04 -0.74 1.00     

15 0.01 -0.01 -0.01 -0.05 -0.57 0.42 -0.06 -0.17 -0.12 -0.06 0.48 -0.28 0.09 0.29 1.00    

16 -0.01 0.01 0.02 0.02 0.51 -0.40 0.08 0.12 0.10 0.04 -0.41 0.30 -0.15 -0.22 -0.98 1.00   

17 -0.27 0.25 0.28 -0.54 0.03 -0.14 0.09 -0.17 0.16 -0.11 0.16 0.11 0.18 -0.09 0.00 0.01 1.00  

18 0.29 -0.27 -0.30 0.53 -0.03 0.15 -0.09 0.17 -0.17 0.11 -0.16 -0.11 -0.18 0.10 0.00 0.00 -0.99 1.00

Please contact Dr. Gary T. Rochelle for achieved individual cases results.
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Appendix K

Nomenclature

K.1 Aspen Plus® Scalar Parameter Nomenclature

API Standard API gravity

CHARGE Ionic Charge number (positive for cations, negative for anions)

CHI Stiel polar factor

DGAQFM Aqueous phase free energy of formation at infinite dilution and

25 deg C. For ionic species and molecular solutes in electrolyte

systems

DGAQHG Helgeson infinite dilution Gibbs energy of formation

DGFORM Standard free energy of formation for ideal gas at 25 deg C

DGFVK Parameter for the Gibbs free energy of formation. Used by the

van Krevelen models

DGSFRM Solid free energy of formation at 25 deg C

DHAQFM Aqueous phase heat of formation at infinite dilution and 25 deg

C. For ionic species and molecular splutes in electrolyte

systems

DHAQHG Helgeson infinite dilution enthalpy of formation

DHFORM Standard enthalpy of formation for ideal gas at 25 deg C

DHFVK Parameter for the enthalpy of formation. Used by the van

Krevelen models

DHSFRM Solid enthalpy of formation at 25 deg C

DHVLB Enthalpy of vaporization at TB

DLWC Vector indication diffusing or non diffusing components for

Wilke Chang Model. Enter 1 for diffusing component or 0 or

non diffusing component.
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DVBLNC Vector indication diffusing or non diffusing components for

Chapman Enskog Wike Lee Model. Enter 1 for diffusing

component or 0 or non diffusing component

HCOM Standard enthalpy of combustion at 298.2 K

IONRDL Riedel ionic coefficient for correction to the liquid mixture

thermal conductivity of a mixture due to the presence of

electrolytes

IONTYP Ion type for the Criss Cobble aqueous infinite dilution ionic

heat capacity equation (1=cations; 2=simple anions, OH ; 3=oxy

anions; 4=acid oxy anions; 5=H+)

MUP Dipole moment

MW Molecular weight

OMEGA Pitzer acentric factor

OMEGHG Helgeson Omega heat capacity coefficient

PC Critical Pressure

RADIUS Born radius of ionic species

RHOM Mass density

RKTZRA Parameter for the Rackett liquid molar volume model

S25HG Helgeson entropy at 25 deg C

S025C Absolute entropy at 25 deg C used in the Criss Cobble equation

for estimation of aqueous infinite dilution ionic heat capacity

S025E Sum of element entropies at 25 deg C

SG Standard specific gravity at 60 deg F

TB Normal boiling point

TC Critical temperature

TFP Freezing point temperature

TREFHS Reference temperature when solid reference state is used

(RSTATE = 3). TREFHS is used together with DHSFRM and

DGSFRM

VB Liquid molar volume at TB

VC Critical volume

VCRKT Critical volume for the Rackett liquid model; defaults to VC

VLSTD Standard liquid volume at 60 deg F

ZC Critical compressibility factor
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K.2 Aspen Plus® Temperature Dependent Nomenclature

AHGPAR Helgeson Equation of state coefficients (for ions in the chemical

reactions)

ATOMNO Vector containing the atom types (atomic numbers) for a given

molecule (e.g., H=1, C=6, O=8). Must use the vector NOATOM

to define the number of occurrences of each atom.

CHGPAR Helgeson C Heat Capacity coefficient (for ions in the chemical

reactions)

CPAQ0 Aqueous phase heat capacity at infinite dilution polynomial. If

no values are given then uses Criss Cobble equation to calculate

heat capacity.

CPDIEC Pure component dielectric constant coefficients of nonaqueous

solvents

CPIG Ideal gas heat capacity

CPIGDP DIPPR ideal gas heat capacity equation is used for most pure

components

CPLXP1 Barin liquid phase heat capacity for the first temperature range

CPLXP2 Barin liquid phase heat capacity for the second temperature

range

CPSDIP Coefficients for the DIPPR solid heat capacity equation

CPSPO1 Solids heat capacity polynomial

DHVLDP Pure component heat of vaporization coefficients for the DIPPR

heat of vaporization equation

DHVLWT Watson Heat of Vaporization equation for pure components

DNLDIP DIPPR liquid density equation for pure components if DNLDIP

is available (pure component liquid molar volume)

DNSDIP DIPPR solid density equation

IONMOB Coefficients for the Jones Dole correction to liquid mixture

viscosity due to the presence of electrolytes (moles)

IONMUB Coefficients for the Jones Dole correction to liquid mixture

viscosity due to the presence of electrolytes (volume/mole)

KLDIP Pure component liquid thermal conductivity coefficients for the

DIPPR liquid thermal conductivity equation

KSPOLY Solid Thermal conductivity
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KVDIP Pure component vapor thermal conductivity for low pressure

gasses coefficients for the DIPPR vapor thermal conductivity

equation

MULAND Pure component liquid viscosity coefficients for the Andrade

Liquid Viscosity equation

MULDIP Pure component liquid viscosity coefficients for the DIPPR

Liquid Viscosity equation

MUVDIP Pure component low pressure vapor viscosity coefficients for

the DIPPR Liquid Viscosity equation

NOATOM Vector containing the number of each type of element in the

component. Must be used with ATOMNO.

PCES Parameters Estimation by the Aspen Physical Property System

PLXANT Coefficients for the Extended Antoine vapor pressure equation

for a liquid

PSANT Pure component Coefficients for Solid Antoine vapor pressure

equation

SIGDIP Pure component liquid surface tension coefficients for the

DIPPR liquid surface tension equation

VLBROC Brelvi O Connell Volume Parameter

VLPO IK CAPE liquid density equation for pure components if VLPO

is available (pure component liquid molar volume)

VSPOLY Pure component coefficients for the solid molar volume

equation

WATSOL Coefficients for the water solubility equation model that

calculates solubility of water in a hydrocarbon rich liquid phase.

This model is used automatically when you model a

hydrocarbon water system with free water option.

K.3 Chapter Defined Nomenclature

K.3.1 Chapter 2

refT is the reference temperature at 298.15 K

i

sf

mw is the solute free, solvent mass fraction

iAV is obtained from the Brelvi O Connell model
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0

AP is obtained from the Antoine model

i is obtained from the Electrolyte NRTL activity coefficient model

sM is the molecular weight of the solvent

is the “Closest approach” parameter

xI is the ionic strength on a mole fraction basis

ix is the mole fraction of component i

iz is the charge of component

A is the Debije Hückel parameter

oN is Avogadro’s number

d is the solvent density

e is the charge of an electron

wD is the dielectric constant for water

T is temperature, K

k is the Boltzmann constant

ir is the Born radius

mD is the Dielectric constant of the mixed solvent

,

'

'

a ca m

a
cm

a

a

X G

G
X

,

'

'

c ca m

c
am

c

c

X G

G
X

,

'

'

a ca m

a
cm

a

a

X

X

,

'

'

c ca m

c
am

c

c

X G

X

j j jX x C ( j jC Z for ions and jC = unity for molecule)

is the nonrandomness parameter

is the binary energy interaction parameter

, ' , ' , 'expjc a c jc a c jc a cG

, ' , ' , 'expja c a ja c a ja c aG
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expim im imG

, , ,expca m ca m ca mG

, , ,ma ca am ca m m ca

, , ,mc ac cm ca m m ca

K.3.2 Chapter 3

jK is the chemical equilibrium constant

,i j is the reaction stoichiometric coefficient of component i

ia is the activity of component i

and are the individual ionic activity coefficients, unitless

1 and 2 are the charge numbers of the respective ions, unitless

is the sum of the respective ions charge numbers, [=] 1 2

PC is the heat capacity at constant pressure (14.69595 psia), J/kg K,

H is the enthalpy,
EG is the excess Gibbs free energy

iP is the partial pressure of species i, Pa

iy is the vapor fraction of species i, unitless,

P is the equilibrium total pressure of the system, Pa

( , )i j is an estimate of the correlation coefficient between parameters i

and j ,

ii , jj , and ij are the squares of the standard errors, , of the regression

coefficient estimates

N is the number of experimental data points

K.3.3 Chapter 4

i is the species index, 1: H2O and 2: PZ

j is the species index, 1: H2O and 2: PZ

ix is the liquid mole fraction of component i

ij is the binary interaction parameter between component i and j

ij is the molecule molecule nonrandomness factor, 0.2
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12 12

12G e

21 21

21G e

2 is the infinite dilution activity coefficient for piperazine

i is the activity coefficient of component i
c

i is the combinatorial activity coefficient of component i
r

i is the residual activity coefficient of component i
3

' 4

3
4

i i
nc

i
j j

j

r

x
x r

is the modified molecular volume of component i

i i
i nc

j j

j

x r

x r

is the molecular volume of component i

5

5

i i
i nc

j j

j

x q

x q

is the surface fraction of component i

nc is the number of components in the mixture
ng

i ki k

k

r R is the group volume parameter

ng

i ki k

k

q Q is the group area parameter

ki is the number of groups of type k in molecule i

kR is the relative molecular volume of pure component i

kQ is the relative molecular surface of pure component i

ng is the number of groups in the mixture

k is the activity coefficient of a group at the mixture composition
i

k is the activity coefficient of group k in a mixture of groups corresponding

to pure component i
*K is the asymmetric chemical equilibrium constant for Equation

Error! Reference source not found.

(molality based)

ia is the activity of component i

p is the p function of a numerical datum

PZ is the symmetric activity coefficient for piperazine
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*

PZ is the asymmetric activity coefficient for piperazine as the solution

approaches its pure solute reference state

2H OMW is the molecular weight of H2O, 18.01528 gm/mole

K is the symmetric chemical equilibrium constant (mole fraction based)

K.3.4 Chapter 5

P is the total pressure of the system, MPa

ix is the apparent mole fraction of component i

i is the symmetric activity coefficient of component i
*

i is the asymmetric activity coefficient of component i
0

iP is the Extended Antoine pure vapor pressure of component i, Pa

2COH is the Henry’s constant of CO2 in H2O, Pa

2COy is the vapor mole fraction of CO2

i  is the secondary binary interaction parameter, electrolyte (ca) or molecule

(m)

N is the number of experimental data points

absH is the heat of CO2 absorption, kJ/mole

R is the Universal Gas Constant, 0.008314 kJ/mol K
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Appendix L

Aspen Plus® Input File for the

Potassium Carbonate/Piperazine/Carbon Dioxide

System

TITLE PZ, K2CO3, H2O and CO2 System

IN UNITS SI MOLE FLOW=mol/hr PRESSURE=psi TEMPERATURE=C &

PDROP=N/sqm

DEF STREAMS CONVEN ALL

SIM OPTIONS

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

SIM OPTIONS NPHASE=2

RUN CONTROL MAX TIME=1000.

DESCRIPTION

This file is copyrighted, 2005 by Marcus D. Hilliard and Gary T. Rochelle

at The University of Texas at Austin. It may not be duplicated or distributed

in any way without express written permission. All rights are

reserved.

DATABANKS ASPENPCD / AQUEOUS / SOLIDS / INORGANIC / &

PURE11
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PROP SOURCES ASPENPCD / AQUEOUS / SOLIDS / INORGANIC / &

PURE11

COMPONENTS

H2O H2O /

K2CO3 K2CO3 /

KHCO3 KHCO3 /

PZ C4H10N2 /

K+ K+ /

H3O+ H3O+ /

CO2 CO2 /

HCO3 HCO3 /

OH OH /

CO3 2 CO3 2 /

PZH+ /

PZCOO /

PZCOO 2 /

HPZCOO

HENRY COMPS GLOBAL CO2

CHEMISTRY GLOBAL

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PARAM TAPP=0.

DISS K2CO3 K+ 2 / CO3 2 1

DISS KHCO3 K+ 1 / HCO3 1

STOIC 1 H2O 2 / H3O+ 1 / OH 1

STOIC 2 CO2 1 / H2O 2 / H3O+ 1 / HCO3 1

STOIC 3 HCO3 1 / H2O 1 / H3O+ 1 / CO3 2 1

STOIC 4 PZH+ 1. / H2O 1. / PZ 1. / H3O+ 1.

STOIC 5 PZ 1. / HCO3 1. / PZCOO 1. / H2O 1.

STOIC 6 PZCOO 1. / HCO3 1. / PZCOO 2 1. / H2O 1.

STOIC 7 HPZCOO 1. / PZ 1. / PZCOO 1. / PZH+ 1.

K STOIC 1 A=132.89888 B= 13445.9 C= 22.4773 D=0

K STOIC 2 A=231.465439 B= 12092.1 C= 36.7816 D=0

K STOIC 3 A=216.05043 B= 12431.7 C= 35.4819 D=0

K STOIC 4 A=481.945 B= 33448.7 C= 69.7827 D=0.

K STOIC 5 A= 609.969 B=36511.7 C=87.075
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K STOIC 6 A= 251.395 B=14080.2 C=36.7818

K STOIC 7 A= 488.753 B=27752.8 C=69.7831

FLOWSHEET

BLOCK FLASH IN=FEED OUT=VAPOR LIQUID

PROPERTIES ELECNRTL HENRY COMPS=GLOBAL CHEMISTRY=GLOBAL &

TRUE COMPS=YES

PROPERTIES NRTL RK

PROP DATA DATA4

IN UNITS SI MOLE FLOW=mol/hr PRESSURE=psi TEMPERATURE=C &

MOLE ENTHALP= kJ/kmol MOLE ENTROPY= cal/mol K &

PDROP=N/sqm

PROP LIST CHARGE / IONTYP / MW / S025E / DHAQFM

PVAL PZH+ 1.0 / 1.0 / 87.1469 / 104.8126015 / 100550

PVAL PZCOO 1.0 / 3.0 / 129.1411 / 54.44301138 / &

542140

PVAL PZCOO 2 2.0 / 3.0 / 172.1432 / 4.07342124 / &

971930

PVAL HPZCOO 0.0 / 1.0 / 130.149 / 54.44301138 / &

589500

PROP DATA DATA4

IN UNITS SI MOLE FLOW=mol/hr PRESSURE=bar TEMPERATURE=C &

MOLE VOLUME= cc/mol PDROP=N/sqm

PROP LIST DGAQHG / DHAQHG / S25HG / OMEGHG / PC / TB / &

TC / ZC / VC / VB / RKTZRA / VLSTD / VCRKT

PVAL PZH+ 90983047 / 100550000 / 470917.11 / 941008655 / &

29.6882 / 68.75 / 234.25 / 0.26 / 369.445 / 140.903 / &

0.25 / 0 / 250

PVAL PZCOO 490608390 / 542140000 / 400779.86 / &

1285873220 / 29.6882 / 68.75 / 234.25 / 0.26 / &

369.445 / 140.903 / 0.25 / 0 / 250

PVAL PZCOO 2 879555097 / 971930000 / 326881.53 / &

1852863480 / 29.6882 / 68.75 / 234.25 / 0.26 / &

369.445 / 140.903 / 0.25 / 0 / 250

PVAL HPZCOO 533467731 / 589500000 / 415875.14 / &

772152519 / 29.6882 / 68.75 / 234.25 / 0.26 / &

369.445 / 140.9030000 / 0.25 / 0.0 / 250

PROP DATA CPDIEC 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &
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VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST CPDIEC

PVAL PZ 4.25304 1532.20 298.15

PROP DATA CPIG 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST CPIG

PVAL CO3 2 1.054000669 0 0 0 0 0 273.15 726.85 &

7.943059138 5.08E 03 1.5

PVAL PZH+ 1.054000669 0 0 0 0 0 273.15 726.85 &

7.943059138 5.08E 03 1.5

PVAL PZCOO 1.054000669 0 0 0 0 0 273.15 726.85 &

7.943059138 5.08E 03 1.5

PVAL PZCOO 2 1.054000669 0 0 0 0 0 273.15 726.85 &

7.943059138 5.08E 03 1.5

PVAL HPZCOO 1.054000669 0 0 0 0 0 273.15 726.85 &

7.943059138 5.08E 03 1.5

PROP DATA PLXANT 1

IN UNITS SI

PROP LIST PLXANT

PVAL H2O 72.550 7206.70 .0 .0 7.13850 .0000040460 2.0 &

273.0 650.0

PVAL PZH+ 1.00E+20 0 0 0 0 0 0 0 2000

PVAL PZCOO 1.00E+20 0 0 0 0 0 0 0 2000

PVAL PZCOO 2 1.00E+20 0 0 0 0 0 0 0 2000

PVAL HPZCOO 1.00E+20 0 0 0 0 0 0 0 2000

PROP DATA VLBROC 1

IN UNITS SI

PROP LIST VLBROC

PVAL H2O .04640

PVAL CO2 .09390

PROP DATA HOCETA 1

IN UNITS ENG
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PROP LIST HOCETA

BPVAL H2O H2O 1.700000000

BPVAL H2O CO2 .3000000000

BPVAL CO2 H2O .3000000000

BPVAL CO2 CO2 .1600000000

PROP DATA HENRY 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=K &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST HENRY

BPVAL CO2 H2O 159.1996745 8477.711000 21.95743000 &

5.78074800E 3 273.0000000 500.0000000 0.0

PROP DATA NRTL 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=K &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST NRTL

BPVAL H2O CO2 10.06400000 3268.135000 .2000000000 0.0 0.0 &

0.0 273.1500000 473.1500000

BPVAL CO2 H2O 10.06400000 3268.135000 .2000000000 0.0 0.0 &

0.0 273.1500000 473.1500000

BPVAL H2O PZ 3.25045564 0.0 0.2 0 0 0 0 400

BPVAL PZ H2O 6.64592945 2789.4791 0.2 0 0 0 0 400

BPVAL H2O HPZCOO 2.0805496 0.0 .2000000 0.0 0.0 0.0 0.0 &

1000.000

BPVAL HPZCOO H2O 7.14839988 0.0 .2000000 0.0 0.0 0.0 0.0 &

1000.000

BPVAL PZ CO2 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 1000.000

BPVAL CO2 PZ 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 1000.000

BPVAL PZ HPZCOO 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 &

1000.000

BPVAL HPZCOO PZ 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 &

1000.000

BPVAL CO2 HPZCOO 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 &

1000.000

BPVAL HPZCOO CO2 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 &
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1000.000

PROP DATA VLCLK 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST VLCLK

BPVAL K+ OH 1.373720000 52.13633000

PROP DATA GMELCC 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST GMELCC

PPVAL H2O ( H3O+ OH ) 8.045000000

PPVAL ( H3O+ OH ) H2O 4.072000000

PPVAL H2O ( H3O+ HCO3 ) 8.045000000

PPVAL ( H3O+ HCO3 ) H2O 4.072000000

PPVAL H2O ( H3O+ CO3 2 ) 8.045000000

PPVAL ( H3O+ CO3 2 ) H2O 4.072000000

PPVAL H2O ( H3O+ PZCOO ) 8

PPVAL ( H3O+ PZCOO ) H2O 4

PPVAL H2O ( H3O+ PZCOO 2 ) 8

PPVAL ( H3O+ PZCOO 2 ) H2O 4

PPVAL H2O ( K+ OH ) 7.840673000

PPVAL ( K+ OH ) H2O 4.258696000

PPVAL H2O ( K+ HCO3 ) 7.72747879

PPVAL ( K+ HCO3 ) H2O 3.12841315

PPVAL H2O ( K+ CO3 2 ) 9.21361281

PPVAL ( K+ CO3 2 ) H2O 4.27485273

PPVAL H2O ( K+ PZCOO ) 8

PPVAL ( K+ PZCOO ) H2O 4

PPVAL H2O ( K+ PZCOO 2 ) 7.01168545

PPVAL ( K+ PZCOO 2 ) H2O 4

PPVAL H2O ( PZH+ OH ) 8

PPVAL ( PZH+ OH ) H2O 4

PPVAL H2O ( PZH+ HCO3 ) 9.08099491

PPVAL ( PZH+ HCO3 ) H2O 3.5427758
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PPVAL H2O ( PZH+ CO3 2 ) 8

PPVAL ( PZH+ CO3 2 ) H2O 4

PPVAL H2O ( PZH+ PZCOO ) 6.81507229

PPVAL ( PZH+ PZCOO ) H2O 4

PPVAL H2O ( PZH+ PZCOO 2 ) 8

PPVAL ( PZH+ PZCOO 2 ) H2O 4

PPVAL CO2 ( H3O+ OH ) 15.00000000

PPVAL ( H3O+ OH ) CO2 8.000000000

PPVAL CO2 ( H3O+ HCO3 ) 15.00000000

PPVAL ( H3O+ HCO3 ) CO2 8.000000000

PPVAL CO2 ( H3O+ CO3 2 ) 15.00000000

PPVAL ( H3O+ CO3 2 ) CO2 8.000000000

PPVAL CO2 ( H3O+ PZCOO ) 10

PPVAL ( H3O+ PZCOO ) CO2 2

PPVAL CO2 ( H3O+ PZCOO 2 ) 10

PPVAL ( H3O+ PZCOO 2 ) CO2 2

PPVAL CO2 ( K+ OH ) 10

PPVAL ( K+ OH ) CO2 2

PPVAL CO2 ( K+ HCO3 ) 10

PPVAL ( K+ HCO3 ) CO2 2

PPVAL CO2 ( K+ CO3 2 ) 10

PPVAL ( K+ CO3 2 ) CO2 2

PPVAL CO2 ( K+ PZCOO ) 10

PPVAL ( K+ PZCOO ) CO2 2

PPVAL CO2 ( K+ PZCOO 2 ) 10

PPVAL ( K+ PZCOO 2 ) CO2 2

PPVAL CO2 ( PZH+ OH ) 10

PPVAL ( PZH+ OH ) CO2 2

PPVAL CO2 ( PZH+ HCO3 ) 10

PPVAL ( PZH+ HCO3 ) CO2 2

PPVAL CO2 ( PZH+ CO3 2 ) 10

PPVAL ( PZH+ CO3 2 ) CO2 2

PPVAL CO2 ( PZH+ PZCOO ) 10

PPVAL ( PZH+ PZCOO ) CO2 2

PPVAL CO2 ( PZH+ PZCOO 2 ) 10

PPVAL ( PZH+ PZCOO 2 ) CO2 2

PPVAL PZ ( H3O+ OH ) 10

PPVAL ( H3O+ OH ) PZ 2

PPVAL PZ ( H3O+ HCO3 ) 10

PPVAL ( H3O+ HCO3 ) PZ 2

PPVAL PZ ( H3O+ CO3 2 ) 10

PPVAL ( H3O+ CO3 2 ) PZ 2

PPVAL PZ ( H3O+ PZCOO ) 10

PPVAL ( H3O+ PZCOO ) PZ 2
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PPVAL PZ ( H3O+ PZCOO 2 ) 10

PPVAL ( H3O+ PZCOO 2 ) PZ 2

PPVAL PZ ( K+ OH ) 10

PPVAL ( K+ OH ) PZ 2

PPVAL PZ ( K+ HCO3 ) 10

PPVAL ( K+ HCO3 ) PZ 2

PPVAL PZ ( K+ CO3 2 ) 4.79556769

PPVAL ( K+ CO3 2 ) PZ 2

PPVAL PZ ( K+ PZCOO ) 10

PPVAL ( K+ PZCOO ) PZ 7.2514659

PPVAL PZ ( K+ PZCOO 2 ) 10

PPVAL ( K+ PZCOO 2 ) PZ 2

PPVAL PZ ( PZH+ OH ) 10

PPVAL ( PZH+ OH ) PZ 2

PPVAL PZ ( PZH+ HCO3 ) 10

PPVAL ( PZH+ HCO3 ) PZ 2

PPVAL PZ ( PZH+ CO3 2 ) 10

PPVAL ( PZH+ CO3 2 ) PZ 2

PPVAL PZ ( PZH+ PZCOO ) 10

PPVAL ( PZH+ PZCOO ) PZ 2

PPVAL PZ ( PZH+ PZCOO 2 ) 10

PPVAL ( PZH+ PZCOO 2 ) PZ 2

PPVAL HPZCOO ( H3O+ OH ) 10

PPVAL ( H3O+ OH ) HPZCOO 2

PPVAL HPZCOO ( H3O+ HCO3 ) 10

PPVAL ( H3O+ HCO3 ) HPZCOO 2

PPVAL HPZCOO ( H3O+ CO3 2 ) 10

PPVAL ( H3O+ CO3 2 ) HPZCOO 2

PPVAL HPZCOO ( H3O+ PZCOO ) 10

PPVAL ( H3O+ PZCOO ) HPZCOO 2

PPVAL HPZCOO ( H3O+ PZCOO 2 ) 10

PPVAL ( H3O+ PZCOO 2 ) HPZCOO 2

PPVAL HPZCOO ( K+ OH ) 10

PPVAL ( K+ OH ) HPZCOO 2

PPVAL HPZCOO ( K+ HCO3 ) 10

PPVAL ( K+ HCO3 ) HPZCOO 2

PPVAL HPZCOO ( K+ CO3 2 ) 10

PPVAL ( K+ CO3 2 ) HPZCOO 2

PPVAL HPZCOO ( K+ PZCOO ) 10

PPVAL ( K+ PZCOO ) HPZCOO 2

PPVAL HPZCOO ( K+ PZCOO 2 ) 3.80551713

PPVAL ( K+ PZCOO 2 ) HPZCOO 2

PPVAL HPZCOO ( PZH+ OH ) 10

PPVAL ( PZH+ OH ) HPZCOO 2
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PPVAL HPZCOO ( PZH+ HCO3 ) 10

PPVAL ( PZH+ HCO3 ) HPZCOO 2

PPVAL HPZCOO ( PZH+ CO3 2 ) 10

PPVAL ( PZH+ CO3 2 ) HPZCOO 2

PPVAL HPZCOO ( PZH+ PZCOO ) 10

PPVAL ( PZH+ PZCOO ) HPZCOO 2

PPVAL HPZCOO ( PZH+ PZCOO 2 ) 10

PPVAL ( PZH+ PZCOO 2 ) HPZCOO 2

PROP DATA GMELCD 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST GMELCD

PPVAL H2O ( H3O+ OH ) 0.0

PPVAL ( H3O+ OH ) H2O 0.0

PPVAL H2O ( H3O+ HCO3 ) 0.0

PPVAL ( H3O+ HCO3 ) H2O 0.0

PPVAL H2O ( H3O+ CO3 2 ) 0.0

PPVAL ( H3O+ CO3 2 ) H2O 0.0

PPVAL H2O ( H3O+ PZCOO ) 0.0

PPVAL ( H3O+ PZCOO ) H2O 0.0

PPVAL H2O ( H3O+ PZCOO 2 ) 0.0

PPVAL ( H3O+ PZCOO 2 ) H2O 0.0

PPVAL H2O ( K+ OH ) 773.3601000

PPVAL ( K+ OH ) H2O 305.6509000

PPVAL H2O ( K+ HCO3 ) 0

PPVAL ( K+ HCO3 ) H2O 129.141168

PPVAL H2O ( K+ CO3 2 ) 0

PPVAL ( K+ CO3 2 ) H2O 96.3329422

PPVAL H2O ( K+ PZCOO ) 0.0

PPVAL ( K+ PZCOO ) H2O 0.0

PPVAL H2O ( K+ PZCOO 2 ) 0.0

PPVAL ( K+ PZCOO 2 ) H2O 0.0

PPVAL H2O ( PZH+ OH ) 0.0

PPVAL ( PZH+ OH ) H2O 0.0

PPVAL H2O ( PZH+ HCO3 ) 0.0

PPVAL ( PZH+ HCO3 ) H2O 0.0

PPVAL H2O ( PZH+ CO3 2 ) 0.0

PPVAL ( PZH+ CO3 2 ) H2O 0.0

PPVAL H2O ( PZH+ PZCOO ) 0.0
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PPVAL ( PZH+ PZCOO ) H2O 0.0

PPVAL H2O ( PZH+ PZCOO 2 ) 0.0

PPVAL ( PZH+ PZCOO 2 ) H2O 0.0

PPVAL CO2 ( H3O+ OH ) 0.0

PPVAL ( H3O+ OH ) CO2 0.0

PPVAL CO2 ( H3O+ HCO3 ) 0.0

PPVAL ( H3O+ HCO3 ) CO2 0.0

PPVAL CO2 ( H3O+ CO3 2 ) 0.0

PPVAL ( H3O+ CO3 2 ) CO2 0.0

PPVAL CO2 ( H3O+ PZCOO ) 0.0

PPVAL ( H3O+ PZCOO ) CO2 0.0

PPVAL CO2 ( H3O+ PZCOO 2 ) 0.0

PPVAL ( H3O+ PZCOO 2 ) CO2 0.0

PPVAL CO2 ( K+ OH ) 0.0

PPVAL ( K+ OH ) CO2 0.0

PPVAL CO2 ( K+ HCO3 ) 0.0

PPVAL ( K+ HCO3 ) CO2 0.0

PPVAL CO2 ( K+ CO3 2 ) 0.0

PPVAL ( K+ CO3 2 ) CO2 0.0

PPVAL CO2 ( K+ PZCOO ) 0.0

PPVAL ( K+ PZCOO ) CO2 0.0

PPVAL CO2 ( K+ PZCOO 2 ) 0.0

PPVAL ( K+ PZCOO 2 ) CO2 0.0

PPVAL CO2 ( PZH+ OH ) 0.0

PPVAL ( PZH+ OH ) CO2 0.0

PPVAL CO2 ( PZH+ HCO3 ) 0.0

PPVAL ( PZH+ HCO3 ) CO2 0.0

PPVAL CO2 ( PZH+ CO3 2 ) 0.0

PPVAL ( PZH+ CO3 2 ) CO2 0.0

PPVAL CO2 ( PZH+ PZCOO ) 0.0

PPVAL ( PZH+ PZCOO ) CO2 0.0

PPVAL CO2 ( PZH+ PZCOO 2 ) 0.0

PPVAL ( PZH+ PZCOO 2 ) CO2 0.0

PPVAL PZ ( H3O+ OH ) 0.0

PPVAL ( H3O+ OH ) PZ 0.0

PPVAL PZ ( H3O+ HCO3 ) 0.0

PPVAL ( H3O+ HCO3 ) PZ 0.0

PPVAL PZ ( H3O+ CO3 2 ) 0.0

PPVAL ( H3O+ CO3 2 ) PZ 0.0

PPVAL PZ ( H3O+ PZCOO ) 0.0

PPVAL ( H3O+ PZCOO ) PZ 0.0

PPVAL PZ ( H3O+ PZCOO 2 ) 0.0

PPVAL ( H3O+ PZCOO 2 ) PZ 0.0

PPVAL PZ ( K+ OH ) 0.0
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PPVAL ( K+ OH ) PZ 0.0

PPVAL PZ ( K+ HCO3 ) 0.0

PPVAL ( K+ HCO3 ) PZ 0.0

PPVAL PZ ( K+ CO3 2 ) 0.0

PPVAL ( K+ CO3 2 ) PZ 0.0

PPVAL PZ ( K+ PZCOO ) 0.0

PPVAL ( K+ PZCOO ) PZ 0.0

PPVAL PZ ( K+ PZCOO 2 ) 0.0

PPVAL ( K+ PZCOO 2 ) PZ 0.0

PPVAL PZ ( PZH+ OH ) 0.0

PPVAL ( PZH+ OH ) PZ 0.0

PPVAL PZ ( PZH+ HCO3 ) 0.0

PPVAL ( PZH+ HCO3 ) PZ 0.0

PPVAL PZ ( PZH+ CO3 2 ) 0.0

PPVAL ( PZH+ CO3 2 ) PZ 0.0

PPVAL PZ ( PZH+ PZCOO ) 0.0

PPVAL ( PZH+ PZCOO ) PZ 0.0

PPVAL PZ ( PZH+ PZCOO 2 ) 0.0

PPVAL ( PZH+ PZCOO 2 ) PZ 0.0

PPVAL HPZCOO ( H3O+ OH ) 0.0

PPVAL ( H3O+ OH ) HPZCOO 0.0

PPVAL HPZCOO ( H3O+ HCO3 ) 0.0

PPVAL ( H3O+ HCO3 ) HPZCOO 0.0

PPVAL HPZCOO ( H3O+ CO3 2 ) 0.0

PPVAL ( H3O+ CO3 2 ) HPZCOO 0.0

PPVAL HPZCOO ( H3O+ PZCOO ) 0.0

PPVAL ( H3O+ PZCOO ) HPZCOO 0.0

PPVAL HPZCOO ( H3O+ PZCOO 2 ) 0.0

PPVAL ( H3O+ PZCOO 2 ) HPZCOO 0.0

PPVAL HPZCOO ( K+ OH ) 0.0

PPVAL ( K+ OH ) HPZCOO 0.0

PPVAL HPZCOO ( K+ HCO3 ) 0.0

PPVAL ( K+ HCO3 ) HPZCOO 0.0

PPVAL HPZCOO ( K+ CO3 2 ) 0.0

PPVAL ( K+ CO3 2 ) HPZCOO 0.0

PPVAL HPZCOO ( K+ PZCOO ) 0.0

PPVAL ( K+ PZCOO ) HPZCOO 0.0

PPVAL HPZCOO ( K+ PZCOO 2 ) 0.0

PPVAL ( K+ PZCOO 2 ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ OH ) 0.0

PPVAL ( PZH+ OH ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ HCO3 ) 0.0

PPVAL ( PZH+ HCO3 ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ CO3 2 ) 0.0
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PPVAL ( PZH+ CO3 2 ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ PZCOO ) 0.0

PPVAL ( PZH+ PZCOO ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ PZCOO 2 ) 0.0

PPVAL ( PZH+ PZCOO 2 ) HPZCOO 0.0

PROP DATA GMELCE 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST GMELCE

PPVAL H2O ( H3O+ OH ) 0.0

PPVAL ( H3O+ OH ) H2O 0.0

PPVAL H2O ( H3O+ HCO3 ) 0.0

PPVAL ( H3O+ HCO3 ) H2O 0.0

PPVAL H2O ( H3O+ CO3 2 ) 0.0

PPVAL ( H3O+ CO3 2 ) H2O 0.0

PPVAL H2O ( H3O+ PZCOO ) 0.0

PPVAL ( H3O+ PZCOO ) H2O 0.0

PPVAL H2O ( H3O+ PZCOO 2 ) 0.0

PPVAL ( H3O+ PZCOO 2 ) H2O 0.0

PPVAL H2O ( K+ OH ) 5.852382000

PPVAL ( K+ OH ) H2O 4.754130000

PPVAL H2O ( K+ HCO3 ) 0

PPVAL ( K+ HCO3 ) H2O 2.78779375

PPVAL H2O ( K+ CO3 2 ) 6.43696916

PPVAL ( K+ CO3 2 ) H2O 0.142243146

PPVAL H2O ( K+ PZCOO ) 0.0

PPVAL ( K+ PZCOO ) H2O 0.0

PPVAL H2O ( K+ PZCOO 2 ) 0.0

PPVAL ( K+ PZCOO 2 ) H2O 0.0

PPVAL H2O ( PZH+ OH ) 0.0

PPVAL ( PZH+ OH ) H2O 0.0

PPVAL H2O ( PZH+ HCO3 ) 0.0

PPVAL ( PZH+ HCO3 ) H2O 0.0

PPVAL H2O ( PZH+ CO3 2 ) 0.0

PPVAL ( PZH+ CO3 2 ) H2O 0.0

PPVAL H2O ( PZH+ PZCOO ) 0.0

PPVAL ( PZH+ PZCOO ) H2O 0.0

PPVAL H2O ( PZH+ PZCOO 2 ) 0.0

PPVAL ( PZH+ PZCOO 2 ) H2O 0.0

940



219

PPVAL CO2 ( H3O+ OH ) 0.0

PPVAL ( H3O+ OH ) CO2 0.0

PPVAL CO2 ( H3O+ HCO3 ) 0.0

PPVAL ( H3O+ HCO3 ) CO2 0.0

PPVAL CO2 ( H3O+ CO3 2 ) 0.0

PPVAL ( H3O+ CO3 2 ) CO2 0.0

PPVAL CO2 ( H3O+ PZCOO ) 0.0

PPVAL ( H3O+ PZCOO ) CO2 0.0

PPVAL CO2 ( H3O+ PZCOO 2 ) 0.0

PPVAL ( H3O+ PZCOO 2 ) CO2 0.0

PPVAL CO2 ( K+ OH ) 0.0

PPVAL ( K+ OH ) CO2 0.0

PPVAL CO2 ( K+ HCO3 ) 0.0

PPVAL ( K+ HCO3 ) CO2 0.0

PPVAL CO2 ( K+ CO3 2 ) 0.0

PPVAL ( K+ CO3 2 ) CO2 0.0

PPVAL CO2 ( K+ PZCOO ) 0.0

PPVAL ( K+ PZCOO ) CO2 0.0

PPVAL CO2 ( K+ PZCOO 2 ) 0.0

PPVAL ( K+ PZCOO 2 ) CO2 0.0

PPVAL CO2 ( PZH+ OH ) 0.0

PPVAL ( PZH+ OH ) CO2 0.0

PPVAL CO2 ( PZH+ HCO3 ) 0.0

PPVAL ( PZH+ HCO3 ) CO2 0.0

PPVAL CO2 ( PZH+ CO3 2 ) 0.0

PPVAL ( PZH+ CO3 2 ) CO2 0.0

PPVAL CO2 ( PZH+ PZCOO ) 0.0

PPVAL ( PZH+ PZCOO ) CO2 0.0

PPVAL CO2 ( PZH+ PZCOO 2 ) 0.0

PPVAL ( PZH+ PZCOO 2 ) CO2 0.0

PPVAL PZ ( H3O+ OH ) 0.0

PPVAL ( H3O+ OH ) PZ 0.0

PPVAL PZ ( H3O+ HCO3 ) 0.0

PPVAL ( H3O+ HCO3 ) PZ 0.0

PPVAL PZ ( H3O+ CO3 2 ) 0.0

PPVAL ( H3O+ CO3 2 ) PZ 0.0

PPVAL PZ ( H3O+ PZCOO ) 0.0

PPVAL ( H3O+ PZCOO ) PZ 0.0

PPVAL PZ ( H3O+ PZCOO 2 ) 0.0

PPVAL ( H3O+ PZCOO 2 ) PZ 0.0

PPVAL PZ ( K+ OH ) 0.0

PPVAL ( K+ OH ) PZ 0.0

PPVAL PZ ( K+ HCO3 ) 0.0

PPVAL ( K+ HCO3 ) PZ 0.0
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PPVAL PZ ( K+ CO3 2 ) 0.0

PPVAL ( K+ CO3 2 ) PZ 0.0

PPVAL PZ ( K+ PZCOO ) 0.0

PPVAL ( K+ PZCOO ) PZ 0.0

PPVAL PZ ( K+ PZCOO 2 ) 0.0

PPVAL ( K+ PZCOO 2 ) PZ 0.0

PPVAL PZ ( PZH+ OH ) 0.0

PPVAL ( PZH+ OH ) PZ 0.0

PPVAL PZ ( PZH+ HCO3 ) 0.0

PPVAL ( PZH+ HCO3 ) PZ 0.0

PPVAL PZ ( PZH+ CO3 2 ) 0.0

PPVAL ( PZH+ CO3 2 ) PZ 0.0

PPVAL PZ ( PZH+ PZCOO ) 0.0

PPVAL ( PZH+ PZCOO ) PZ 0.0

PPVAL PZ ( PZH+ PZCOO 2 ) 0.0

PPVAL ( PZH+ PZCOO 2 ) PZ 0.0

PPVAL HPZCOO ( H3O+ OH ) 0.0

PPVAL ( H3O+ OH ) HPZCOO 0.0

PPVAL HPZCOO ( H3O+ HCO3 ) 0.0

PPVAL ( H3O+ HCO3 ) HPZCOO 0.0

PPVAL HPZCOO ( H3O+ CO3 2 ) 0.0

PPVAL ( H3O+ CO3 2 ) HPZCOO 0.0

PPVAL HPZCOO ( H3O+ PZCOO ) 0.0

PPVAL ( H3O+ PZCOO ) HPZCOO 0.0

PPVAL HPZCOO ( H3O+ PZCOO 2 ) 0.0

PPVAL ( H3O+ PZCOO 2 ) HPZCOO 0.0

PPVAL HPZCOO ( K+ OH ) 0.0

PPVAL ( K+ OH ) HPZCOO 0.0

PPVAL HPZCOO ( K+ HCO3 ) 0.0

PPVAL ( K+ HCO3 ) HPZCOO 0.0

PPVAL HPZCOO ( K+ CO3 2 ) 0.0

PPVAL ( K+ CO3 2 ) HPZCOO 0.0

PPVAL HPZCOO ( K+ PZCOO ) 0.0

PPVAL ( K+ PZCOO ) HPZCOO 0.0

PPVAL HPZCOO ( K+ PZCOO 2 ) 0.0

PPVAL ( K+ PZCOO 2 ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ OH ) 0.0

PPVAL ( PZH+ OH ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ HCO3 ) 0.0

PPVAL ( PZH+ HCO3 ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ CO3 2 ) 0.0

PPVAL ( PZH+ CO3 2 ) HPZCOO 0.0

PPVAL HPZCOO ( PZH+ PZCOO ) 0.0

PPVAL ( PZH+ PZCOO ) HPZCOO 0.0
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PPVAL HPZCOO ( PZH+ PZCOO 2 ) 0.0

PPVAL ( PZH+ PZCOO 2 ) HPZCOO 0.0

PROP DATA GMELCN 1

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROP LIST GMELCN

PPVAL H2O ( H3O+ OH ) 0.2

PPVAL H2O ( H3O+ HCO3 ) 0.2

PPVAL H2O ( H3O+ CO3 2 ) 0.2

PPVAL H2O ( H3O+ PZCOO ) 0.2

PPVAL H2O ( H3O+ PZCOO 2 ) 0.2

PPVAL H2O ( K+ OH ) 0.2

PPVAL H2O ( K+ HCO3 ) 0.2

PPVAL H2O ( K+ CO3 2 ) 0.2

PPVAL H2O ( K+ PZCOO ) 0.2

PPVAL H2O ( K+ PZCOO 2 ) 0.2

PPVAL H2O ( PZH+ OH ) 0.2

PPVAL H2O ( PZH+ HCO3 ) 0.2

PPVAL H2O ( PZH+ CO3 2 ) 0.2

PPVAL H2O ( PZH+ PZCOO ) 0.2

PPVAL H2O ( PZH+ PZCOO 2 ) 0.2

PPVAL CO2 ( H3O+ OH ) .1000000000

PPVAL CO2 ( H3O+ HCO3 ) .1000000000

PPVAL CO2 ( H3O+ CO3 2 ) .1000000000

PPVAL CO2 ( H3O+ PZCOO ) 0.2

PPVAL CO2 ( H3O+ PZCOO 2 ) 0.2

PPVAL CO2 ( K+ OH ) 0.2

PPVAL CO2 ( K+ HCO3 ) 0.2

PPVAL CO2 ( K+ CO3 2 ) 0.2

PPVAL CO2 ( K+ PZCOO ) 0.2

PPVAL CO2 ( K+ PZCOO 2 ) 0.2

PPVAL CO2 ( PZH+ OH ) 0.2

PPVAL CO2 ( PZH+ HCO3 ) 0.2

PPVAL CO2 ( PZH+ CO3 2 ) 0.2

PPVAL CO2 ( PZH+ PZCOO ) 0.2

PPVAL CO2 ( PZH+ PZCOO 2 ) 0.2

PPVAL PZ ( H3O+ OH ) 0.2

PPVAL PZ ( H3O+ HCO3 ) 0.2

PPVAL PZ ( H3O+ CO3 2 ) 0.2
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PPVAL PZ ( H3O+ PZCOO ) 0.2

PPVAL PZ ( H3O+ PZCOO 2 ) 0.2

PPVAL PZ ( K+ OH ) 0.2

PPVAL PZ ( K+ HCO3 ) 0.2

PPVAL PZ ( K+ CO3 2 ) 0.2

PPVAL PZ ( K+ PZCOO ) 0.2

PPVAL PZ ( K+ PZCOO 2 ) 0.2

PPVAL PZ ( PZH+ OH ) 0.2

PPVAL PZ ( PZH+ HCO3 ) 0.2

PPVAL PZ ( PZH+ CO3 2 ) 0.2

PPVAL PZ ( PZH+ PZCOO ) 0.2

PPVAL PZ ( PZH+ PZCOO 2 ) 0.2

PPVAL HPZCOO ( H3O+ OH ) 0.2

PPVAL HPZCOO ( H3O+ HCO3 ) 0.2

PPVAL HPZCOO ( H3O+ CO3 2 ) 0.2

PPVAL HPZCOO ( H3O+ PZCOO ) 0.2

PPVAL HPZCOO ( H3O+ PZCOO 2 ) 0.2

PPVAL HPZCOO ( K+ OH ) 0.2

PPVAL HPZCOO ( K+ HCO3 ) 0.2

PPVAL HPZCOO ( K+ CO3 2 ) 0.2

PPVAL HPZCOO ( K+ PZCOO ) 0.2

PPVAL HPZCOO ( K+ PZCOO 2 ) 0.2

PPVAL HPZCOO ( PZH+ OH ) 0.2

PPVAL HPZCOO ( PZH+ HCO3 ) 0.2

PPVAL HPZCOO ( PZH+ CO3 2 ) 0.2

PPVAL HPZCOO ( PZH+ PZCOO ) 0.2

PPVAL HPZCOO ( PZH+ PZCOO 2 ) 0.2

PROP SET G CO2 GMTRUE SUBSTREAM=MIXED COMPS=CO2 PHASE=L

PROP SET G CO3 GMTRUE SUBSTREAM=MIXED COMPS=CO3 2 PHASE=L

PROP SET G H2O

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PROPNAME LIS GMTRUE SUBSTREAM=MIXED COMPS=H2O PHASE=L

PROP SET G HCO3 GMTRUE SUBSTREAM=MIXED COMPS=HCO3 PHASE=L

PROP SET G HPZCOO GMTRUE SUBSTREAM=MIXED COMPS=HPZCOO PHASE=L
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PROP SET G K+ GMTRUE SUBSTREAM=MIXED COMPS=K+ PHASE=L

PROP SET G OH GMTRUE SUBSTREAM=MIXED COMPS=OH PHASE=L

PROP SET G PZ GMTRUE SUBSTREAM=MIXED COMPS=PZ PHASE=L

PROP SET G PZCOO GMTRUE SUBSTREAM=MIXED COMPS=PZCOO PHASE=L

PROP SET G PZCOO2 GMTRUE SUBSTREAM=MIXED COMPS=PZCOO 2 PHASE=L

PROP SET G PZH+ GMTRUE SUBSTREAM=MIXED COMPS=PZH+ PHASE=L

PROP SET HEAT CPMX UNITS= J/kg K SUBSTREAM=MIXED PHASE=L

PROP SET PPCO2 PPMX UNITS= Pa SUBSTREAM=MIXED COMPS=CO2 &

PHASE=V

PROP SET PPH2O PPMX UNITS= Pa SUBSTREAM=MIXED COMPS=H2O &

PHASE=V

PROP SET PPPZ PPMX UNITS= Pa SUBSTREAM=MIXED COMPS=PZ PHASE=V

STREAM FEED

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

SUBSTREAMMIXED TEMP=25. PRES=101.325 <kPa>

MASS FLOW H2O 1.

BLOCK FLASH FLASH2

IN UNITS MET VOLUME FLOW= cum/hr ENTHALPY FLO=MMkcal/hr &

HEAT TRANS C= kcal/hr sqm K PRESSURE=bar TEMPERATURE=C &

VOLUME=cum DELTA T=C HEAD=meter MOLE DENSITY= kmol/cum &

MASS DENSITY= kg/cum MOLE ENTHALP= kcal/mol &

MASS ENTHALP= kcal/kg HEAT=MMkcal MOLE CONC=mol/l &

PDROP=bar

PARAM TEMP=40. VFRAC=0.0001

EO CONV OPTI
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SENSITIVITY ACTIVITY

DEFINE GPZ STREAM PROP STREAM=LIQUID PROPERTY=G PZ

DEFINE GPZH STREAM PROP STREAM=LIQUID PROPERTY=G PZH+

DEFINE GPZCOO STREAM PROP STREAM=LIQUID PROPERTY=G PZCOO

DEFINE GPZCO2 STREAM PROP STREAM=LIQUID PROPERTY=G PZCOO2

DEFINE GHPZCO STREAM PROP STREAM=LIQUID PROPERTY=G HPZCOO

DEFINE GCO2 STREAM PROP STREAM=LIQUID PROPERTY=G CO2

DEFINE GCO3 STREAM PROP STREAM=LIQUID PROPERTY=G CO3

DEFINE GHCO3 STREAM PROP STREAM=LIQUID PROPERTY=G HCO3

DEFINE GH2O STREAM PROP STREAM=LIQUID PROPERTY=G H2O

DEFINE GK STREAM PROP STREAM=LIQUID PROPERTY=G K+

DEFINE GOH STREAM PROP STREAM=LIQUID PROPERTY=G OH

TABULATE 1 GPZ

TABULATE 2 GPZH

TABULATE 3 GPZCOO

TABULATE 4 GPZCO2

TABULATE 5 GHPZCO

TABULATE 6 GCO2

TABULATE 7 GCO3

TABULATE 8 GHCO3

TABULATE 9 GH2O

TABULATE 10 GK

TABULATE 11 GOH

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=40.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=K2CO3

RANGE LIST=2.5

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ

RANGE LIST=2.5

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0. 0.125 0.5 0.875 1.25 1.625 2. 2.375 2.75 &

3.125 3.5 3.875 4.25 4.625 5.

SENSITIVITY CPPCO2

DEFINE PPCO2 STREAM PROP STREAM=VAPOR PROPERTY=PPCO2

TABULATE 1 PPCO2

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=K2CO3

RANGE LIST=3.1

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ

RANGE LIST=1.8

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=62.05

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=1.42
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SENSITIVITY ERM 283

DEFINE PZ MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZ

DEFINE PZH MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZH+

DEFINE PZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO

DEFINE PZCOO2 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO 2

DEFINE HPZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=HPZCOO

TABULATE 1 PZ

TABULATE 2 PZH

TABULATE 3 PZCOO

TABULATE 4 PZCOO2

TABULATE 5 HPZCOO

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=10.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ

RANGE LIST=0.1033 0.216 0.2858 0.463 0.499 0.5122 0.9996 &

0.9998 1.4489 1.4687 1.4775

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0.0732 0.0498 0.0235 0.1695 0.1225 0.0734 &

0.0325 0.2611 0.1888 0.1255 0.059 0.3917 0.3149 &

0.2076 0.504 0.2555 0.1684 0.1077 0.8179 0.7425 &

0.6455 0.9651 0.4881 0.3386 0.2361 1.3974 0.681 &

0.5087 0.3418 0.2845 1.226 0.9824 0.8166

SENSITIVITY ERM 298

DEFINE PZ MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZ

DEFINE PZH MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZH+

DEFINE PZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO

DEFINE PZCOO2 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO 2

DEFINE HPZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=HPZCOO

DEFINE CO2 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=CO2

DEFINE CO3 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=CO3 2
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DEFINE HCO3 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=HCO3

DEFINE K MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=K+

DEFINE H2O MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=H2O

DEFINE PPCO2 STREAM PROP STREAM=VAPOR PROPERTY=PPCO2

TABULATE 1 PZ

TABULATE 2 PZH

TABULATE 3 PZCOO

TABULATE 4 PZCOO2

TABULATE 5 HPZCOO

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=25.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ

RANGE LIST=0.1033 0.216 0.2858 0.463 0.499 0.5122 0.9996 &

0.9998 1.4489 1.4687 1.4775

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0.0235 0.0498 0.0732 0.0352 0.0734 0.1225 &

0.1695 0.2611 0.1888 0.1255 0.059 0.3917 0.3149 &

0.2076 0.504 0.2555 0.1684 0.1077 0.8179 0.7425 &

0.6455 0.9651 0.4881 0.3386 0.2361 1.3974 0.681 &

0.5087 0.3418 0.2845 1.226 0.9824 0.8166

REINIT BLOCKS=ALL

SENSITIVITY ERM 313

DEFINE PZ MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZ

DEFINE PZH MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZH+

DEFINE PZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO

DEFINE PZCOO2 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO 2

DEFINE HPZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=HPZCOO

TABULATE 1 PZ

TABULATE 2 PZH

TABULATE 3 PZCOO

TABULATE 4 PZCOO2

TABULATE 5 HPZCOO

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=40.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ
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RANGE LIST=0.1033 0.216 0.2858 0.463 0.499 0.5122 0.9996 &

0.9998 1.4489 1.4687 1.4775

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0.0732 0.0498 0.0235 0.1695 0.1225 0.0734 &

0.0352 0.2611 0.1888 0.1255 0.059 0.3917 0.3149 &

0.2076 0.504 0.2555 0.1684 0.1077 0.8179 0.7425 &

0.6455 0.9651 0.4881 0.3386 0.2361 1.3974 0.681 &

0.5087 0.3418 0.2845 1.226 0.9824 0.8166

SENSITIVITY ERM 333

DEFINE PZ MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZ

DEFINE PZH MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZH+

DEFINE PZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO

DEFINE PZCOO2 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO 2

DEFINE HPZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=HPZCOO

TABULATE 1 PZ

TABULATE 2 PZH

TABULATE 3 PZCOO

TABULATE 4 PZCOO2

TABULATE 5 HPZCOO

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=60.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ

RANGE LIST=0.463 0.499 0.5122 0.9996 0.9998 1.4489 1.4687 &

1.4775

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0.3917 0.3149 0.2076 0.504 0.2555 0.1684 &

0.1077 0.8179 0.7425 0.6455 0.9651 0.4881 0.3386 &

0.2361 1.3974 0.681 0.5087 0.3418 0.2845 1.226 0.9824 &

0.8166

SENSITIVITY HEAT

DEFINE HEAT STREAM PROP STREAM=LIQUID PROPERTY=HEAT

TABULATE 1 HEAT

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=120.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=K2CO3

RANGE LIST=2.5

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ
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RANGE LIST=2.5

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0. 0.125 0.5 0.875 1.25 1.625 2. 2.375 2.75 &

3.125 3.5 3.875 4.25 4.625 5.

SENSITIVITY PPCO2

DEFINE PPCO2 STREAM PROP STREAM=VAPOR PROPERTY=PPCO2

TABULATE 1 PPCO2

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0.018 0.09 0.18 0.27 0.36 0.45 0.54 0.63 &

0.72 0.81 0.9 0.99 1.08 1.17 1.26 1.35 1.44 1.53 &

1.62 1.71 1.8

SENSITIVITY PPCO2 PZ

DEFINE PPCO2 STREAM PROP STREAM=VAPOR PROPERTY=PPCO2

TABULATE 1 PPCO2

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=40.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=K2CO3

RANGE LIST=2.5

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ

RANGE LIST=2.5

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0. 0.13 0.5 0.875 1.25 1.625 2. 2.375 2.75 &

3.13 3.5 3.875 4.25 4.625 5.

SENSITIVITY SPECIES

DEFINE PZ MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZ

DEFINE PZH MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZH+

DEFINE PZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO

DEFINE PZCOO2 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=PZCOO 2

DEFINE HPZCOOMOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=HPZCOO

DEFINE CO2 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=CO2

DEFINE CO3 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=CO3 2

DEFINE HCO3 MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=HCO3

DEFINE K MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &
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COMPONENT=K+

DEFINE H2O MOLE FLOW STREAM=LIQUID SUBSTREAM=MIXED &

COMPONENT=H2O

DEFINE PPCO2 STREAM PROP STREAM=VAPOR PROPERTY=PPCO2

TABULATE 1 PZ

TABULATE 2 PZH

TABULATE 3 PZCOO

TABULATE 4 PZCOO2

TABULATE 5 HPZCOO

TABULATE 6 CO2

TABULATE 7 CO3

TABULATE 8 HCO3

TABULATE 9 K

TABULATE 10 H2O

TABULATE 11 PPCO2

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=K2CO3

RANGE LIST=2.5

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ

RANGE LIST=2.5

VARYMOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0. 0.125 0.5 0.875 1.25 1.625 2. 2.375 2.75 &

3.125 3.5 3.875 4.25 4.625 5.

SENSITIVITY TPRESS

DEFINE PPH2O STREAM PROP STREAM=VAPOR PROPERTY=PPH2O

DEFINE PPCO2 STREAM PROP STREAM=VAPOR PROPERTY=PPCO2

DEFINE PPPZ STREAM PROP STREAM=VAPOR PROPERTY=PPPZ

TABULATE 1 PPH2O

TABULATE 2 PPCO2

TABULATE 3 PPPZ

VARY BLOCK VAR BLOCK=FLASH VARIABLE=TEMP SENTENCE=PARAM

RANGE LIST=120.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=PZ

RANGE LIST=4.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=K2CO3

RANGE LIST=0.

VARY MOLE FLOW STREAM=FEED SUBSTREAM=MIXED COMPONENT=CO2

RANGE LIST=0. 0.4 0.8 1.2 1.6 2. 2.4 2.8 3.2 3.6 4. &

4.4

STREAM REPOR MOLEFLOWMOLEFRAC PROPERTIES=G H2O PPPZ G PZ G CO2 &

G CO3 G HCO3 G HPZCOO G K+ G PZCOO G PZCOO2 G PZH+

PROPERTY REP PCES PROP DATA DFMS NOPARAM PLUS

951



230

DISABLE

SENSITIVITY CPPCO2 ERM 283 ERM 298 ERM 313 ERM 333 HEAT &

PPCO2 PPCO2 PZ SPECIES TPRESS

;

;
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The equilibrium partial pressures of monoethanolamine (MEA), piperazine (PZ), 

and water were measured in a stirred reactor with a recirculating vapor phase by FTIR 

analysis at 35 – 70 0C.  MEA and PZ volatility were measured in two separate pilot plant 

campaigns to capture CO2 from flue gas under a range of absorber conditions.  The 

laboratory data were regressed to determine NRTL binary interaction parameters that 

predicted the experimental points within 10 – 20%.  It was proven that MEA volatility 

(0.45<γMEA<0.55) is a viable concern in CO2 capture processes from an economic, 

environmental, and overall health perspective.  PZ, on the other hand, was not observed 

to be as volatile (0.06<γPZ<0.08) as predicted by previous models and therefore volatility 

loss would not be a significant drawback for using it as a CO2 capture solvent.  Pilot plant 

results show an average MEA gas phase concentration at the absorber outlet to be 
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approximately 45 ppm while the PZ concentrations averaged 6 ppm and 8 ppm at the 

absorber inlet and outlet, respectively.
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 Chapter 1: Introduction 

The purpose of this chapter is to introduce the current process for CO2 capture by 

absorption/stripping and to identify the types of amine losses associated with it.  A 

second objective will be to discuss the reasons for using a particular solvent, and the 

benefits and drawbacks associated with the different types.  Lastly, the specific scope and 

objectives of this particular project will be discussed.  

1.1.  CO2 CAPTURE BY AQUEOUS ABSORPTION/STRIPPING 

Absorption/stripping with aqueous amines will be an important technology for 

CO2 capture from coal-fired power plants.  Monoethanolamine (MEA) is the most widely 

used solvent for this purpose, and will be discussed further in this chapter.  However, 

other solvent possibilities exist such as K2CO3/Piperazine (Cullinane 2005), MEA/PZ 

(Okoye 2005), and MDEA/PZ (Bishnoi 2000).  Figure 1.1 below shows the typical 

flowsheet of the absorption/stripping process and where the different types of losses 

would typically occur. 

Flue gas containing approximately 12 mol% CO2 is counter-currently contacted 

with the liquid amine solvent in the absorber column.  The rich amine solution is then 

sent through a cross-exchanger for pre-heating before being pumped into the top of the 

stripper column. 
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Figure 1.1:  Process Flowsheet for CO2 Capture from Flue Gas by Aqueous Amine 
Absorption/Stripping (Regions Associated With Amine Losses Are 
Shown in Red) 

The stripper is heated by steam in the reboiler, which is the main driving force to 

release the CO2 from the amine solution.  The gas coming off the top of the stripper is 

sent to a cooler to knock out the water to recover the CO2. The heated lean amine solution 

is pumped through the cross-exchanger to be cooled before it is regenerated and recycled 

to the top of the absorber column.   

1.2. AMINE LOSS MECHANISMS 

There are several ways in which amines can be lost in the aqueous 

absorption/stripping process.  This work will focus on amine loss through volatility, 

which is a way of describing how likely this compound is to evaporate from the liquid 

phase into the gas phase.  Most alcohols and amine solvents, for example, are very 
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volatile.  Volatility is quantified by the parameter γ, which is introduced by a relationship 

known as modified Raoult’s Law, as seen in Equation 1.1. 
sat

iiii PxPy γ=            (1.1) 

Where yi is the mole fraction of component i in the vapor phase, P is the total 

pressure of the system, xi is the liquid mole fraction of component i, γi is the activity 

coefficient of component i, and Pi
sat is the pure liquid vapor pressure of component i at a 

given temperature.  The closer the activity coefficient is to 1, the more ideal the system 

is.   

Amine volatility is significant because of its environmental implications, 

economic costs, and safety concerns.  The most important reason to be concerned with 

amine volatility is the potential environmental impact these compounds may have when 

they get into the atmosphere and react.  Amines react with sulfuric and nitric acid in the 

presence of sunlight to produce aerosols and secondary particulate (Seinfeld 1997).  

Amines can also react with NOx gases in the presence of sunlight in the atmosphere to 

produce ozone (Seinfeld).  Amines can also be a source of volatile organic compounds 

(VOCs) which can have different environmental impacts from contributing to global 

warming (MVOCs) or non-methane VOCs (NMVOCs) that can include carcinogenic 

products such as benzene (U.S. EPA).  Furthermore, any waste that develops as a result 

of being used in the CO2 capture process is potentially hazardous, and must be disposed 

of accordingly.   

The second reason to study amine volatility is the potential economic losses 

associated with it.  Current amine prices are $0.70/lb MEA (ICIS Pricing 2006) and 

$2.50/lb PZ (CMR 2005).  CO2, on the other hand, gets merely $0.50/ton (CMR 2005).  

Compared on a lb-mol basis, any amine volatility greater than 40 – 50 ppm would result 

in a net financial loss as compared to the market value for the CO2 being recovered.  
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Thus, it can be seen that there exists some breakeven point where losing amines through 

volatility is actually costing more than the CO2 being recovered is worth.  Along the same 

lines, amine solvents and their degradation products are highly corrosive materials that 

would result in lost profits due to replacing or repairing process equipment.  

Amine volatility also raises some health and safety concerns.  MEA, for example, 

has a threshold limit value (TLV) of 3 ppm or a 6 mg/m3 time weighted average (OSHA).  

Above this limit, exposure to MEA for an extended period can cause irritation or damage 

to the skin, eyes, nose, or respiratory system.  Similarly, PZ has no established workplace 

exposure limits, but has been shown to irritate the eyes, skin, and nose and cause blurred 

vision, weakness, coughing/weezing, and skin rash if exposed to for extended periods of 

time. 

Oxidative degradation of amines is significant in the presence of oxygen or air.  

Flue gas scrubbing contains a significant amount of O2, and thus oxidative degradation is 

commonly seen, most likely in the absorber column (see Fig. 1.1).  The major 

degradation product of MEA in the presence of O2 is NH3 as predicted by both the 

electron abstraction mechanism and hydrogen abstraction mechanism (Goff 2005).  Goff 

(2005) also proposed the following degradation products for MEA when exposed to 

oxygen as seen below in Table 1.1.  These products can cause corrosion in plant 

equipment such as pumps, reactors, and pipes, not to mention adversely effect the 

kinetics involved in the reaction.   

1.3.  CURRENT AQUEOUS AMINE SOLVENTS 

1.3.1.  Monoethanolamine (MEA) 

Monoethanolamine is the most common solvent currently used for CO2 

absorption/stripping.  One reason for choosing MEA is that it has a high capacity for 
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CO2, meaning it can absorb a significant quantity of CO2 on a molar basis.  Typically, 

primary and secondary amines have a limiting loading factor of 0.5 mol CO2/mol amine, 

but this number can be increased at higher CO2 partial pressures due to free amine 

liberation from the hydrolysis of the carbamate ions.  Secondly, MEA has fast reaction 

kinetics, meaning the MEA reacts quickly with the CO2 to form a carbamate molecule 

which binds the CO2 into the liquid phase.  This carbamate is thought to be the source of 

the high CO2 absorption rates of primary and secondary amines.  Kohl and Nielsen 

(1997) also show MEA to have a high CO2 removal efficiency.  Some of the drawbacks 

to using MEA include a large heat duty needed for solvent regeneration and corrosion 

issues.  Because the absorption of CO2 into an aqueous MEA solution is highly 

exothermic, there is a large heat duty required by the reboiler to regenerate the solvent.  

This heat duty represents the single biggest contribution to the overall cost of the CO2 

capture, which currently operates at a cost of about $150/ton CO2 (U.S. DOE 2006).  

MEA in the absence of CO2 has been shown to be corrosion inhibitor (Riggs 1973), but 

the MEA carbamate molecules formed are known to complex with species such as Fe and 

result in increased corrosion rates (Nakayanagi 1996).   

1.3.2.  Piperazine (PZ) 

Current work is being done to improve the CO2 capture process by defining new 

innovative solvents.  One such way of doing this is to add an activator to a conventional 

amine solvent (such as MEA), and one of the more prominent activators for this purpose 

is PZ.  Piperazine is a diamine molecule, meaning it has two moles of amine available to 

react with CO2 whereas a primary amine (such as MEA) only has one.  PZ is also 

attractive because it has a lower heat of reaction than MEA, and blending the two 

solvents offers the benefits of fast reaction kinetics associated with the primary amine 

coupled with the higher CO2 capacity and lower heat of reaction of PZ.  BASF (Appl et 
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all, 1982) showed an MDEA/PZ blend to be a more effective CO2 remover than 

conventional blends such as DEA/MDEA.  Bishnoi (2000) proposed that MEA/PZ and 

K2CO3/PZ systems could possibly reduce the amount of packing in the absorber column 

by up to a factor of 2.   

1.4.  RESEARCH OBJECTIVES AND SCOPE OF THIS WORK 

The main objective of this work is to measure amine volatility for several 

different solvents at various concentrations and use these measurements to be able to 

verify or refute current model predictions.  Specifically, the focus will be on MEA-H2O, 

PZ-H2O, and MEA-PZ-H2O systems over a temperature range that brackets typical 

absorber conditions (35 – 70 0C).  The concentrations used will represent typical 

concentrations seen in industrial CO2 capture conditions, as well as some other 

concentrations to generate sufficient data to model these systems using standard binary 

NRTL parameters.  Current partial pressure measurements for these systems (especially 

PZ-H2O and blended amine systems) are limited (see Chapter 2) and thus reliable data 

will need to be generated.  The effects of CO2 loading on these measurements will not be 

included in this work.   

A second objective will be to gather and analyze gas partial pressure data from 

two separate pilot plant campaigns carried out at the JJ Pickle Research Campus.  The 

first campaign used 7 m MEA as the solvent, while the second campaign featured two 

different compositions of a K2CO3/PZ blend solvent (5 m K+/2.5 m PZ and 6.4 m K+/1.6 

m PZ).  These types of experiments differ from those carried out in the laboratory in that 

they have a longer timeframe as well as offer an opportunity to quantify other unknown 

compounds that may be present in the process as a result of degradation or corrosion.  

Additionally, the air is continuously recirculated which allows for accumulation of 

degradation products.  Furthermore, these experiments deal with the effects of CO2 
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loading, so it will not be possible to compare these results to models derived from 

laboratory data.   
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Chapter 2: Literature Review 

This chapter will discuss previous work done in the areas of vapor-liquid 

equilibrium and thermodynamics for MEA and PZ solvents.  By reviewing work from 

previous studies, it provides a motivation and direction for this work.  Additionally, some 

of the results will be comparable to the results seen later in this work.  Figure 2.1 shows 

some published data for several amines used in CO2 capture processes.  All values shown 

in Figure 2.1 are available from the DIPPR database.  This graph shows that for the 

majority of amine solvents used in CO2 capture, very little VLE data exists in the 40 – 60 
0C temperature range typically seen in absorber columns.   

Figure 2.1.  Previous amine volatility works in DIPPR database 
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2.1.  PREVIOUS MEA STUDIES 

As seen in Figure 2.1, there is some MEA partial pressure data available in the 

temperature range of interest for this work (40 – 60 0C).  Table 2.1 below summarizes the 

previous MEA data that was reviewed for this work. 

Table 2.1.  Previous MEA literature  

Touhara et al (1982) measured vapor pressures of binary mixtures of H2O-MEA, 

H2O-N-methyl-2-aminoethanol, and H2O-N,N-dimethyl-2-aminoethanol at 298.15 and 

308.15 K.  Furthermore, this study also quantified the excess enthalpies and densities of 

these mixtures at 298.15 K using and isothermal displacement calorimeter and 

pyknometer.  Lastly, the excess thermodynamic quantities GE, HE, TSE, and VE were 

calculated.  The results showed all mixtures (except where x > 0.5 for H2O-N,N-

dimethyl-2-aminoethanol) had small negative deviations from Raoult’s law in regards to 

vapor pressure.   

Author Data type Concentration/mole frac Temperature/oC Pressure/kPa
Touhara et al. (1982) TX 0.0 - 0.9 25 - 35 0.212 - 5.466 1982
Nath and Bender (1983) TX 0.1 - 0.9 60 - 92 1.307 - 69.101 1983
Lénard et al. (1990) TXY 0.3 - 1.0 70 - 90 5.770 - 70.290 1990
Texaco (1994) PX 0.0 - 1.0 100 - 163 101.325 1994
Texaco (1994) TX 0.1 - 0.8 40 - 147 6.762 - 99.027 1994
Texaco (1994) TXY 0.0 - 1.0 44 - 95 5.770 - 68.965 1994
Cai et al. (1996) TXY 0.0 - 1.0 100 - 170 101.325 1996
Park and Lee (1997) TXY 0.0 - 1.0 100 - 170 101.325 1997
Tochigi et al. (1999) TXY 0.0 - 1.0 90 4.020 - 70.070 1999

Author Concentration/mole frac FPD/oC
Chang et al. (1993) 0.0 - 1.0 0.5 - 20.5 1993

Author Concentration/mole frac Temperature/oC Heat of Mixing/-J*mol-1

Touhara et al. (1982) 0.0 - 1.0 25 2395 - 72 1982
Posey (1996) 0.2 - 07 25 - 70 2269 - 1391 1996

Author Concentration/mole frac Temperature/oC Heat Capacity/J*(mol*K)-1

Page 0.0 - 1.0 10 - 40 75 - 180 1993
Weiland et al. (1997) 0.03 - 0.16 25 79 - 91 1997
Chiu and Li (1999) 0.2 - 0.8 30 - 80 94 - 164 1999
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Nath and Bender (1983) measured total pressure VLE for pure substances as well 

as binary and ternary mixtures of alcohols, alkanolamines, and water from 60 – 95 0C in a 

vapor-recycle equilibrium cell.  Specifically, the MEA-H2O system was studied at 60, 78, 

and 91.7 0C.  Activity coefficients for each system were calculated using the Wilson and 

UNIQUAC equations and were seen to have negative deviations from an ideal solution.   

Lénard et al (1990) measured VLE data for MEA-H2O systems at 343.2 K and 

363.2 K using a Stage-Muller dynamic equilibrium still that recirculated both liquid and 

vapor phases.  Vapor and liquid phases were determined by gas chromatography (as 

opposed to FTIR analysis in this work) using a Hewlett-Packard 5790 A gas 

chromatograph.  These experimental data had a mean absolute average deviation of less 

than 0.01 for the vapor fraction of MEA, and these data were represented using a three 

parameter Redlich-Kister expansion.  The resulting excess Gibbs energy model was used 

to predict P-x-y curves for the MEA-H2O systems at the two temperatures studied the 

experimental results compared very favorably to the model predictions.  Furthermore, 

Lénard et al used their model to predict P-x-y curves at 298.15 K and 308.15 K and these 

values compared reasonably well to data measured by Touhara (1982). 

Cai et al (1996) measured isobaric VLE for a MEA-H2O system at 101.33 kPa 

and 66.66 kPa as well as DEA-H2O and MEA-DEA systems at 6.66 kPa.  Again, these 

measurements were carried out at a higher temperature range (373.15 – 443.38 K) and the 

liquid and vapor compositions were determined using the standard curve of refraction 

index vs mole fraction of the binary mixture at 20 0C with a precision of 0.001.  The 

liquid phase activity coefficients were calculated with the UNIFAC group contribution 

model as published by Larsen et al (1987).  The average absolute deviation for the vapor 

composition was less than 0.012 for the MEA-H2O system.  Therefore, Cai et al 
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concluded that UNIFAC relationships could be used to accurately define the 

ethanolamine systems.  

Park and Lee (1997) measured isobaric VLE for MEA-H2O and MEA-ethanol in 

an equilibrium cell that allowed circulation of both liquid and vapor phases at 

atmospheric pressure.  Activity coefficients for both systems were calculated using the 

Wilson, NRTL, and UNIQUAC models and fugacity coefficients were calculated using 

the virial equation of state with the second virial coefficients.  This work is to Park and 

Lee in that all partial pressure experiments will be carried out at atmospheric conditions, 

although the stirred reactor in the laboratory only circulates the vapor phase through the 

liquid phase.  This work also used NRTL binary interaction parameters to calculate 

activity coefficients for the MEA-H2O system as well as the PZ-H2O and MEA-PZ-H2O 

blend systems.  Park and Lee’s data were acquired at a higher temperature range (100 – 

170 0C) than this work. 

Tochigi et al (1999) measured VLE for a ternary system consisting of H2O-MEA-

dimethyl sulfoxide as well as the three binary systems at 363.15 K in an equilibrium still.  

The vapor pressure for pure MEA was also measured at a range of temperatures from 

357.63 – 439.69 K (124.48 – 166.54 0C) which was outside of the temperature range of 

pure MEA for this work.  Experimental activity coefficients for each system were 

calculated via modified Raoult’s law and compared to values predicted by the NRTL 

model.  The results of Tochigi et al compared favorably to those published earlier by 

Lenard et al (1987) at the same temperature, although the Lenard data did not pass the 

area consistency test of Redlich-Kister (1948).  It was found that the average deviation 

between experimental and predicted vapor phase composition and total pressure were 1.1 

mol% and 2.94%, respectively. 
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Pagé et al (1992) measured the density, isobaric heat capacity, and isentropic 

compressibility of MEA-H2O systems at 10, 25, and 40 0C over the entire composition 

range and these results were used to calculate various thermodynamic excess and partial 

molar functions.  These results were compared to previous work done on water-ethylene 

glycol and water-2-methoxyethanol systems, and the differences were explained based on 

different component features as well as cooperative fluctuations and hydrogen-bonding 

connectivity in aqueous solutions.   

Chang et al (1993) measured water freezing point data in several amine-water 

systems.  These measurements were used to regress binary interaction parameters using 

the NRTL model, and the results showed strong interactions between MDEA and H2O 

near 0 0C.  Furthermore, the measurements helped to rank the nonidealities of the amine-

water systems such that MDEA ≈ DGA® > dimethylmonoethanolamine (DMMEA) > 

triethanolamine (TEA) > DEA > MEA.  Lastly, the freezing point depression data was 

combined with total pressure data to predict a significant temperature dependence of 

solution properties.   

Posey and Rochelle (1996) measured heat of mixing for pure MDEA, DEA, and 

MEA into 0.1 M NaOH at 25 0C and 70 0C.  This data combined with total pressure, 

freezing point depression, and VLE data was used to regress NRTL parameters for MEA-

H2O, DEA-H2O, and MDEA-H2O systems.  The regressions show that this new heat of 

mixing data improves modeling capabilities for the amine systems.  The best case model 

for MEA-H2O in this work has good agreement with total pressure data from Touhara et 

al (1982) and Nath and Bender (1983) but tends to slightly overpredict in many cases.  

The activity coefficients for MEA in a 20 wt% aqueous solution are predicted to be about 

the same at 50 0C by all three models, but there is a significant discrepancy between 

model predictions at 120 0C.  Thus, the heat of mixing data was shown to make a 50% 
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difference in predicted amine vapor pressure depending on whether or not it was included 

in the regression.   

Weiland et al (1997) measured heat capacities of CO2-loaded solutions of aqueous 

MEA, DEA, MDEA, and MEA/MDEA and DEA/MDEA blends at 25 0C.  Their 

measurements showed that the heat capacities of the amine-water solutions decrease as a 

function of loading, and the solutions become increasingly sensitive to CO2 loading at 

higher amine concentrations.  The heat capacity of the amine blend solutions showed no 

significant dependence on the relative proportions of the amines at a constant total amine 

concentration. 

Chiu and Li (1999) measured heat capacity data for several aqueous amine 

solutions from 30 – 80 0C using a differential scanning calorimeter at alkanolamine liquid 

mole fractions of 0.2, 0.4, 0.6, and 0.8.  The results of the measurements were used to 

calculate an excess molar heat capacity expression in the form of the Redlich-Kister 

model, and the overall average absolute deviations for excess molar heat capacity and 

heat capacity were 11.9% and 0.29%, respectively, compared to their experimental 

measurements. 

Goff (2005) quantified the oxidative degradation rate of MEA by measuring the 

NH3 concentrations in the vapor phase through FTIR analysis at 55 0C.  Other parameters 

such as Fe, Cu, MEA, and O2 concentrations, CO2 loading and pH of the solution were 

studied to quantify their effect on MEA degradation under typical absorber conditions.   

2.2. PREVIOUS PZ STUDIES 

Because PZ is not used to the extent of MEA in CO2 capture processes currently, 

there is not much literature available on PZ-H2O binary systems like MEA that was 

previously discussed.  Aroua and Salleh (2004) measured CO2 solubility in aqueous PZ in 

a stirred cell reactor at 20, 30, 40, and 50 0C with CO2 partial pressures between 0.4 – 
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4.95 kPa.  It was found that the aqueous PZ solvent behaves in much the same way as 

commonly-used alkanolamines in that increasing the CO2 partial pressure results in an 

increased CO2 loading but a temperature or concentration increase will have the reverse 

effect on CO2 loading.  These measurements further lead to the conclusion that the PZ 

forms stable carbamate ions in solution.  These measurements were used to regress a 

model using the Kent-Eisenberg (1979) approach, and these model predictions were in 

agreement with the experimental data, particularly at higher temperatures. 

Derks et al (2005) measured CO2 solubility in 0.2 and 0.6 M aqueous PZ solutions 

at 25, 40, and 70 0C.  These measurements were used to correlate an electrolyte equation 

of state model as proposed by Furst and Renon (1997).  The final model consisted of 

seven ionic parameters that was able to predict the experimental CO2 partial pressure data 

with an average deviation of 16%.   

Wilson and Wilding (1994) measured P-T-x data for PZ-H2O systems at 112.9 0C 

and 198.8 0C, but these two temperatures are well outside the temperature range of this 

project.   

2.3. PREVIOUS BLENDED AMINE/AMINE-PROMOTED K2CO3 STUDIES 

As mentioned previously, it is often desired to blend primary and secondary 

amines with an activator such as PZ to obtain a solvent with the positive characteristics of 

both components.  Dang (2001) measured CO2 absorption into MEA/PZ blended systems 

to derive a model based on equilibrium constants and also showed PZ to be an effective 

promoter of MEA.  Bishnoi (2000) used CO2 absorption measurements into MDEA/PZ 

blended solutions to derive a rigorous thermodynamic model for this system.  Cullinane 

(2005) measured CO2 flux on a wetted-wall column to define the thermodynamics and 

kinetics of an innovative 2.5 m K2CO3/5 m PZ solution that was shown to be effective in 
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CO2 absorption.  Hilliard (2005) regressed a rigorous electrolyte NRTL model of the 

K2CO3/PZ based on the experimental data acquired by previous studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

988



 16

Chapter 3: Experimental Methods and Apparatus 

This chapter covers the experimental methods used to quantify amine volatility in 

the different solvents used throughout this project.   

3.1  CHEMICALS AND SOLUTION PREPARATION 

Monoethanolamine (99% purity) was purchased from Acros Organics.  

Anhydrous piperazine (≥ 98% purity) was purchased from Fluka.  CO2 and nitrogen (N2) 

gases were obtained from Matheson Tri-Gas and the Cryogenics Laboratory at The 

University of Texas at Austin at a purity of 99.5 mol% and 99.0 mol%, respectfully.  

Ultra-pure deionized water was available from the Department of Chemical Engineering 

at The University of Texas at Austin.  All solutions were prepared gravimetrically.  

3.2  EXPERIMENTAL EQUIPMENT  

3.2.1 Laboratory Stirred Reactor Apparatus 

Nitrogen was saturated to water and amine in the laboratory by recirculating it 

through an amine solution in a stirred reactor placed in a temperature controlled bath.  A 

schematic of this setup can be seen in Figure 3.1. The amine solution was placed in the 

stirred reactor and temperature set to a predetermined value.  The gas was pumped 

through a heated sample line (T = 180 0C) to the FTIR for gas analysis. Once the gas 

passed through the FTIR analyzer, it was recirculated back to the bottom of the reactor 

through another heated sample line (T = 95 0C).    
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Figure 3.1: Partial Pressure Experiments Process Flowsheet 

Data was taken at 40, 50, 60, and 700C settings on the temperature bath, and each 

data point required approximately 1.5 – 2 hours to reach equilibrium, which was 

determined by observing when the temperature measurement had stabilized to within 

0.5%.  The specific amines evaluated and their respective concentrations can be seen 

below in Table 3.1. 
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Table 3.1: Summary of Experimental Conditions for Partial Pressure Experiments 

3.2.1.1 Temperature Controllers 

The temperature of the liquid amine solution was controlled by an IsoTemp 

3016H temperature bath produced by Fisher Scientific International. This particular bath 

used di-methyl silicone oil (50 cSt viscosity) purchased from Krayden, Inc. as a heat 

transfer fluid.  The temperature inside the reactor was controlled to within ± 0.1 0C by the 

bath, and the actual solution temperature was recorded by a K-type thermocouple 

connected to Pico Limited Technology PT-104 converter.  The thermocouple has a 

readability of ± 0.01 0C.  The PT-104 converter reads a millivolt signal from the 

thermocouple and converts this signal to a temperature through a calibration formula 

programmed into the PicoLog Recorder software on the laboratory computer.  The 

formula was developed by setting the temperature of the heat bath and recording the 

millivolt signal from the K-type thermocouple.  A Pt-resistance thermocouple was used 

as a standard temperature, and thus the correlation between millivolt signal and Pt-

resistance thermocouple temperature was plotted over a temperature range of 0 0C – 100 

Amine-H2O System Temperature Range Concentration
100 mol %
30 mol%

7.0 m
3.5 m
0.9 m
1.8 m
2.5 m
3.6 m

3.5 m/1.8 m
3.5 m/3.6 m
7 m/1.8 m
7 m/3.6 m

30 - 70 0CMEA/PZ

MEA 30 - 70 0C

30 - 70 0CPZ
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0C.  The experiment was carried out in a sealed bomb in a 500 cc Zipperclave 

manufactured by Autoclave Engineers, Inc. Figure 3.2 shows the corresponding 

calibration curve. 

Figure 3.2: Calibration Curve for K-Type Thermocouple Used in Partial Pressure 
Experiments 

3.2.1.2 Stirred Reactor System 

The stirred reactor, which was purchased from Ace Glass, Inc. was a 1L jacketed 

reactor with 5 necks at the top and an 8 mm drain tube at the bottom, which served as the 

reactor gas inlet.  This is the same reactor that was used by Goff (2005).  The reactor had 

an inner diameter of 10 cm and a liquid depth of 15 cm. The entire reactor was insulated 

using Frost King ® reflective water heater insulation (1 in. thickness) cut to fit the reactor 

dimensions.  The large neck at the top of the reactor served as a port for the StedFast™  
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SL 1200 stirrer produced by Fisher Scientific International. The stirrer is constructed out 

of stainless steel with a single blade paddle, and the agitator was capable of speeds up to 

1450 RPM, although typical agitation rates for the partial pressure experiments were 

around 360 RPM.  The stirrer was inserted through a Teflon® connector that made an 

airtight seal when screwed into the reactor.   

One of the three medium-sized necks was used as a gas outlet where the FTIR 

heated sample line could be connected through a 3/8 – inch PFA Teflon® Tee. A mist 

eliminator for the gas outlet line was constructed from NaturalAire Cut-to-fit material and 

stuffed into the Teflon® connector on the reactor neck as well as inside the PFA Tee. 

This was also done to negate liquid entrainment in the heated gas sample line. The branch 

of the tee was connected to insulated tubing that ran to a system of two gas washing 

bottles that was used as a pressure relief system.  This entire system of Swagelok® 

connections was insulated using BriskHeat electronic heating wrap plugged into a Variac 

(T = 120 0C) which served to eliminate the risk of condensation in the Teflon fittings.   

Another of the medium necks was used as a port for the K-type thermocouple and 

was connected using Swagelok® stainless steel connections.  One of these was a ¼ -- 

inch stainless steel tee that branched into PTX-610 Pressure Transmitter manufactured by 

Druck Incorporated.  The pressure inside the reactor was then recorded via the PicoLog 

Recorder software.   The remaining two necks were not used in the experiments.   

Goff’s reactor setup utilized the same glass reactor and temperature bath setup as 

described above, but the rest of that system was different compared to the current setup.  

The biggest difference between Goff’s reactor and the one in this work is that Goff’s 

reactor did not have the heated gas recirculation line (i.e, the second 15 ft heated line).  

Rather, Goff’s reactor was setup in a single pass mode where the gas left the top of the 

reactor through a single 15 ft heated sample line at 180 0C and after being sent through 
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the FTIR analyzer, was simply vented into the fume hood.  This setup required longer 

times for solutions to come to equilibrium, and was one of the main motivations for 

implementing the heated recirculation line in this current setup.  Secondly, Goff’s reactor 

was not insulated as well as the current setup.  The current setup is wrapped with water 

heater insulation while Goff’s was exposed to ambient air.  Another improvement to the 

current reactor setup is the use of the BriskHeat wrap around the PFA Swagelok® 

connections between the reactor and the heated sample line.  Goff insulated these 

connections with cooking hot pads, but entrainment was still possible, and thus it seems 

the electronic heating from the BriskHeat wrap is the preferred method.  Lastly, the 

pressure relief system described previously is an upgrade to Goff’s reactor in the sense 

that it offers not only a easy way to verify system pressure (using the water level in the 

gas washing bottles) but is also a good safety feature built into the system.   

3.2.1.3  FTIR Gas Analysis System 

A portable FTIR gas phase analysis system (analyzer and sample pump) was 

purchased from Air Quality Analytical, Inc. The analyzer was a Temet Gasmet™ DX-

4000 that could analyze up to 50 separate components through a temperature controlled 

gas cell set at 180 0C.  Therefore, the gas could be analyzed without having to dry or 

dilute it to knock out water which would interfere with the IR absorption.   

The SB4000 sample pump had separate temperature controllers for both the 15 ft. 

heated sample line as well as the sample pump.  Furthermore, the sample pump also had 

separate pressure gauges for sample inlet and vent ports.  The heated sample lines used in 

the laboratory experiments were both 15 ft long insulated Teflon® with 3/8 – in inner 

diameter PFA tubing inside.  The sample pump and heated line temperatures for the gas 

outlet line from the reactor were controlled at 180 0C, while the temperature of the 

sample line for the gas recirculation line to the reactor inlet was set at 95 0C.  
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3.2.2  FTIR Gas Sampling System for PRC MEA Campaign (Campaign 3) 

Since the FTIR is capable of measuring up to 50 components simultaneously in 

the gas phase, it was incorporated into the pilot plant CO2 absorber/stripper system 

located at the JJ Pickle Research Campus in Austin, TX.  For this particular study (which 

was carried out from 04/06 – 04/13/05), the only sample point was located in the gas 

outlet line, an 8-in. stainless steel pipe where the sample probe was located about 12 feet 

from the top of the absorber and about 6 feet before the cooler.  Figures 3.3 and 3.4 give a 

schematic of the experimental setup.  

Figure 3.3: FTIR Sample Point Shown in PRC Process Flowsheet for PRC MEA 
Baseline Campaign 
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Figure 3.4: FTIR Sample Probe Used in PRC MEA Baseline Campaign 

All of the FTIR analyzer equipment as well as the computer were located outside 

on the second level of the structure’s platform for this project.  The sample probe was 

constructed of ¼” stainless steel tubing and positioned parallel to the gas flow in the 8” 

I.D. gas outlet pipe.  The probe was made long enough so that it was sampling gas 

flowing in the middle of the line.  Two Swagelok® on/off valves allowed for switching 

between absorber gas and nitrogen purge streams, which was necessary when it became 

time for the instrument to be recalibrated.  Since the instrument was located outside, it 

was necessary to recalibrate it several times daily due to significant changes in ambient 

temperature which cause drift in the optics sensors.  Once the instrument was calibrated 

correctly using dry nitrogen gas, the software was set up to record samples at 3 minute 

intervals.  

Gas Flow
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3.2.3  FTIR Gas Sampling System for PRC Campaign 4 (PZ/K2CO3 Campaign) 

The gas sampling method for Campaign 4 proved to be a major upgrade from the 

method used in Campaign 3.  First, it was desired to measure gas compositions at both 

the absorber inlet as well as outlet locations.  In fact, the absorber outlet point was to be 

located inside the absorber head this time as opposed to some distance down the line in 

the absorber gas outlet stream as in the previous Campaign.  The main reason for this was 

to measure the gas composition as close to the top of the absorber as possible and not 

allow for the gas sample to cool (and therefore condense water and amines) before it got 

to the sample point. Furthermore, locating the sample point inside the absorber head 

allowed for more faith in the temperature measurement from the nearest thermocouple 

(TT4078), and thus more accurate model predictions could be made (see Fig. 3.4). 

Secondly, it was imperative to locate all the FTIR equipment and associated hardware 

indoors in a laboratory for safety reasons.  Thirdly, the operators at PRC requested all 

FTIR data be linked to their Delta V control system so they could monitor gas phase 

compositions from the control room.   

There were also significant changes to the materials of construction of the sample 

probe itself.  For Campaign 4, it was desired to construct the probe with as little stainless 

steel as possible so as to minimize heat loss.  Thus, the material of construction was to be 

3/8” PFA Teflon® tubing rather than stainless steel.  Because PFA is not as rigid as 

stainless, it is impossible to shape into something practical by itself, so the PFA tubing 

was placed inside a ½” stainless steel tube so that rigid shapes could be made while the 

gas was only exposed to the PFA (see Fig. 3.4 below).   
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Figure 3.4: FTIR Absorber Head Sample Probe Used in PRC Campaign 4 

The secondary sample point in this Campaign was located downstream of the 

steam injection point right before the absorber inlet gas line.  Because the FTIR can 

analyze wet gases (as opposed to the Vaisala analyzers only being capable of analyzing 

gases on a dry basis), this particular location was deemed more important than one that 

could have been located closer to the Vaisala, which was before the steam injection.  This 

particular sample probe was constructed out of 3/8 – in PFA Teflon® tubing wrapped 

inside ½ - in stainless steel tubing to maintain rigidity.  The only difference between the 

absorber inlet and absorber outlet sample probes was that the inlet probe was 

significantly smaller in size due to the fact that it did not have to traverse the length of a 

column head.   This probe had a length of about 4 in. and was placed in an existing 
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penetration in the absorber gas inlet pipe, with the probe pointed in the direction of gas 

flow so as to minimize entrainment and wall effects. 

Since there were two sample points to be analyzed in this Campaign with only 

one FTIR analyzer, it was necessary to construct a valve switching system to allow 

operators to easily switch between sample points.  Two Swagelok® “60” Series 3-way 

ball valves were mounted inside a custom made temperature controlled oven box from 

Environmental Supply Company, Inc. and were plumbed so that one sample point flowed 

to the FTIR analyzer while the other was sent to vent in a fume hood inside the 

laboratory.  Figure 3.5 shows the basic flowsheet of how this was set up. 
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Figure 3.5: FTIR Sample Points in PRC Process Flowsheet for Campaign 4  

One major advantage to having all the equipment indoors was the lack of a need 

to recalibrate the analyzer several times a day.  This leads to less downtime and more 

data that can be collected.  Both sample probes as well as all exposed Teflon® tubing 

inside the laboratory were well insulated to alleviate sample condensation.  Once the 

analyzer was initially calibrated, it was allowed to collect data sets at three minute 

intervals from 01/10/06 until 01/20/06.  After the solvent composition changed from 5 m 

K+/2.5 m PZ to 6.4 m K+/1.6 m PZ, the analyzer was recalibrated on 01/23/06 and 

allowed to collect data samples in three minute intervals from 01/23/06 until 01/26/06.   
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3.3  ANALYTICAL METHODS 

The only analytical method used in this work was Fourier Transform Infrared 

(FTIR) analysis.  FTIR analysis was carried out using the gas analyzer system previously 

described.  The major benefit of FTIR analysis is that this system has the capability to 

measure wet gases of up to 50 separate components simultaneously, and can record the 

data automatically, thus allowing for experiments requiring long sampling times.  Goff 

(2005) detailed the theory and mathematics behind FTIR analysis, and this work will 

serve to describe the process by which the system is calibrated, a sample is analyzed, and 

the creation of reference files for new components.  A brief overview of this process will 

be given here, but for a detailed description refer to Appendix A. 

3.3.1  FTIR Gas Phase Analysis  

The FTIR is a valuable instrument for this type of work because it can analyze the 

gas phase composition of a hot wet gas sample.  To do this analysis, however, the FTIR 

software needs something to compare the sample spectra to and this is known as a 

reference spectrum.  Each component that will be included in the analysis must have 

reference spectra for given concentrations saved in the correct directory on the computer; 

otherwise the Calcmet™ software will not “look” for it and will give false readings for 

that particular component.  Many reference spectra are included in the Calcmet™ 

libraries, so the only spectra that need to be generated are components not in that library 

or components with reference spectra that are deemed suspect (see Appendix A for this 

procedure). 

It was necessary to create reference files specifically for MEA and PZ for these 

series of laboratory experiments since they were not included with the Calcmet™ 

software library.  MEA reference files were created using the GASMET™ Calibrator at 

concentrations of 5, 10, 25, 50, 100, 500, 5000, 10000, and 15000 ppm by varying the N2 
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flowrate (via the Brooks flow controller) and pumping rate of the liquid MEA through the 

syringe pump control to achieve the desired concentration.  This process is given in detail 

in Appendix A.  PZ reference files at concentrations of 2, 40, 59, 105, 140, 151, 188, 232, 

407, and 471 ppm were created by placing a pre-weighed sample of dried PZ into a 

sealed bomb in the Isotemp temperature bath at a set temperature and N2 flowrate.  

Nitrogen was passed over the PZ for a specified amount of time, and after this time had 

elapsed, the PZ was weighed again to determine the amount of PZ that had evaporated.  

The evaporation rate was assumed to be constant, and since the molar flow of N2 was 

known through the flow controller calibration curves, it was possible to calculate a PZ 

concentration in the gas phase, which could be converted into a ppm value.  The PZ 

concentration could be varied by adjusting the bath temperature and/or the N2 flowrate.   

Once all the reference spectra are organized, the FTIR has to be given a zero 

baseline to start from, and this is done by flowing pure N2 through the system and 

running a Zero Calibration through the software.  Once all the component values are 

verified to read “0.00”, then it is possible to start taking measurements.  A detailed 

description of this process and multi-component gas phase analysis is given in Appendix 

A.  Once this calibration procedure is completed, the temperature bath was set to the 

desired temperature and allowed to equilibrate.  Once this had occurred, the software was 

initialized to acquire sample spectra at 3 minute intervals until the solution had reached 

equilibrium, which was established when the bath temperature was stable to within 0.5% 

according to the PicoLog software.  At this point it was possible to average the gas phase 

concentrations for each component for the 5 previous samples to get representative values 

for the gas phase compositions at this particular temperature.   
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Chapter 4: MEA Baseline Campaign Results 

This chapter focuses on the partial pressure and subsequent volatility results for 

the MEA Baseline Campaign carried out at the JJ Pickle Research Campus in Austin, 

Texas from April 6 – April 13, 2005.  The experimental procedure for this campaign was 

outlined in Chapter 3. This campaign was conducted under industrial CO2 capture 

conditions, and the effects of temperature and CO2 loading on MEA volatility are 

presented.   

4.1 METHOD DEVELOPMENT AND DATA ANALYSIS 

The initial results of the FTIR analysis came back with very high residuals, 

meaning that the absorbance peaks of the compounds being measured compared poorly 

with those peaks in the reference files, and thus many of the values initially reported were 

deemed suspect. Some causes of this were poor or misplaced reference files, higher than 

expected concentrations of some compounds, and analyzing for absorbances of 

compounds in the wrong wave regions. With FTIR analysis, it is possible to re-evaluate 

results even after the experiment is complete (granted the background scan is good) by 

changing the wave regions where absorbance is being analyzed for in certain compounds.  

The first step of the new method development was to generate new NH3 reference 

files, as it was believed the ones that were initially used were dated and possibly 

inaccurate. To do this, a 1000 ppm NH3/N2 blend was mixed with pure N2 at different 

flowrates and passed through the heated sample line back in the laboratory. The N2 flow 

was varied to give different NH3 concentrations. New reference files were generated at 

100 ppm, 250 ppm, 500 ppm, 750 ppm, and 1000 ppm., and then added to the analysis 

settings.  
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Secondly, the analysis regions for different compounds were changed. For NH3, 

absorbances were only analyzed for in the 995-1073 and 1096-1250 cm-1 region. 

Analysis for NO was turned off, but the results yielded higher residuals than previously 

found for H2O, so NO was added back to the list of compounds to be analyzed. For CO2, 

it was found to be impossible to analyze in the region between 980-1130 cm-1, but proved 

to be insignificant in terms of affecting the concentrations as this region is normally just 

used for baseline correction purposes.  Also, due to the high H2O residuals, it was not 

practical to use the region between 3400 and 3800 cm-1 for CO2, and it was removed. An 

additional analysis region for MEA was added (2416-2601 cm-1), and another region was 

experimented with (980-1119 cm-1), but the residuals increased, and this latter region was 

removed.  Another reference file for methanol was added (10 ppm), and the analysis 

regions were changed to 995-1073 cm-1, 1095-1150 cm-1, and 2450-3180 cm-1. This 

caused a drop from in MEA concentration from 29.2 ppm to 2.9 ppm for the same 

sample. Furthermore, an additional region was added for acetaldehyde from 3200-3350 

cm-1. Finally, the methylamine analysis regions were changed to 2022-2223 cm-1, 2450-

2650 cm-1, and 2800-3203 cm-1, with the first two regions to account for baseline 

correction. This new method greatly improved the residuals on every compound, with 

noticeable improvements in CO2, H2O, NH3, and MEA. 

4.2 EXPERIMENTAL RESULTS 

This section will present the key findings from the MEA Baseline Campaign 

FTIR analysis.  The components that made up the final analysis were H2O, CO2, CO, 

N2O, NO, NO2, NH3, formaldehyde, MEA, and CH4.  The main focus was on the H2O, 

CO2, NH3, and MEA concentrations.  Comprehensive tables listing raw data for all 

components can be found in the appendix.  
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4.2.1 MEA and H2O Activity Coefficient Results 

Since there is no other alternative way of measuring concentrations of any 

compounds other than CO2 in the gas phase at PRC, the measured partial pressure of H2O 

and MEA was compared to the pure liquid vapor pressure which is predicted by Posey 

(1994), given by Equations 4.1 and 4.2 below, and the results are shown in Figure 4.1.  

(Note that both Equations. 4.1 and 4.2 apply to binary amine-water solutions and thus do 

not account for CO2 loading.) 
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Figure 4.1: Experimental and predicted values for MEA and H2O partial pressure 
(in atm) versus inverse temperature (K-1). 

It is observed that in both cases, the actual measured vapor pressures in a loaded 

solution for both compounds are somewhat lower than predicted for the unloaded 

scenario. Apparent activity coefficients for each compound were calculated by Equations. 

4.3 and 4.4, and then plotted as a function of absorber lean loading in Figures 4.3 and 4.4.  
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respectively in unloaded solutions. These values correspond to 55/62 for water, and 7/62 

for MEA.  

Chang (1993) and Posey (1994) predict an activity coefficient of approximately 

0.96 for water in a binary water-MEA solution, and our data seem to be a scatter with 

values ranging from approximately 0.5-1, while most are consistently lower than 0.96. 

The same study also predicts MEA activity coefficients between 0.4 and 0.45 for a binary 

water-MEA system between the temperatures of 30 0C and 60 0C. Our studies show that, 

in this temperature range, we again see a scatter of points at both loading conditions, but 

the majority of the points are somewhat higher than this prediction. Both of these 

deviations are accounted for by the fact that the loaded CO2 decreases the amount of free 

MEA in the system, and thus the differences in the activity coefficients.  
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Figure 4.3: Measured activity coefficients for MEA as a function of absorber lean 
loading for MEA Baseline Campaign 

For most of the experiment, NH3 concentrations at the top of the absorber were 

very high, some exceeding 1000 ppm. Currently, it is not possible measure NH3 past this 

limit since 1000 ppm is the upper limit in reference spectra, and since the FTIR cannot 

extrapolate values beyond its known references (due to the severe non-linearity of 

absorbance peaks), the NH3 concentrations given by the FTIR above 1000 ppm are more 

than likely significantly under-predicted. This creates a slight problem in that NH3 

absorbs in many of the same places as compounds such as H2O, CO2, and MEA; so if the 

NH3 concentrations are incorrect, there is a good chance that some of the other values are 

not entirely correct.  
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Figure 4.4: Measured activity coefficients for H2O as a function of absorber lean 
loading for MEA Baseline Campaign 

4.2.2 CO2 Results 

The secondary goal of this FTIR study was to evaluate whether or not FTIR 

analysis could be a viable alternative to the current Horiba and Vaisala instruments as an 

in-line analyzer.  One way to check this was to compare the concentrations of CO2 

measured at the top of the absorber. Figure 4.5 below presents the measured 

concentrations of CO2 by the FTIR (averaged over a period of 15 minutes) and the 

instantaneous readings of the Vaisala Al404 analyzer. The FTIR value was obtained by 

finding the time of the FTIR sample that was closest to the time the liquid samples were 

taken by the operators, and then averaging that value with the FTIR samples that 

occurred 3 and 6 minutes before and after the chosen FTIR sample.   The values for the 
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Vaisala analyzer had to be corrected to account for the fact that the gas being analyzed is 

wet, and since the Vaisala is calibrated with dry gas, the actual FTIR values were divided 

by (1+%H2O) to give the concentrations shown in Figure 4.5. 

Figure 4.5: Carbon dioxide concentrations (in volume %) measured over the seven 
day time period of the FTIR analysis 

It is clear that the FTIR is a very adequate instrument in analyzing compositions 

of wet gases for CO2 for the majority of the experiment. The values differed on average 

by approximately 20% for the vast majority of the points not counting the last two, and 

one possible explanation for this may be a calibration issue with the Vaisala instruments.  

As will be seen in Chapter 5, it is important to calibrate both analyzers on the same basis.  

The FTIR is calibrated on a vol % basis, and the Vaisala analyzers are typically calibrated 

with gas standards that are assumed to be in wt %.  If these gas standard cylinders are in 
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fact filled on a vol% basis (which is the standard procedure, unless specified otherwise), 

then the Vaisala readings would be erroneous and be off by a factor of about 30%. 

Figure 4.6 below shows the direct correlation between gas outlet temperature and 

H2O concentration, and because the last two sample points occur at a higher than normal 

temperature, the H2O concentration is significantly higher, and thus the measured CO2 

concentrations are not in agreement. Secondly, the sample probe into the column had 

approximately 4-5 inches of exposed stainless steel tubing, and thus the gas may have 

cooled 2-3 degrees over this short distance, causing some water to condense (along with 

some CO2), and this may contribute to the different values, especially at the higher 

temperature runs.  
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Figure 4.6: Water concentration (volume %) and temperature (0F) over the course 
of the seven day time period 
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4.3 CONCLUSIONS AND RECOMMENDATIONS 

This initial gas sampling and FTIR analysis proved to be a useful way to gain 

amine volatility data under real world industrial conditions.  MEA was found to be not as 

volatile as predicted by Posey’s model over the range of temperatures that were studied, 

but there were some instances where MEA concentrations reached higher than 500 ppm, 

which is still a concern from both an environmental and economic perspective.  It is 

noted, however, that the absorber/stripper configuration was operated without a water 

wash stage, so that may account for the high levels of MEA seen in these instances.  

Because the majority of sample points for all the compounds that were analyzed for 

correspond to residuals less than 0.01, it can be said that the resulting measured 

concentrations are precise.  MEA does have a few sample points where its residual is 

greater than 0.02, meaning the spectra do not agree very well with the supplied 

references.  One explanation for this could be that there is some other compound present 

in the gas phase that is not being accounted for, and thus the software is falsely giving the 

residual peaks to MEA when in fact they correspond to this unknown compound.  It is 

helpful to have a good understanding of the chemistry associated with the compound that 

are being analyzed for beforehand, but this chemistry is not as well understood as simple 

amine-water systems, so it is very possible that an intermediate could be present in the 

gas phase.  Also, the pilot plant facility is not an exclusive CO2 recovery unit, and thus 

many different types of distillation and extraction experiments are carried out on the 

same process units that were used in this campaign.  It is plausible, in fact, that there is 

some left over hydrocarbon or amine from a previous experiment that has found its way 

into this campaign, and the software is falsely attributing its peaks to the compounds that 

are currently being analyzed for.   
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Another conclusion is that the MEA used in the campaign was already degraded 

to a significant degree.  Goff (2005) suggests that NH3 is the primary oxidative 

degradation product of MEA, and the FTIR data from this campaign clearly show 

steadily increasing NH3 concentrations, some to levels exceeding 1000 ppm (and thus the 

range of our calibrations).  Therefore, this solvent definitely undergoes degradation under 

these conditions, and the losses due to exposure to air should not be ignored.    

For future experiments of this type, it is recommended that all analytical 

equipment be placed indoors in a controlled environment.  This would greatly reduce all 

errors in the detector associated with drifting due to large swings in ambient temperature 

and decrease the amount of downtime devoted to re-calibration of the instrument.  In 

addition, locating the hardware indoors allows for closer operator supervision since the 

equipment is located near the control room. Secondly, the absorber outlet point should be 

located closer to the top of the absorber head so that sample condensation due to cooling 

is minimized, and the fact the temperature of the sample being analyzed is closer to that 

recorded by the TT4078.   Thirdly, the sample probe itself should be constructed in such 

a way as to minimize heat loss.  A way to do this would be to fabricate the probe out of a 

material that does not conduct heat as well as stainless steel.  Furthermore, it has been 

suggested that these hot flue gases may react with the stainless steel and cause the 

aldehydes to off-gas, and this could explain why the aldehyde concentrations were so 

low.   
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Chapter 5: K2CO3/PZ Pilot Plant Campaign Results 

This chapter details the partial pressure results for the K2CO3/PZ Campaign 

carried out at the Pickle Research Campus from January 10 – January 26, 2006.  The 

experimental procedure for this campaign was outlined in Chapter 3. The experimental 

conditions for this particular campaign were set to mirror those that might occur in an 

industrial application of this technology.   

5.1 METHOD DEVELOPMENT AND DATA ANALYSIS 

All gas samples for this campaign were initially analyzed using the same 

reference files and corresponding analysis regions for the final MEA Campaign analysis.  

New reference spectra were generated for PZ at concentrations of 2, 40, 59, 105, 140, 

151, 188, 232, 407, and 471 ppm using the GASMET™ Calibrator instrument in the 

laboratory. Figure 4.1 shows the reference spectrum for the 290 ppm PZ reference file.  

For the final analysis, however, only the 59, 105, 188, and 407 ppm reference files were 

used to measure for PZ.   

The initial FTIR results showed high residuals for most compounds, and thus a 

different analysis method had to be developed post-experimentally (similar to the MEA 

Baseline Campaign).  The initial results showed concentrations of NOx gases in excess of 

700 ppm, and this unexpected result generated great concern for operator safety if this 

was indeed true.  It was later discovered, however, that hexane was used in an extraction 

experiment at the pilot plant facility just prior to the campaign, and the analysis settings 

were modified to include hexane in the analysis.  Because the original analysis settings 

did not include hexane, the Calcmet™ software had to assign the hexane peaks to a 

component that was included in the analysis, and so it falsely assigned the hexane peaks 

to the NOx gases, which explained the high concentrations originally observed.  As a 
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result of adding hexane to the gas phase analysis, the concentrations of NOx gases 

dropped to the 2 – 5 ppm range for most of the experiment.   

 

Figure 5.1: 290 ppm reference spectrum for PZ (T = 180 0C, path length = 500 cm) 

The unexpected presence of hexane in the gas phase caused another data analysis 

problem.  Figure 5.2 below shows the measured hexane concentrations in the gas phase 

(in ppm) over the course of the campaign.  For the first solvent composition (5 m K+/2.5 

m PZ), the concentrations of hexane at both sample points vary in range from 

approximately 10 – 100 ppm, but this concentration jumps significantly to almost 1000 

ppm during the second solvent composition (6.4 m K+/1.6 m PZ).  The sudden increase 

in hexane concentration for the second solvent composition made analyzing for PZ 

impossible at the absorber outlet because hexane and PZ absorb in the same regions and 
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the PZ peak was being engulfed by the enormous hexane peak in the sample spectra.  As 

a result, the Calcmet™ software gives false negative concentrations for PZ during the 

vast majority of sample spectra measured during the 6.4/1.6 solvent composition testing.   

Figure 5.2: Gas Phase Hexane Concentrations as Measured by the FTIR Analyzer 

Once hexane was added to the list of components in the analysis software, the 

residuals became significantly lower (less than 0.01 in most cases) and it appeared that 

the analysis was finished.  Upon closer inspection, however, it turns out that there was 

still an appreciable amount of an unknown compound (more than likely an amine) left 

when all other spectra were “subtracted out” of a given sample spectra.  Figure 5.3 below 

shows the reference spectra for the unknown compound that was generated by the 

residual method.  Only two regions (895 – 1296 and 2550 – 3450 cm-1) were used in the 

analysis settings.   
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Figure 5.3: Reference spectrum for the unknown compound from the K2CO3/PZ 
pilot plant campaign 

The first hypothesis for the identity of this unknown compound was 

ethylenediamine.  Piperazine is produced commercially by reacting dichloroethane in 

excess NH3 to produce 1-amino, 2-chloroethane and ammonium chloride (Reaction 5.1).  

The 1-amino, 2-chloroethane reacts with NH3 to produce ethylenediamine (EDA) and 

ammonium chloride (Reaction 2).  The EDA reacts with itself to form 1-amino, 4-chloro 

aminobutane (Reaction 3) which reacts with NH3 to form PZ (Reaction 4).  Another 

possible explanation is that EDA may be a product of oxidative degradation of PZ as 

shown by Sexton (2006).   
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(1) 

(2) 

(3) 

(4) 

Based on the reaction mechanisms above, it is not improbable to think that there 

could be some EDA formed through reaction with NH3 in the system, or present 

beforehand due to oxidative degradation taking place.  Fortunately, there were two 

separate reference spectra for ethylenediamine (10 and 100 ppm) available in the 

Calcmet™ software library, and the 100 ppm spectrum is shown below in Figure 5.4. 
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Figure 5.4: 100 ppm ethylenediamine reference spectrum (T = 180 0C, path length = 
500 cm) 

While the ethylenediamine reference spectra looks somewhat similar in shape to 

that of the unknown compound at first glance, it is important to point out that the large 

double peak in the unknown occurs at around 2300 cm-1 while this same peak occurs at 

around 2800 cm-1 for ethylenediamine.  Similarly, the smaller peaks for the unknown 

compound occur around 3500 – 3800 cm-1 while this same peak shows up at around 3300 

– 3400 cm-1 for ethylenediamine.  Nevertheless, ethylenediamine was added to the 

analysis, but only showed up in concentrations less than 1 ppm, so it was subsequently 

removed.   

The next compound that was believed to be the unknown amine present was 

ethylamine.  Sexton (2006) has shown the presence of an unknown degradation product 
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through IC analysis of K2CO3/PZ solutions, and one of the components suggested was 

ethylamine.  By including ethylamine in the analysis (and if indeed this was the 

Unknown Amine), it would serve to qualify that hypothesis.  Unfortunately, there were 

no reference spectra available for ethylamine available in the Calcmet™ software library, 

so one had to be generated.  Pure ethylamine was not available for this procedure, so a 

100 ppm ethylamine reference spectrum was generated from a 70 wt% ethylamine/30 

wt% H2O mixture.  Figure 5.5 below shows the resulting spectrum. 

Figure 5.5: 100 ppm reference spectrum for ethylamine (T = 180 0C, path length = 
500 cm) 

Similarly to ethylenediamine, the large peak for ethylamine (2700 – 3050 cm-1) 

does not show up at the same wavenumber as the unknown compound (2200 – 2400 cm-

1).  Also, the smaller peaks at the higher wavenumbers do not match up either.  Thus, 
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when ethylamine was added to the analysis, it showed up in very little amounts (1 – 2 

ppm), and was subsequently removed from the analysis.  The other two components used 

in the hexane extraction experiment were toluene and sulfolane, of which toluene was not 

present in any significant amounts and there is currently no reference spectra available 

for sulfolane. 

The identity of the unknown compound is still undetermined at the time of writing 

this thesis, and from here on in this chapter will be referred to as Unknown Amine.  The 

remainder of the chapter will serve to examine the results of the campaign; namely the 

PZ partial pressure results, CO2 measurements and how they differed from the inline 

analyzers, and some preliminary Unknown Amine results.   

5.2. EXPERIMENTAL RESULTS 

This section details the important FTIR analysis results from the K2CO3/PZ 

Campaign.  The components that made up the final analysis were H2O, CO2, N2O, NO, 

NO2, NH3, hexane, formaldehyde, acetaldehyde, methylamine, PZ, and Unknown Amine. 

The main focus was on the H2O, CO2, NOx, NH3, hexane, PZ, and Unknown Amine 

concentrations as these were the main constituents of the gas samples.  A sample spectra 

and analysis listing the concentrations of all components can be found in the appendix.   

5.2.1.  PZ Partial Pressure Results 

Because of the severe lack of published PZ partial pressure data (as opposed to 

MEA), it was pretty unclear what level of volatility to expect under the experimental 

conditions.  Riedel (1954) used an equation that he developed to predict the vapor 

pressure of PZ as a function of temperature, but the minimum temperature used in his 

regression was 106 0C – far from the 40 – 60 0C range observed in absorber conditions.  

It was noted that in some preliminary laboratory tests that the partial pressure of PZ was 
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measured at around 10 – 20 ppm using the stirred reactor setup for some degradation 

experiments at 55 0C.  

Figure 5.6 below shows the trends of the PZ gas phase concentration over the 

course of the experiment.  As mentioned previously, it was impossible to analyze for PZ 

at the absorber outlet due to the excess hexane present in the gas phase during the phase 

of the campaign corresponding to the 6.4 m K+/1.6 m PZ solvent, so those data points 

have been thrown out.  Most of the data points lie in the 0 – 15 ppm range for both inlet 

and outlet sample points, with the exception of the first two absorber outlet points.  It is 

noted that when there are data points for both the absorber inlet and outlet occurring at 

near the same time, the PZ concentration seems to be about the same for both.  An 

explanation for this would be the route that the gas takes after exiting the column. After 

the gas leaves the absorber column, it is sent to a cooler and then a knockout drum, where 

water (and possibly PZ) condense out.  This cool, dry air is then passed through a fan.  

Condensate from the stripper overhead stream (which may contain PZ) is vaporized and 

then fed into the air stream before reaching the inlet sample point. 
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Figure 5.6: Measured PZ partial pressure (in ppm) during the course of the 
K2CO3/PZ pilot plant campaign  

Hilliard (2003) regressed an electrolyte NRTL model in Aspen™ to predict 

vapor-liquid equilibrium data for K2CO3/PZ/CO2 systems based on factors such as 

temperature, CO2 loading, and solvent composition.  Figures 5.7 and 5.8 below show how 

the partial pressure of PZ (as measured by the FTIR analyzer) compare to the PZ partial 

pressure as predicted by the model at the absorber outlet and inlet, respectively.  Model 

predictions were made based upon experimental temperature and measured absorber lean 

loadings (taken from the data logsheet) that were entered into a flash calculation in 

Aspen™.   
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Figure 5.7: PZ partial pressure ratios at the absorber outlet sample point (5 m 
K+/2.5 m PZ solvent only) 

As shown in Figure 5.7 above, the measured PZ partial pressures are 2.5 to 100 

times lower than the model predictions.  Furthermore, there is no apparent correlation 

between the partial pressure ratio and absorber lean loading, which was calculated based 

on TOC and IC measurements of the sample solutions.  This result tends to suggest that 

either the data are bad or that the model is not giving accurate predictions.  Based on the 

intense method development used in the FTIR analysis, it would seem the FTIR 

measurements are pretty accurate, and thus maybe the model should be refined. 
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Figure 5.8: PZ partial pressure ratios at absorber inlet sample point for both solvent 
compositions 

The partial pressure ratios at the absorber inlet sample point (Figure 5.8) exhibit 

some similarities as well as some differences when compared to those ratios at the 

absorber outlet (Figure 5.7).  At the absorber inlet, it was possible to quantify PZ 

concentrations for some of the sample times during the second solvent composition, and 

thus have been included in the analysis.  While the data in Figure 5.8 do have somewhat 

of a scatter similar to the absorber outlet data, the points appear to have a slight linear 

correlation with absorber lean loading (if the two outlier points at the bottom are 

disregarded); a result that was not seen at the absorber outlet.  The measured PZ partial 

pressures are still significantly lower than their predicted values; with the majority a 

factor of 2 – 10 lower than the predicted value.   Again, based on these results, PZ 
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appears to be significantly less volatile than model predictions, and thus if these results 

are indeed correct, PZ loss as a result of volatility would not be a major concern for this 

particular solvent. 

5.2.2. CO2 Results 

As was the case in the MEA Baseline Campaign, a secondary objective for the 

FTIR analyzer during the K2CO3/PZ Campaign was to verify the measurements of the 

inline Vaisala and Horiba CO2 analyzers.  Additionally, the FTIR was to be the primary 

CO2 measurement capability under certain experimental conditions due to the fact that 

these conditions were outside the ranges of the Horiba and Vaisala devices.  It was 

quickly observed that a discrepancy existed between the measured CO2 values between 

the FTIR and the Vaisala analyzers.  The FTIR was consistently reading approximately 

30 – 40% higher than the Vaisala analyzers when comparing samples taken at the same 

time, as shown in Figure 5.9.   This graph shows a ratio of CO2 partial pressures between 

the FTIR and Vaisala as a function of gas temperature (in 0F) at the absorber inlet or 

outlet sample point.  If these two values were identical, the ratio should be 1, but since 

the FTIR is consistently reading higher than the Vaisala, the ratio is greater than 1.  It can 

also be seen that there is a greater scatter in the data at the absorber outlet points (the blue 

and red data points) than is seen at the absorber inlet (purple and green points).  This 

could be due to the use of the cross-exchanger to tightly control the approach temperature 

at the gas inlet, which would hence dictate water composition, which may or may not 

have an effect on the Vaisala instruments as they are somewhat sensitive to wet gas.  

After much investigation, it was deduced that the Vaisalas had been mistakenly calibrated 

under the assumption that the calibration gas cylinders were filled on a wt% basis when 

in fact they were filled on a vol% basis.   
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Figure 5.9: CO2 partial pressure discrepancies between the FTIR and Vaisala as a 
function of gas inlet/outlet temperature (in 0F) 

5.2.3. H2O Results 

Since there was such a great deal of uncertainty in the actual value of the gas 

sample being analyzed from the MEA Baseline Campaign (due mainly to sample point 

location), it was imperative for this campaign to be able to say with certainty what the 

actual temperature was.  Because H2O is a compound that tracks well with temperature 

(refer to Figure 4.6) and the FTIR has the capability to measure H2O concentrations with 

a great deal of precision, it is possible to use measured H2O concentrations as an 

indication of temperature.  The method that was used in this analysis was to plot the 

measured partial pressures of H2O (as gathered by the FTIR) as a function of temperature 

over the time that the experiment was carried out and compare these values to partial 
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pressure values calculated by the DIPPR model using temperature readings from the 

various inline probes.  Figures 5.10 and 5.11 below show the results for the absorber inlet 

and outlet sample points, respectively. 

Figure 5.10. H2O partial pressures as a function of temperature at the absorber inlet 
sample point 

The dark blue diamond points indicate experimental measurements from the 

FTIR.  As one can see from the graph, there are several temperature analyzers that give 

similar partial pressures, indicating that these points are indicative of similar temperature 

readings.  The most interesting result is that two of the analyzers that track the inlet FTIR 

measurements well (TT 4078 and TT400) are located at the top of the absorber column 

and in the gas outlet line, respectively.  That leaves the third option, TT 406, which is 

located in the gas inlet line after the steam injection point, and this was ultimately chosen 
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as the reference temperature for the absorber inlet sample point.  The last point to be 

made about this plot is that there is a degree of uncertainty associated with these 

temperature measurements in that even though TT 406 does match up well with the FTIR 

at some points, at others there is a bit of a discrepancy and that perhaps the more 

representative sample temperature would be given by another probe.  Figure 5.11 below 

shows partial pressure ratios (experimental/predicted) as a result of using TT406 as the 

representative temperature. 

Figure 5.11.  H2O partial pressures as a function of temperature at the absorber 
outlet sample point 

Figure 5.11 depicts H2O partial pressures as measured by the FTIR at the absorber 

outlet point versus values calculated from the DIPPR model using temperatures from the 

various inline analyzers.  The blue diamond points represent the FTIR measurements, and 
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from the figure above, it can be seen that there are two analyzers that appear to be very 

similar in temperature to the FTIR because they are giving near the same H2O partial 

pressure.  These two sensors, TT4078 and TT400, are located at the top of the absorber 

column, right above the top of the packing and in the gas outlet line, respectively.  

Because these two instruments read so close to each other and the FTIR, it is concluded 

that the sample temperature must be nearly the same between the top of the packing and 

the absorber outlet sample point.  As a result, the temperature readings from the TT 400 

instrument were chosen as representative gas sample temperatures, although it would not 

have been incorrect to use values from the TT4078 (as was done in the previous MEA 

Baseline Campaign).  Figure 5.12 below gives H2O partial pressure ratios 

(experimental/predicted) that were calculated for both the absorber inlet and outlet 

sample points using the two selected inline temperature analyzers.  It can be seen that that 

temperature measurements at the absorber outlet are slightly more consistent with that of 

the FTIR as the ratios are nearer to 1.  Even though the temperature measurements at the 

absorber inlet sample point are not as close to 1 as at the outlet, there is still 

approximately only 6% error, which is a reasonable number.  The absorber inlet data 

have more scatter because this particular temperature sensor was right near the steam 

injection, so some mixing effects may be the explanation.  Secondly, there’s not as big of 

a range of temperature for the absorber inlet data as that is one of the control variables 

that the operators use to manipulate the system, and it was set to a nominal value with a 

stricter confidence interval than compared to the absorber outlet temperature.   
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Figure 5.12.  H2O partial pressure ratios (experimental/predicted) for absorber inlet 
and outlet sample points as a function of gas temperature 

5.3. CONCLUSIONS AND RECOMMENDATIONS 

On the whole, the experimental method for this particular campaign was so much 

more successful than the one associated with the MEA Baseline Campaign.  The superior 

design of sample probes for this campaign coupled with the better choice of sample point 

locations seem to give much more reliable results since it was easier to match the gas 

sample temperature with one of the inline thermocouples and not have to worry about 

samples cooling and condensing before getting into the heated lines.  Secondly, locating 

all the analyzer equipment indoors in a controlled environment led to less downtime 

associated with re-calibration of the FTIR (associated with changes in ambient 

temperature) and thus allowed more time to be devoted to recording data.  This setup 
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seemed to be convenient to operate and is the recommended setup for any more 

experiments of this nature.   

It would be helpful to know beforehand when running these types of experiments 

if and when any other types of experiments were ran using the pilot plant facility so that 

these components can be added to the analysis.  This would cause less anxiety in 

worrying that a potentially harmful component (NOx in this particular case) is showing 

up in dangerous levels when in fact it is not.  Furthermore, adding all of the correct 

components to the analysis from the start would decrease time refining the analysis 

method after the experiment is completed, which was the determining factor in the 

amount of time it took to gather results.   

The precision of the results presented in this chapter are limited by two factors: 

the large presence of hexane (especially during the second solvent composition) and the 

presence of the Unknown Amine.  Because the PZ levels were consistently in the 10 – 20 

ppm range, it would be hard to gain any more precision since the peaks used in the 

analysis are buried in the enormous hexane peaks in the sample spectra.  In a perfect 

experiment, the hexane would not have been present, but since this facility is meant to 

simulate industrial conditions, experimental conditions are far from perfect and thus it is 

impossible to analyze for PZ at some sample times.  The Unknown Amine looks similar 

to ethylenediamine and ethylamine in terms of reference spectra, but does not match up 

completely, and thus the Unknown is neither of these components.  As of this work’s 

publication, its identity was still undetermined, but there are other ways to determine 

possible identities of the Unknown, such as IC chromatography.  Once the Unknown 

Amine’s identity is positively determined, it would just be a matter of generating a 

reference file (if one if not already available) and adding this reference to the analysis 

method to determine actual concentrations.    
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The PZ concentrations that were able to be measured showed very low residuals 

(less than 0.01) for both the absorber inlet and outlet sample points, and since the analysis 

method has been vigorously refined, it is speculated that these results are accurate.  If this 

assumption is indeed true, it appears that PZ was not nearly as volatile as predicted by 

models, and thus PZ loss due to volatility would not be a major concern.  It would be 

necessary to generate more data in a controlled laboratory setting with both of these 

solvents over a representative range of CO2 loadings to completely validate these initial 

results and to improve model performance.   

As was the case in the MEA Baseline Campaign, the FTIR gas analyzer proved to 

be a very capable alternative in determining CO2 levels at a given point in the facility.  In 

fact, it may be even more useful than the Horibas and Vaisalas in that it can measure wet 

gas and would eliminate the need for a cooler and water knockout.  This would provide 

operators with real-time measurements of not only CO2 but also water concentration in 

the gas phase which they currently do not have.  The most logical explanation for why 

the FTIR consistently read higher than the Vaisalas was that the Vaisalas were calibrated 

incorrectly on a wt% basis when in fact the calibration gas cylinders were filled on a 

vol% basis.  This hypothesis was verified by using the Vaisalas to measure a third CO2 

cylinder and comparing the results to measurements from a gas chromatograph.   

Finally, temperature measurements were verified by using H2O partial pressure 

calculations as a function of the temperature given by the various inline analyzers.  As a 

result, the absorber inlet gas sample temperature was given by TT 406 and the absorber 

outlet gas sample temperature by TT 400 (although TT4078 could also have been used).  

To verify the validity of this method, the actual H2O partial pressure value measured by 

the FTIR was compared to a H2O partial pressure calculated by the DIPPR model as a 

function of the analyzers’ temperature readings at each sample time.  As a result, the 
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average absorber inlet partial pressure ratio was approximately 0.94 while the ratio at the 

absorber outlet was better than 0.98.   
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Chapter 6: Laboratory Partial Pressure Results and Binary NRTL 
Modeling 

The focus of this chapter is to present the gas partial pressure and subsequent 

amine volatility results obtained from experiments carried out in the stirred reactor setup 

detailed in Chapter 3.  This chapter will be broken up into 3 major sections; each 

detailing the results of the three different systems that were studied (MEA-H2O, PZ-H2O, 

and MEA-PZ-H2O).  Once the results are presented, the second part of each section will 

detail how the results were used in generating NRTL binary interaction parameters in 

Aspen™ to predict activity coefficients.   

6.1.  NRTL MODEL 

The choice of model for this work was the Nonrandom Two Liquid (NRTL) 

model.  Specifically, the NRTL model is an excess Gibbs energy function and is used to 

predict activity coefficients for a binary system.  The excess Gibbs energy function can 

be represented as: 
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⎞
⎜⎜
⎝

⎛
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+
+

=
1212

1212
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2121
21 Gxx
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RT
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Where i and j are the species indexes (1: H2O and 2: amine), xi is the liquid mole 

fraction of component i, τij is the binary interaction parameter between component i and j, 

αij is the molecule-molecule nonrandomness factor (set at 0.2), G12 = exp(-α12τ12), and 

G21 = exp(-α21τ21).   

The binary interaction parameters were assumed to be temperature dependent, and 

fitted in the following way: 

T
BA 12

1212 +=τ                                                     (6.2) 

T
BA 21

2121 +=τ                                                     (6.3) 
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Equation 6.4 below shows that by taking the appropriate derivative (with respect 

to component i or j) of Equation 6.1, it is possible to determine the activity coefficient of 

component i or j (Equation 6.5).   
( )
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After all experimental data was tabulated, it was first regressed in Aspen™ using 

the method outlined above to fit the binary interaction parameters using all 4 

contributions: Aij, Bij, Aji, and Bji.  This model was called the full model because it used 

all 4 parameters to obtain τ12 and τ21.   

The next step after obtaining values for the binary interaction parameters using 

the full model was to use different sub models to determine their values and compare the 

results to the full model.  The purpose of using sub models was to determine if simpler 

forms of the binary interaction parameters could capture the same behavior as the full 

model.  The first case was to delete the B12 parameter and regress the binary interaction 

parameters with just A12, A21, and B21.  The second sub model regressed the binary 

interaction parameters while excluding the B21 parameter, and the third sub model 

regressed the binary interaction parameters by using only A12 and A21 parameters.     

The parameters and corresponding standard deviations for each sub model were 

compared to that of the full model, and the sub model with the lowest weighted sum of 

squares was chosen to as a starting point for further regression.  This process was 

repeated until the entire system could be modeled by only one parameter, and afterwards 

all sub model cases were ranked based on logic test and correlation criteria.  The logic 

test criterion was that the standard deviation of the parameter had to be less than the 

estimate itself, and the correlation criterion was that any two parameters that had a 

1036



 64

correlation coefficient between them of greater than ± 0.9 were said to have no 

correlation.  The third factor that was used to rank the sub models was the weighted sum 

of squares for each sub model and the percentage deviation as compared to the weighted 

sum of squares average associated with the full model.   

6.2.  MEA-H2O EXPERIMENTAL RESULTS 

The gas partial pressures for MEA and H2O were measured for the binary system 

at 4 different concentrations: pure MEA, 23.8 m MEA (xMEA = 0.3), 7 m MEA (xMEA = 

0.112), and 3.5 m MEA (xMEA = 0.0593).  Each of these solutions were measured at 35, 

45, 55, and 65 0C, and the results (see Table 6.1) were compared to the pure liquid vapor 

pressure as predicted by the DIPPR model, which is in the form given in Equation 6.6 

below.   
Esat

X DTTC
T
BAP +++= )ln(             (6.6) 

Where PX
sat is in Pa and T is in K.  Table 6.2 below gives the values for the 

DIPPR coefficients. 
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Table 6.1.  Measured vapor pressures for MEA-H2O system 

 

Table 6.2.  Values for coefficients used in DIPPR model for amine-water systems 

Esat
X DTTC

KT
BAPaP +++= )ln(

)(
)(  

The results from all four MEA-H2O solvent compositions can be seen below in 

Figure 6.1 over the entire temperature range where the single points represent 

Date Composition T (oC) MEA (ppm) H2O (vol%) Total P (kPa
3/2/2006 50.61 2972 0 107
3/3/2006 58.03 4376 0 108.6
3/24/2006 38.79 1371 0 116.6
3/24/2006 45.78 2165 0 116.4
3/24/2006 53.92 3676 0 116.2
3/23/2006 42.77 239 4.78 114.6
3/23/2006 49.95 441 6.6 115.3
3/23/2006 53.87 602 8.15 115.3
3/23/2006 61.69 1387 11.96 115.5
3/10/2006 72.7 800 29.43 125.3
3/14/2006 64.7 445 20.45 117.8
3/22/2006 42.1 57 6.55 114.8
3/22/2006 49.3 115 9.23 114.8
3/22/2006 52.8 163 10.99 114.6
3/22/2006 56.8 209 13.02 114.8
3/22/2006 61.4 282 15.28 115.1
3/15/2006 45.95 58 8.65 113.7
3/15/2006 51.21 100 11.79 113.5
3/15/2006 58.87 169 16.61 113.5
3/15/2006 65.29 240 20.95 113.6
3/21/2006 42.70 37 6.82 115.4
3/21/2006 49.40 73 9.74 115.6
3/21/2006 56.31 140 13.62 116.2
3/21/2006 65.47 227 19.83 117.8

Pure MEA

23.8 m MEA

7 m MEA

3.5 m MEA

 

Component A B C D E Min T (K) Max T (K)
Water 73.649 -7258.2 -7.3037 4.17E-06 2 273.16 647.13
MEA 92.624 -10367 -9.4699 1.90E-18 6 283.65 678.2
PZ 70.503 -7914.5 -6.6461 5.21E-18 6 379.15 638
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experimental data and the solid lines are predictions from the NRTL sub model 33 

(explained in detail later in this chapter) based on temperature and solvent composition.  

It can be seen that the points compare very favorably to the NRTL predictions, especially 

the numerous points at 3.5 m and 7 m MEA solutions that were acquired on different 

days.  The NRTL model has an error of approximately 10%, as opposed to the 2% error 

associated with the FTIR analyzer.  This means that the vast majority of the points are 

within the model’s range of accuracy. 

Figure 6.1.  Experimental MEA equilibrium partial pressure points and curves 
predicted by NRTL sub model 33 

Once the MEA partial pressure data was tabulated, it was possible to determine 

activity coefficients for each system based on the measured partial pressure, calculated 

DIPPR saturation pressure (as a function of experimental temperature), and MEA liquid 
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mole fraction. Figure 6.2 below is a plot of the experimental MEA activity coefficients 

(points) and activity coefficients predicted by the NRTL sub model 33 binary interaction 

parameters (solid lines).  The scatter in the data reflects the uncertainty associated with 

the FTIR measurements as there are a few measurements that reflect the model 

predictions while others at the same solvent composition are not quite as accurate.   

Figure 6.2.  MEA activity coefficients for MEA-H2O, curves predicted by NRTL sub 
model 33 

Figure 6.3 below shows the water activity data from these experiments.  The error 

bars on the experimental data points represent the 2% error associated with the FTIR 

analyzer equipment.  The solid lines are NRTL predictions, which have about a 10% 

error associated with them.  Recall from Chapter 1 that activity coefficients are derived 

from modified Raoult’s Law, and by dividing both sides of Equation 1.1 by Pi
sat, the ratio 
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of Pi/Pi
sat is known as the activity, which in theory should be independent of temperature.  

The data for pure H2O, 3.5 m MEA (xH2O = 0.9407), and 7.0 m MEA (xH2O = 0.888) seem 

to fit a straight line, and thus suggest that their activity is indeed temperature 

independent.  The same cannot be said for the 23.8 m MEA (xH2O = 0.7) solution.  

Because its prediction curve and data are not flat over this temperature range, it appears 

that the activity of water in this solution has some temperature dependence.  Thus it 

appears that below some nominal value for xH2O, the solution activity displays a 

temperature effect that should be accounted for in models.   

Figure 6.3.  Water activity data for MEA-H2O system for all four concentrations as 
a function of temperature 

One final interesting result of this particular system is its relative volatility.  

Relative volatility is defined as the ratio between the equilibrium constants (i.e., K-
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values) in the system, which would be water and MEA, respectively, in this case.  A K-

value is simply the ratio of the equilibrium vapor mole fraction to the equilibrium liquid 

mole fraction (y/x).  Figure 6.4 below, however, shows that the 7 m MEA solution 

actually has a higher relative volatility than the 3.5 m MEA solution, which is quite 

unexpected. 

Figure 6.4.  Relative volatility of MEA-H2O  

6.3. PZ-H2O EXPERIMENTAL RESULTS 

As was shown in Chapter 2, there is not much partial pressure data for PZ-H2O 

systems available at this time as compared to MEA-H2O systems.  Because of this lack of 

data, the DIPPR parameters used to calculate PZ vapor pressures have been regressed 

using predicted vapor pressure values by Riedel (1954).  Additionally, the minimum 
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temperature used in Riedel’s predictions was 106 0C, which is far outside the temperature 

range of interest for this work.  Therefore, all PZ saturation pressures calculated using the 

DIPPR parameters for this work were done so under the assumption that these parameters 

extrapolate reasonably well to the lower temperature range that this work is exploring.  

The experimental data are given below in Table 6.3, and Figure 6.5 shows how 

the measured partial pressure of PZ (points) compared to the NRTL sub model 

predictions from the Aspen™ regressions (solid curves).  As evidenced by the graph, the 

measured partial pressures of PZ have about a range of error from 5 – 23% over the four 

compositions measured when compared to the model predictions.   

Table 6.3.  Measured vapor pressures for PZ – H2O system 

One important result from Figure 6.6 is that this particular set of NRTL sub model 

parameters did a much better job of predicting PZ volatility for the PZ – H2O system 

than the K2CO3/PZ/CO2 model used for pilot plant data analysis (see Chapter 5).  From 

the raw data shown in Table 6.3, any PZ solvent composition in this range would not 

Date Composition T (oC) PZ (ppm) H2O (%vol) Total P (kPa)
4/3/2006 35.95 4.9 6.04 113.8
4/3/2006 44.29 12.8 9.47 113.9
4/3/2006 52.77 21.5 13.94 113.9
4/3/2006 63.41 54.3 22.16 114.3
4/5/2006 36.18 11.0 5.93 112.7
4/5/2006 44.43 21.1 9.20 112.4
4/5/2006 52.83 43.6 13.62 112.3
4/5/2006 60.40 76.2 19.50 112.2
4/6/2006 32.72 16.2 6.24 113.9
4/6/2006 39.70 30.3 9.25 114.3
4/6/2006 52.92 73.0 16.85 114
4/6/2006 61.01 125.4 23.42 115.6
4/7/2006 34.66 19.6 5.76 114.9
4/7/2006 45.08 47.7 10.09 115.3
4/7/2006 53.22 89.6 14.78 116.9
4/7/2006 61.16 158.2 21.1 114.6

0.9 m PZ

1.8 m PZ

2.5 m PZ

3.6 m PZ
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have adverse economic effects below about 40 0C as the volatility is less than the 40 ppm 

threshold calculated in Chapter 1.  Therefore, these data suggest that a PZ –H2O solvent 

may be economically viable for CO2 capture at absorber temperatures up to 

approximately 40 0C. 

Figure 6.5.   PZ equilibrium partial pressure over PZ/water, curves predicted by 
NRTL sub model 33 

After the experimental data had been tabulated and the NRTL sub model binary 

interaction parameters regressed, it was possible to calculate PZ activity coefficients.  

Figure 6.6 plots experimentally calculated (points) and predicted values (solid curves) as 

given by the final NRTL sub model.  These activity coefficients do not show the same 

agreement as the values for MEA discussed previously, and the reason for this is 

presumed to be the uncertainty dealing with the pure component vapor pressures 
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calculated for PZ by the DIPPR equation.  Perhaps the most important result that can be 

gained from this plot is that even though some discrepancy exists between experimental 

and predicted values, PZ remains a fairly non-volatile compound and thus PZ loss 

through volatility is not significant over these composition and temperature ranges. 

Figure 6.6.  Measured and predicted PZ activity coefficients as a function of 
temperature 

The H2O activity data are plotted in Figure 6.7 below.  The error bars on the 

experimental data represent the 2% error range associated with the FTIR.  The 

experimental data in this case do not share the same agreement with the model 

predictions as the H2O activity data associated with the MEA – H2O system.  In fact, the 

error associated with these measurements is in the 10 – 15% range for every composition 

except for the 2.5 m PZ, which was the anomaly above as well.  The error for this 
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particular solvent was in the 35 – 45% range for the experimentally measured activities 

when compared to the software predictions.  Another important trend to notice is that 

none of the experimental activities display the temperature independence as suggested by 

the software predictions.  The experimental measurements seem to vary somewhat with 

temperature, as they follow some curve that is anything but flat.   

Figure 6.7. Measured and predicted H2O activities as a function of temperature for 
the PZ-H2O system 
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Figure 6.8.  Relative volatility for H2O-PZ 

Figure 6.8 shows the experimental relative volatility for the H2O-PZ system.  

With the exception of the two outlier points at the lower temperatures for the 2.5 m PZ 

solution, it appears all the data are tightly clustered and follow the same downward curve 

trend.  This suggests that possibly those two points for the 2.5 m PZ solution could 

possibly be bad data points.  Furthermore, the data appear to have less scatter at the 

higher temperatures, possibly implying more reproducibility in these measurements than 

in the lower temperatures.   

6.4. MEA-PZ-H2O EXPERIMENTAL RESULTS 

Now that the results of the separate MEA-H2O and PZ-H2O systems have been 

reported, it was important to gather partial pressure data for the ternary MEA-PZ-H2O 
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blended amine system to see how the two amines interacted with one another.  Table 6.4 

summarizes the results of the experiments.   

Table 6.4.  Measured vapor pressures for the MEA-PZ-H2O system 

In comparing the above data to the experimental results for the MEA-H2O and 

PZ-H2O systems, it is apparent that the MEA concentrations are higher at the same 

temperature for the same molality while the PZ are approximately the same.  Thus, in a 

blended system it would appear that PZ loss through volatility would not be a concern as 

much as MEA volatility.  PZ volatility would become important at above 40 0C for the 

two 3.6 m PZ blend solvents as the concentrations here are above the 40 ppm economic 

threshold from Chapter 1.   

Figure 6.9 below is a plot of MEA partial pressures as a function of temperature 

for all four solvent compositions studied (refer to Table 6.4).  Each solvent pair 

corresponding to similar MEA concentrations (i.e., 3.5 m MEA and 7 m MEA blends) 

have approximately the same partial pressures at the same temperature, and the additional 

PZ tends to drive the MEA partial pressure down slightly as evidenced by the graph.   

Date Composition T (oC) MEA (ppm) PZ (ppm) H2O (vol%) Total P (kPa)
4/10/2006 37.32 24.7 14.1 5.56 115
4/10/2006 44.93 46.2 20.2 8.61 115.2
4/10/2006 52.65 89.9 43.8 12.89 115.4
4/10/2006 60.36 161.1 70.3 18.48 116.4
4/11/2006 37.24 26.4 21.8 5.32 113.3
4/11/2006 44.78 49.6 48.3 8.08 113.3
4/11/2006 53.44 98.0 74.4 12.35 113.2
4/11/2006 60.32 189.4 153.7 17.82 113.1
4/12/2006 36.82 49.3 10.5 5.19 114.1
4/12/2006 44.47 98.3 23.6 7.92 114.2
4/12/2006 53.73 179.7 47.9 12.04 114.2
4/12/2006 61.45 334.6 71.5 17.54 114.3
4/13/2006 35.78 49.8 21.4 4.92 115.8
4/13/2006 44.52 107.6 46.9 7.50 116
4/13/2006 53.04 196.3 86.8 11.46 116.4
4/13/2006 60.69 364.4 168.6 16.65 117.6

7 m MEA/3.6 m PZ

3.5 m MEA/1.8 m PZ

3.5 m MEA/3.6 m PZ

7 m MEA/1.8 m PZ
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Figure 6.9. Experimental and predicted MEA partial pressures as a function of 
temperature for MEA-PZ-H2O systems 

It can be seen that the NRTL parameter regression using the entire set of 

experimental data does a very good job of predicting partial pressures that mirror actual 

experimental results.  In fact, over this temperature range, the error was only 19% at the 

highest point, which was the 7 m MEA/3.6 m PZ solution.  Two of the other solvent 

compositions (3.5 m MEA/1.8 m PZ and 7 m MEA/1.8 m PZ) had errors in the 3% range, 

which looks to be attributable to the lower PZ concentrations.  The remaining 3.5 m 

MEA/3.6 m PZ solvent had an average error of about 15% compared to the NRTL 

predictions.   

The NRTL also accurately predicted the PZ partial pressures, which can be seen 

below in Figure 6.10.   
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Figure 6.10. Measured and predicted PZ partial pressures as a function of 
temperature for the MEA-PZ-H2O system 

While not quite as precise as the MEA measurements, the predicted PZ partial 

pressures were off by an average of 10% for the two solutions at the lower MEA 

concentration, but the two 7 m MEA blend solvents showed an error of 15 – 20% in the 

PZ partial pressure predictions.  This is a significant improvement to the K2CO3/PZ pilot 

plant data which exhibited a large percentage error.   
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Figure 6.11. MEA activity coefficients for the MEA-PZ- H2O system, curves 
predicted by NRTL sub model 33 

Figure 6.11 above shows the measured as well as predicted MEA activity 

coefficients over the temperature range studied for each different solvent composition.  

The scatter in the data shows that there is still some error associated with the NRTL 

parameter regression, although a few of the experimental points lie very close to the 

model prediction curves.  The average error of the measurements was around 15%, and it 

can be seen that the addition of PZ tends to shift the MEA activity down at the same 

temperature.  Therefore, since PZ by itself is not a very volatile compound, it would 

make sense from an economic standpoint to add PZ to an MEA solvent to decrease the 

MEA volatility.   
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Figure 6.12.  PZ activity coefficients for the MEA-PZ-H2O system, curves predicted 
from NRTL sub model 33 

Figure 6.12 plots the measured and predicted PZ activity coefficients calculated 

from the MEA-PZ-H2O blend data.  As was the case with the MEA activity coefficients 

for this system, there is some error involved with the NRTL predictions, and the average 

is around 20%.  Similar to the MEA activity coefficients above, the PZ activity 

coefficients for a blend solution with the same PZ molality decrease with the addition of 

MEA.   
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Figure 6.13.  H2O activity for the MEA-PZ-H2O system, curves predicted by NRTL 
sub model 33 

Finally, the H2O activity data for the MEA-PZ-H2O system is given in Figure 

6.13.  The NRTL sub model predicts a relatively flat behavior for H2O activity based on 

temperature, suggesting that activity is a temperature independent function.  The 

experimental data show some slight curvature over this same temperature range, thus 

raising the possibility that there could be some slight temperature dependence associated 

with this parameter that the model is not accounting for.  The error bars on the 

experimental data points represent the 2% range of error associated with the FTIR 

analyzer, and thus it seems there is about a 10 – 15% error between the experimental and 

predicted values for H2O activity.   
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Figure 6.14.  Relative volatility of MEA-PZ-H2O 

Figure 6.14 shows the experimental relative volatility for the MEA-PZ-H2O blend 

systems.  Ignoring the one outlier point each for the 3.5 m MEA/1.8 m PZ, 3.5 m 

MEA/3.6 m PZ and 7 m MEA/1.8 m PZ systems, it appears the relative volatility for 

MEA/PZ is anywhere between 1 – 1.2.  Thus, to a zero order approximation, it can be 

concluded that MEA and PZ have the same volatility at the same liquid mole fraction.   

6.5.  NRTL BINARY INTERACTION PARAMETERS FOR MEA-PZ-H2O DATA 

Upon completion of the partial pressure experiments, all experimental data for the 

various binary and ternary systems was entered into the Aspen™ software where 

attempts were made to model the experimental data by regressing NRTL binary 

interaction parameters for the full model described earlier.  That is, Aij and Bij values were 
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regressed for H2O-MEA, MEA-H2O, H2O-PZ, PZ-H2O, MEA-PZ, and PZ-MEA 

interactions.  Once the full model parameters were established, they were tabulated along 

with their respective standard deviations, and a logic test was performed.  The logic test 

simply describes whether or not the standard deviation was smaller than the parameter 

estimate, and a logic test result of “Yes” indicates that the parameter estimate is not very 

good due to the fact that its magnitude is smaller than that of its standard deviation.  A 

correlation matrix was also created to quantify the extent of the correlation of a certain 

parameter and the others.  A value greater than or equal to ± 0.9 indicates that there is no 

correlation where a value of approximately 0.5 indicates there is slight correlation and a 

value near 0 indicates strong correlation.  Finally, a weighted sum of squares average was 

calculated for the full model and used as a reference point to compare to the weighted 

sum of squares average (as calculated by Aspen™) of the sub models.   

Once the full NRTL model was established, the process of adding and subtracting 

parameters was used to ultimately find the simplest sub model possible that could model 

the experimental data with the least error between its weighted sum of squares average 

and that of the full model.  Starting with the full model, there was a separate regression 

done for each sub model that subtracted only one Bij parameter at a time, and the results 

were ranked in order of lowest SSQ.  Whichever sub model had the lowest SSQ as 

compared to the full model was chosen as the starting point for the next set of sub model 

cases, where Aij and Bij parameters were added and subtracted one at a time until 

eventually the sub model got down to a single Aij parameter used to model the entire data 

set.  Table 6.5 gives the results of the sub models that were ranked first on logic test and 

then on correlation.   
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Table 6.5.  NRTL sub model rankings based on logic test and correlation matrix 
values 

The first criterion for selecting the appropriate sub model was the logic test; that 

is, a value of 0 for logic test indicates that none of the parameter estimates had a 

magnitude less than the standard deviation.  Thus, it was important to select a sub model 

with a relatively low number for logic test   The next criterion used to evaluate the sub 

model performance was the value assigned to each sub model’s correlation matrix.  This 

value is the number of sub model parameters that are greater than or equal to ± 0.9.  A 

high number for the correlation matrix indicates that a high number of parameters are not 

correlated very well with each other, and thus they could probably be removed from the 

model to simplify it further.  Finally, the Rank column was just a ranking done on the 

deviation of each sub model’s weighted sum of squares average as compared to that of 

the full model; that is the closer the two SSQs, the closer to 1 the sub model was ranked.   

Out of all the sub model cases shown in Table 6.5, the final sub model chosen was 

sub model 33.  Certainly arguments can be made for other sub models depending on the 

Model SSQ Logic Test Correlation Rank Model SSQ Logic Test Correlation Rank
3 8745 10 7 1 15 8783 7 13 13
11 8746 8 3 4 24 8915 6 1 19
19 8747 7 13 5 30 9096 4 1 24
25 8778 6 6 12 31 9295 1 0 30
27 8803 5 7 16 36 13226 2 1 38
33 9084 1 3 23 39 20193 1 1 41
37 9505 0 2 31 41 103740 0 1 44
38 10795 0 1 33 2 8752 11 9 8
43 14799 0 1 40 9 8783 9 7 14
45 25324 0 0 43 17 9010 6 12 20
46 188104 0 0 46 23 9015 4 2 21
5 8746 10 9 3 26 9258 4 2 29
13 8748 9 8 7 32 13094 3 2 37
18 8758 7 13 9 6 8760 11 12 11
21 8785 6 3 15 10 8833 8 5 18
29 9046 4 2 22 20 9187 5 4 27
34 9115 1 2 25 14 9188 6 13 28
35 9510 0 2 32 28 13062 4 1 36
40 13442 0 2 39 4 8829 10 11 17
42 20839 0 0 42 8 9150 8 8 26
44 176895 0 1 45 16 12050 12 9 34
47 1720338 0 0 47 22 12289 5 1 35
7 8748 11 14 6 full 8746 12 13 2
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weight placed on the three different criteria outlined above, but the justification for sub 

model 33 was that it had a low logic test (1) as well as a low correlation (3), and finally 

the deviation from the full model’s SSQ was less than 4%.  Thus, sub model 33 seems to 

meet the requirements established above that it is a simple model that can still reflect the 

experimental data with good precision.  The form of sub model 33 is given below in 

Equations 6.7 – 6.9 (T is in K).  Tables 6.7 and 6.8 give the confidence intervals 

associated with each Aij and Bij and correlation matrix, respectively. 

TMEAOH
688166.1

2
−=−τ              (6.7) 

TPZOH
2253007.4

2
−=−τ             (6.8) 

TPZMEA
6845194.17 −=−τ              (6.9) 

Table 6.7.  NRTL submodel 33 parameter estimates and standard deviations 

 

Table 6.8.  NRTL sub model 33 correlation matrix 

Parameter Component i Component j Value (SI units) Standard deviation Logic Test
A H2O MEA 1.166 1.34 Yes

B H2O MEA -689 433.47 No
A H2O PZ 4.007 1.80 No
B H2O PZ -2254 579.60 No
A MEA PZ 17.194 13.10 No
B MEA PZ -6845 4179.85 No

Parameter A (H2O-MEA B (H2O-MEA) A  (H2O-PZ) B (H2O-PZ) A (MEA-PZ) B (MEA-PZ)
A (H2O-MEA 1      

B (H2O-MEA) -1.000 1     
A  (H2O-PZ) 0.436 -0.435 1    
B (H2O-PZ) -0.437 0.437 -1.000 1   
A (MEA-PZ) -0.456 0.453 -0.738 0.734 1  
B (MEA-PZ) 0.459 -0.456 0.740 -0.737 -1.000 1
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The first thing to note about the form of sub model 33 is that the first two 

interactions are the H2O-amine interactions.  This makes physical sense in that all the 

solutions (with the exception of pure MEA) are comprised of H2O for the most part, so 

these interactions would probably be more representative of the actual solutions than the 

omitted amine-H2O terms.  The three parameters that have the high correlation values 

from Table 6.5 are the Bij parameters for each equation.  Thus, these parameters are not 

really correlated and could be removed.  However, removing the three Bij parameters 

results in an increase in deviation from the full model SSQ from less than 4% (sub model 

33) to over 58% (sub model 42).  Therefore, it is shown that there is some room for 

interpretation when deciding the amount of precision that is acceptable to sacrifice for the 

sake of modeling simplicity. 

Now that the final sub model form has been established, the parameters were 

input into an Aspen™ flash calculation along with the experimental values of 

temperature, liquid mole fraction, and gas partial pressure.  The constraints placed on the 

liquid mole fractions (0.1%) and gas partial pressures (2%) were purposely set tight and 

the constraint around temperature (0.1 0C) was set so that Aspen™ would essentially 

adjust the value of the regressed temperature to match the liquid mole fractions and 

partial pressures.  Tables 6.6 through 6.8 below show the experimental and regressed data 

using sub model 33 parameters in Aspen™.   
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Table 6.6.  Experimental and regressed data for all MEA experiments 

 

 

 

 

 

 

T (0C) xMEA PMEA (bar) γ Composition T (0C) xMEA PMEA (bar) γ
42.77 0.3 2.74E-04 0.453 42.37 0.2998 3.48E-04 0.592
49.95 0.3 5.08E-04 0.501 49.68 0.2998 6.00E-04 0.603
53.87 0.3 6.95E-04 0.523 53.65 0.2999 7.99E-04 0.610
61.69 0.3 1.60E-03 0.719 61.92 0.3001 1.38E-03 0.610
72.7 0.112 1.00E-03 0.610 72.96 0.1121 8.43E-04 0.505
31 0.112 5.10E-05 0.561 31.60 0.1121 3.68E-05 0.385

35.8 0.112 9.00E-05 0.676 36.66 0.1121 5.55E-05 0.390
40.8 0.112 1.76E-04 0.902 42.08 0.1122 8.39E-05 0.390
48.2 0.112 2.96E-04 0.884 49.32 0.1122 1.50E-04 0.414
64.7 0.112 5.24E-04 0.520 64.79 0.1120 4.96E-04 0.490
42.1 0.112 6.50E-05 0.302 41.48 0.1119 9.32E-05 0.454
49.3 0.112 1.32E-04 0.365 48.95 0.1119 1.64E-04 0.464
52.8 0.112 1.87E-04 0.405 52.59 0.1120 2.13E-04 0.468
56.8 0.112 2.40E-04 0.397 56.53 0.1120 2.85E-04 0.481
61.4 0.112 3.25E-04 0.398 61.10 0.1119 3.95E-04 0.493
45.95 0.0593 6.60E-05 0.437 46.07 0.0593 6.17E-05 0.405
51.21 0.0593 1.13E-04 0.516 51.55 0.0593 9.25E-05 0.413
58.87 0.0593 1.91E-04 0.520 59.13 0.0593 1.62E-04 0.435
65.29 0.0593 2.73E-04 0.493 65.41 0.0593 2.54E-04 0.456
42.7 0.0593 4.30E-05 0.361 42.53 0.0593 4.76E-05 0.406
49.4 0.0593 8.40E-05 0.435 49.47 0.0593 8.06E-05 0.416
56.31 0.0593 1.62E-04 0.523 56.61 0.0593 1.35E-04 0.427
65.47 0.0593 2.68E-04 0.479 65.54 0.0593 2.58E-04 0.458

23.8 m MEA

7 m MEA

3.5 m MEA

EXPERIMENTAL REGRESSED
MEA

1059



 87

Table 6.6 (cont.).  Experimental and regressed data for all MEA experiments 

 

 

 

 

 

 

 

T (0C) xMEA PMEA (bar) γ Composition T (0C) xMEA PMEA (bar) γ
50.61 1 3.18E-03 0.898 50.44 1 3.50E-03 1.000
58.03 1 4.75E-03 0.812 57.72 1 5.74E-03 1.000
38.79 1 1.60E-03 1.069 38.90 1 1.51E-03 1.000
45.78 1 2.52E-03 1.003 45.78 1 2.51E-03 1.000
53.92 1 4.27E-03 0.960 53.86 1 4.43E-03 1.000
37.32 0.0576 2.84E-05 0.370 37.48 0.0575 2.90E-05 0.372
44.93 0.0576 5.32E-05 0.391 44.34 0.0575 5.14E-05 0.395
52.65 0.0576 1.04E-04 0.442 52.54 0.0575 9.81E-05 0.421
60.36 0.0576 1.88E-04 0.478 60.11 0.0575 1.72E-04 0.446
37.24 0.0560 2.99E-05 0.402 37.03 0.0560 2.59E-05 0.354
44.78 0.0560 5.61E-05 0.429 44.86 0.0560 5.06E-05 0.385
53.44 0.0560 1.11E-04 0.460 53.01 0.0560 9.73E-05 0.416
60.32 0.0560 2.14E-04 0.562 60.54 0.0560 1.72E-04 0.444
36.82 0.1067 5.63E-05 0.410 36.75 0.1066 5.63E-05 0.413
44.47 0.1067 1.12E-04 0.460 44.84 0.1067 1.10E-04 0.440
53.73 0.1067 2.05E-04 0.438 53.90 0.1066 2.22E-04 0.470
61.45 0.1067 3.82E-04 0.490 61.28 0.1066 3.81E-04 0.493
35.78 0.1059 5.77E-05 0.459 36.01 0.1059 4.94E-05 0.386
44.52 0.1059 1.25E-04 0.514 45.05 0.1060 1.06E-04 0.421
53.04 0.1059 2.28E-04 0.515 53.22 0.1059 2.03E-04 0.452
60.69 0.1059 4.29E-04 0.581 61.13 0.1060 3.65E-04 0.481

Pure MEA

3.5 m 

MEA/1.8 m 

PZ
3.5 m 

MEA/3.6 m 

PZ
7 m MEA/1.8 

m PZ
7 m MEA/3.6 

m PZ

MEA
EXPERIMENTAL REGRESSED
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Table 6.7.  Experimental and regressed data for all PZ experiments 

 

 

 

T (0C) xPZ PPZ(bar) γ Composition T (0C) xPZ PPZ (bar) γ
35.95 0.0159 5.55E-06 0.039 35.69 0.0159 6.36E-06 0.045
44.29 0.0159 1.46E-05 0.063 44.56 0.0159 1.27E-05 0.054
52.77 0.0159 2.45E-05 0.065 52.85 0.0159 2.36E-05 0.062
63.41 0.0159 6.2E-05 0.095 63.77 0.0159 5.06E-05 0.076
36.18 0.0314 1.24E-05 0.044 36.01 0.0314 1.36E-05 0.048
44.43 0.0314 2.38E-05 0.051 44.28 0.0314 2.59E-05 0.056
52.83 0.0314 4.89E-05 0.066 52.85 0.0314 4.88E-05 0.066
60.40 0.0314 8.55E-05 0.077 60.46 0.0314 8.34E-05 0.075
32.72 0.0393 1.85E-05 0.064 33.29 0.0393 1.56E-05 0.052
39.70 0.0393 3.47E-05 0.079 40.37 0.0393 2.73E-05 0.059
52.92 0.0393 8.33E-05 0.089 53.37 0.0393 7.22E-05 0.075
61.01 0.0393 0.000145 0.101 61.42 0.0393 0.000127 0.087
34.66 0.0609 2.25E-05 0.045 34.40 0.0609 2.56E-05 0.052
45.08 0.0609 5.5E-05 0.059 44.98 0.0609 5.84E-05 0.063
53.22 0.0609 0.000105 0.071 53.19 0.0609 0.000107 0.073
61.16 0.0609 0.000181 0.081 61.12 0.0609 0.000186 0.083
37.32 0.029545 1.62E-05 0.056 37.48 0.0296 1.32E-05 0.045
44.93 0.029545 2.33E-05 0.052 44.34 0.0295 2.31E-05 0.053
52.65 0.029545 5.05E-05 0.073 52.54 0.0295 4.38E-05 0.064
60.36 0.029545 8.19E-05 0.079 60.11 0.0295 7.64E-05 0.074
37.24 0.0576 2.47E-05 0.044 37.03 0.0575 2.72E-05 0.049
44.78 0.0576 5.47E-05 0.063 44.86 0.0576 5.15E-05 0.059
53.44 0.0576 8.42E-05 0.060 53.01 0.0575 9.64E-05 0.070
60.32 0.0576 1.74E-04 0.086 60.54 0.0576 1.67E-04 0.082
36.82 0.0275 1.20E-05 0.046 36.75 0.0275 1.08E-05 0.042
44.47 0.0275 2.70E-05 0.066 44.84 0.0275 2.17E-05 0.052
53.73 0.0275 5.47E-05 0.080 53.90 0.0275 4.49E-05 0.065
61.45 0.0275 8.17E-05 0.080 61.28 0.0274 7.83E-05 0.077
35.78 0.0545 2.48E-05 0.051 36.01 0.0545 2.16E-05 0.044
44.52 0.0545 5.44E-05 0.067 45.05 0.0545 4.69E-05 0.056
53.04 0.0545 1.01E-04 0.077 53.22 0.0545 9.01E-05 0.068
60.69 0.0545 1.98E-04 0.101 61.13 0.0546 1.64E-04 0.082

3.5 m MEA/ 

3.6 PZ
7 m MEA/   

1.8 m PZ
7 m MEA/   

3.6 m PZ

3.5 m MEA/   

1.8 m PZ

0.9 m PZ

1.8 m PZ

2.5 m PZ

3.6 m PZ

EXPERIMENTAL REGRESSED
PZ
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Table 6.8.  Experimental and regressed data for all H2O experiments 

 

 

 

 

T (0C) xH2O PH2O (bar) γ Composition T (0C) xH2O PH2O (bar) γ
42.77 0.7 5.48E-02 0.915 42.37 0.7002 5.50E-02 0.938
49.95 0.7 7.61E-02 0.882 49.68 0.7002 7.96E-02 0.935
53.87 0.7 9.40E-02 0.899 53.65 0.7001 9.66E-02 0.934
61.69 0.7 1.38E-01 0.916 61.92 0.6999 1.40E-01 0.918
72.70 0.888 3.69E-01 1.186 72.96 0.8879 3.08E-01 0.980
31.00 0.888 6.43E-02 1.610 31.60 0.8879 3.95E-02 0.956
35.80 0.888 8.35E-02 1.599 36.66 0.8879 5.17E-02 0.943
40.80 0.888 1.12E-01 1.631 42.08 0.8878 6.77E-02 0.925
48.20 0.888 1.55E-01 1.548 49.32 0.8878 9.92E-02 0.936
64.70 0.888 2.41E-01 1.098 64.79 0.8880 2.17E-01 0.986
42.10 0.888 7.52E-02 1.026 41.48 0.8881 7.25E-02 1.022
49.30 0.888 1.06E-01 1.000 48.95 0.8881 1.05E-01 1.007
52.80 0.888 1.26E-01 1.001 52.59 0.8880 1.25E-01 1.000
56.80 0.888 1.49E-01 0.980 56.53 0.8880 1.51E-01 1.002
61.40 0.888 1.76E-01 0.931 61.10 0.8881 1.87E-01 1.004
45.95 0.9407 9.84E-02 1.038 46.07 0.9407 9.45E-02 0.991
51.21 0.9407 1.34E-01 1.085 51.55 0.9407 1.23E-01 0.981
58.87 0.9407 1.89E-01 1.059 59.13 0.9407 1.77E-01 0.985
65.29 0.9407 2.38E-01 0.998 65.41 0.9407 2.38E-01 0.992
42.70 0.9407 7.87E-02 0.982 42.53 0.9407 7.99E-02 1.006
49.40 0.9407 1.13E-01 0.998 49.47 0.9407 1.12E-01 0.993
56.31 0.9407 1.58E-01 1.003 56.61 0.9407 1.57E-01 0.983
65.47 0.9407 2.34E-01 0.972 65.54 0.9407 2.40E-01 0.994
35.95 0.9841 5.48E-02 0.938 35.69 0.9841 5.75E-02 0.999
44.29 0.9841 7.61E-02 0.836 44.56 0.9841 9.23E-02 0.999
52.77 0.9841 9.40E-02 0.675 52.85 0.9841 1.40E-01 0.999
63.41 0.9841 1.38E-01 0.602 63.77 0.9841 2.33E-01 1.000

7 m MEA

3.5 m MEA

0.9 m PZ

23.8 m MEA

EXPERIMENTAL REGRESSED
H2O
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Table 6.8 (cont.).  Experimental and regressed data for all H2O experiments 

6.5 CONCLUSIONS AND RECOMMENDATIONS 

The experimental method used to gather partial pressure data via FTIR analysis 

proved to be viable and the results reproducible.  All of the component results in the 

Calcmet® software had residuals of less than 0.01, meaning they were accurate and 

precise.   This was proven by repeating the MEA-H2O measurements several times on 

separate days with the results showing good reproducibility (hence more than 4 

experimental data points).  Due to time constraints, however, the only experiments that 

T (0C) xH2O PH2O (bar) γ Composition T (0C) xH2O PH2O (bar) γ
36.18 0.9686 6.68E-02 1.148 36.01 0.9686 5.75E-02 0.998
44.43 0.9686 1.03E-01 1.146 44.28 0.9686 8.94E-02 0.998
52.83 0.9686 1.53E-01 1.112 52.85 0.9686 1.37E-01 0.998
60.40 0.9686 2.19E-01 1.112 60.46 0.9686 1.97E-01 0.998
32.72 0.9607 7.11E-02 1.492 33.29 0.9607 4.88E-02 0.993
39.70 0.9607 1.06E-01 1.514 40.37 0.9607 7.19E-02 0.993
52.92 0.9607 1.92E-01 1.403 53.37 0.9607 1.39E-01 0.993
61.01 0.9607 2.71E-01 1.349 61.42 0.9607 2.03E-01 0.993
34.66 0.9391 6.62E-02 1.276 34.40 0.9391 5.08E-02 0.993
45.08 0.9391 1.16E-01 1.285 44.98 0.9391 8.94E-02 0.993
53.22 0.9391 1.73E-01 1.272 53.19 0.9391 1.35E-01 0.994
61.16 0.9391 2.42E-01 1.224 61.12 0.9391 1.96E-01 0.994
37.32 0.9129 6.39E-02 1.095 37.48 0.9129 5.87E-02 0.998
44.93 0.9129 9.92E-02 1.136 44.34 0.9130 8.44E-02 0.997
52.65 0.9129 1.49E-01 1.158 52.54 0.9130 1.27E-01 0.996
60.36 0.9129 2.15E-01 1.162 60.11 0.9130 1.82E-01 0.996
37.24 0.8864 6.03E-02 1.068 37.03 0.8865 5.56E-02 0.996
44.78 0.8864 9.15E-02 1.089 44.86 0.8864 8.40E-02 0.994
53.44 0.8864 1.40E-01 1.079 53.01 0.8866 1.26E-01 0.993
60.32 0.8864 2.02E-01 1.124 60.54 0.8864 1.80E-01 0.992
36.82 0.8658 5.92E-02 1.099 36.75 0.8659 5.30E-02 0.988
44.47 0.8658 9.04E-02 1.119 44.84 0.8658 8.14E-02 0.987
53.73 0.8658 1.37E-01 1.071 53.90 0.8659 1.28E-01 0.986
61.45 0.8658 2.00E-01 1.086 61.28 0.8659 1.80E-01 0.986
35.78 0.8396 5.70E-02 1.154 36.01 0.8396 4.96E-02 0.992
44.52 0.8396 8.70E-02 1.107 45.05 0.8395 7.99E-02 0.990
53.04 0.8396 1.33E-01 1.108 53.22 0.8396 1.20E-01 0.987
60.69 0.8396 1.96E-01 1.133 61.13 0.8395 1.74E-01 0.985

1.8 m PZ

2.5 m PZ

3.6 m PZ

3.5 m MEA/   

1.8 m PZ
3.5 m MEA/   

3.6 m PZ
7 m MEA/   

1.8 m PZ
7 m MEA/   

3.6 m PZ

H2O
EXPERIMENTAL REGRESSED
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had been repeated at the time of this work had been the MEA-H2O experiments, and so it 

is recommended to repeat all of the PZ-H2O and MEA-PZ-H2O systems to ensure the 

precision of the results used in the model regression.   

MEA partial pressures were measured to within 10% of the values predicted by 

the NRTL sub model.  One interesting result of the MEA-H2O measurements is that the 7 

m MEA solution actually has a higher relative volatility than the 3.5 m solution.  The 

final form of the sub model to calculate the NRTL binary interaction parameters for this 

system only accounts for temperature dependence between H2O-MEA, and not vice 

versa.  Because the MEA predictions were fairly accurate, this means that volatility loss 

is an issue with MEA, and thus should be taken into account when selecting a solvent for 

CO2 capture. 

The NRTL sub model also predicted PZ partial pressure data more accurately than 

the previous K2CO3/PZ/CO2 electrolyte NRTL model.  The experimental data showed no 

temperature dependence relative to the PZ activity, which was predicted by the Aspen™ 

software.  The new NRTL parameters regressed as a result of these experiments give new 

partial pressure predictions to within 10-20% error.  The calculations for activity 

coefficients involving PZ should be taken cautiously as the DIPPR model for calculating 

PZ vapor pressures was extrapolated to the temperature range pertaining to the 

experimental conditions.  These experiments should be repeated to ensure reproducibility 

of the data and to further test the model. 

The entire MEA-PZ-H2O data set was initially modeled using a full NRTL model 

to account for all amine-H2O and amine-amine interactions.  Through systematic addition 

and subtraction of parameters, a sub model was chosen to represent the data using only 

H2O-amine interactions and MEA-PZ interactions.  This sub model had a deviation of 

less than 4% from the weighted sum of squares average of the full model.   
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Appendix A: Detailed FTIR Analysis Procedure 

This appendix serves to detail the process by which the FTIR is calibrated and 

shutdown, gas phase analysis is carried out, and the production of reference spectra for 

components in the gas, liquid, and solid phases.   

A.1  MULTI-COMPONENT GAS PHASE ANALYSIS 

A.1.1. FTIR Setup and Zero Calibration Procedure 

The FTIR analyzer is capable of analyzing any gas sample provided the particular 

reference spectra, interferences, and analysis regions have been specified for each 

particular component to be analyzed (more detail will follow on this).  Because of the 

wide range of applications of this instrument as well as the variety of Swagelok® fittings 

and valves available, it is possible to plumb the pump(s), heated line(s), and analyzer in 

many different ways, so this work will mainly focus on the typical setup for the stirred 

reactor system in the laboratory.  This setup will involve both 15 ft heated lines as well as 

both SB4000 sample pumps in addition to the DX4000 analyzer.  Plug one heated line’s 

power cord and thermocouple into their respective outlets on the SB4000, and plug the 

sample pump’s plugs into the special outlets on the laboratory wall.  The temperature 

readings should come on for both, and should read room temperature.  (If there is an “Err 

4” reading, it means the thermocouple is not plugged in.)  Connect the ends of one heated 

line to the “Sample Inlet” port on the SB4000 on one end and at the other connect to an 

N2 source (for background spectrum generation).  The other 15 ft heated hose should be 

connected to the “Exhaust Vent” port on the SB4000 and the other end placed inside the 

fume hood.  (Under this setup, only one SB4000 pump will be used as a pump, and the 

other will function as only a temperature controller for the heated line.)  It is important 

that all connections to the sample pump and analyzer be well-insulated so that sample 
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cannot condense anywhere during the recirculation loop.  The next step is to connect the 

SB4000 to the DX4000 analyzer using the two small (approximately 3 in long) ¼ in 

diameter PFA tubing connections.  Specifically, connect the “Analyzer Inlet” on the 

SB4000 to “Analyzer IN” on the DX4000 and “Analyzer Outlet” to “OUT” in the same 

manner.  It is important that the analyzer be connected to a constant N2 purge to rid the 

optics casing of the small amount of CO2 and water that is present due to the fact that the 

optics casing is not hermetically sealed. The use of the N2 purge will significantly 

improve analysis in the regions where CO2 and H2O absorb as opposed to operating 

without a N2 purge. To do this in the laboratory, connect the “Purge” port on the analyzer 

to the N2 valve located directly outside the fume hood using the supplied plastic tubing 

and Swagelok® connections.  Finally, connect the RS-232 cable from the analyzer to the 

back of the computer tower. (If for some reason the cable is connected to the wrong port 

on the computer tower, there will be a message saying “Error Starting Measurement” 

when a measurement is started.) 

Assuming this has been done, the first step to be taken before the sample can be 

analyzed is to run a background spectrum using pure N2.  Before the background 

spectrum can be created, however, it is necessary to first warm the heated lines to a 

temperature of 180 0C by setting the temperature on the sample pump under the switch 

labeled “Umbilical Temperature.” Once the lines get to within approximately 20 0C of the 

setpoint, the sample pump module should be heated up to 180 0C by turning on the switch 

labled “Pump Heater” and adjusting the temperature to its set value below.  The DX4000 

analyzer should make a buzzing type sound if it is on, which is possible to check audibly.  

If not, then there is an on/off switch located to the left of the “Sample In” port, directly 

beside the N2 purge port.  During the time required to come up to temperature, it is 

necessary to begin flowing pure N2 through the heated lines to try to rid them of any 
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residual impurities left over from previous experiments.  Once the heated lines and 

pumps have reached their desired setpoint temperatures, open the Calcmet™ software, 

and click “Options,” “View Hardware Status”. A small box will appear that counts down 

from 1 s and then a table is displayed.  It is important that the analyzer temperature be 

180 0C, which can be verified by on this table. (Incidentally, if the analyzer is not up to 

temperature, there will be an error message saying “Error Starting Measurement” and a 

red light at the bottom of the screen.)  Once the analyzer temperature is 180 0C, click 

“Options,” “Measuring Times,” and then select “20 s” from the drop down menu and 

click OK.  Click on the circular arrow icon at the top of the screen to begin making 

continuous measurements. All components should read 0.00 vol% or ppm, but if not, 

continue flowing N2 through the heated lines until all components read zero.  Once this is 

accomplished, click “Cancel” on the box with the time, and click “Yes” when the 

software asks “Are you sure you want to cancel the measurement?”  Select, “Options,” 

then from the “Measuring Times” drop down box change from 20 s to 5 min, then click 

“Measure” and “Zero Calibration.”  A small box will appear on the screen that will count 

down from 600 s.  This is the background scan, which should look similar to Figure 3.6 

below.  

Meaningful data can only be garnered by the analyzer if the single beam intensity 

is below 65,000 as 65,000 is the physical saturation limit of the detector.  It is important 

before analyzing any samples, therefore, to verify that the maximum absorbance is 

greater than 20,000 and less than 65,000, which are shown on the screen directly below 

the N2 background spectrum in the Calcmet™ software. 
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Figure A.1: Typical N2 Background Scan for FTIR Analysis. 

A.1.2. FTIR Gas Sampling Analysis 

Once the N2 background step has been completed, it is now possible to analyze a 

sample.  At this point, it may be necessary to switch over any valves or reconnect any 

Swagelok® fittings necessary to allow the gas sample to flow through the heated lines.  

Before proceeding any further, it is recommended at this stage to go into the Calcmet™ 

software and create a file to save the samples.  To do this, click “Options,” “Autosaving” 

and make sure the box for “All” is checked beside “Autosave Sample Spectra.” Once this 

is checked, it is possible to save the spectra that will be generated under some name; 

typically, the root for the experiments in this work was 

“C:\\CALCMETSAMPLES\Date_AmineConcentration_Temperature.” Then, click 
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“Options,” “Result Output” and verify that the box next to “Autosave Results” is 

checked, and then name the folder the same name as under Autosaving.  (If more than 

one temperature or concentration is to be measured during one sitting, it is recommended 

to repeat this step after each successful run so that it is easier to find the corresponding 

spectra to match the conditions for later analysis.)  For the stirred reactor apparatus in the 

laboratory, fill the reactor with approximately 500 mL of liquid solution and then 

disconnect the end of the heated line from the N2 source and connect it to the proper ¼ - 

in Swagelok® fitting located on the top of the reactor. After putting the liquid into the 

reactor, turn on the IsoTemp heat bath via the on/off switch on the back of the apparatus 

and set the bath temperature by pressing “Set/Enter” and use the up and down arrows to 

pick a temperature, and press “Set/Enter” again to make this the setpoint temperature. 

(Note: There is an approximate 3 – 5 0C temperature difference between bath and reactor 

temperature for most runs.)   Connect the branch of the 3/8 – in PFA Swagelok® Tee to 

the line that goes to the two gas washing bottles.  (This serves as a pressure relief 

system.)  The entire series of connections from the reactor to the heated line should then 

be wrapped in the BriskHeat electronic heating wrap and the Variac turned to 70.  Attach 

the other heated line (the one that was open to vent) to the bottom of the glass reactor, 

and open the valve.  The N2 source line should be connected to the valve at the top of the 

reactor (with the valve opened).  Flowing N2 into the top of the reactor for the initial 10 

minutes of the experiment serves to eliminate a big initial plug of entrainment that can 

throw off the analysis, and the valve should be closed after 10 minutes.  Since this 

process involves analyzing a vapor composition from the stirred reactor, then it is 

necessary to turn on the switch labeled “Pump Motor” on the SB4000 sample pump.  

However, if the gas to be analyzed is coming from a pressurized cylinder (as is the case 

when creating some reference files or measurement verification purposes), this step is not 
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necessary.  Observe the “Sample Pressure” gauge, and open the drain valve slightly at the 

bottom of the reactor until the “Sample Pressure” reads less than 3 psig.  The last step is 

to go in the Calcmet™ software and change the Measuring Times from 5 minutes to 3 

minutes and click the circular arrow button on the far right of the top toolbar to begin 

taking continuous 3 minute samples.   

A.1.3. Shutting Down the Analyzer 

Once experiments have concluded, it is necessary to properly shut down the 

software and clean the reactor apparatus.  The first step is to cancel the measuring in the 

Calcmet™ software, and then turn off the “Pump Motor” switch on the SB4000.  Turn 

off the IsoTemp heat bath.  Turn off the BriskHeat wrap, and unwrap it so it is possible to 

disconnect the heated line from the top of the reactor.  Connect this heated line with the 

N2 source and begin flowing pure N2 through the lines.  Close both the Swagelok® ¼ - in 

on/off valve and the drain valve at the bottom of the reactor and disconnect the heated 

line from the valve.  Remove the entire series of Swagelok® fittings (including the white 

AceSafe tap) from the reactor and rinse with deionized water from the sink.  After rinsing 

the fittings, connect them to the heated line that was initially connected to the gas inlet at 

the bottom of the reactor so that N2 can flow through them and remove any potential 

impurities that may be present.  Attach a piece of tubing to the ¼ -in Swagelok® valve at 

the bottom of the reactor and open the valve (as well as the drain valve) to drain the 

liquid into a container and properly dispose of the waste.  Once the liquid has been 

drained, close both valves and fill the reactor with deionized water from the sink, open 

the valves, drain, and repeat this process several times.  Once the reactor has been 

sufficiently rinsed, turn off the N2 flowing through the heated lines, and turn on the air so 

that gas can flow overnight.  At this point, it is optional whether to leave the heated lines 

at 180 0C (if an experiment is to be started the next day), or to turn them down to a lower 
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temperature (50 0C), or to turn them off completely (to relocate the FTIR or if an 

experiment is not planned for the near future.)   

A.2. REFERENCE SPECTRA GENERATION 

The Calcmet™ software has a vast library of reference spectra for many different 

compounds at various concentrations, but the need sometimes arises to create a new 

reference file when analyzing for a new compound whose reference does not exist, or to 

create new ones for a compound whose old reference spectra may be erroneous.  The 

FTIR analyzer system is useful for this purpose, although the setup has to be modified a 

bit from the partial pressure experimental apparatus.   

Before one can actually go through the process of creating reference spectra, it is 

useful to calculate the necessary N2 gas flowrate (and hence flow controller setting) to 

achieve the desired reference concentration.  The Brooks mass flow controllers each have 

different flowrates that correspond to a different reference gas used in their calibration, so 

it is important to use the correct flow controller as well as calibration curve for these 

calculations (see Appendix for current calibration curves.)  Once the properties of the 

specific compound such as molecular weight and density are known, it is possible to 

calculate the N2 flowrate to give desired concentrations for the reference spectra.   

Creating reference files for gases such as CO2 or NH3 is a relatively 

straightforward process.  Simply connect the cylinder of gas to be measured to the 

appropriate flow controller, and use the Brose control box to set the flow controllers to 

the appropriate settings (Channel 1 – Air, Channel N2 – Air, Channel 3 – CO2) as 

calculated previously.  (Note: It is possible to use the flow controllers for some gas 

mixtures at low concentrations, i.e., using Channel 2 for 1000 ppm in N2 or Channel 1 for 

2% CO2 in air).  Take 20 s samples using the Calcmet® software until the maximum 

absorbance becomes stable.  At that point, switch over to 3 min scans and take 10 sample 
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spectra.  Take the spectra from the ten 3 min scans that is the most representative of the 

scans, and change the extension on the sample file from .SPE to .REF and re-save the 

file.  Then, in the Calcmet® software, select “Edit”, “Analysis Settings” and verify that 

the compound you are adding a reference for is included in the analysis method.  If not, 

check a box that is unchecked, and type in the name of the compound.  Once the name of 

the compound is highlighted, click “Add” under the “Reference Files” section on the 

right side of the box, and select the reference file(s) from the appropriate directory that it 

is saved and click “Add”. With one of those files selected, click “Parameters” and type in 

the exact concentration as calculated by the spreadsheet (to 3 decimal places) and specify 

units of vol% or ppm.  Verify that the path length is 500 cm, and click OK.   

Creating reference files for compounds that are liquids at room temperature 

requires a slightly different approach than that described above.  For this process, it is 

necessary to use the GASMET™ Calibrator, which is a self-contained apparatus inside a 

black briefcase that integrates with the DX4000 analyzer.  The first step is to connect a 

N2 line to the port labeled “N2 1.4 Bar”.  Next, connect the included heated line from the 

right side of the injection chamber to the “Analyzer IN” port on the DX4000.  At this 

point, the “OUT” port on the DX4000 should just have a line that stretches to the fume 

hood to vent.  Now the unit can be plugged in and turned on, and the oven and heated line 

temperature controllers can be set at 180 0C.  Set the N2 flow controller to a flowrate of 2 

L/min.  Like the gas reference generation procedure, it is helpful to use a spreadsheet to 

calculate a flowrate (in either mL/hr or mL/hr depending on desired concentration) of 

liquid based on specific properties such as molecular weight and density.  Assuming that 

value has been calculated, fill the appropriate syringe with liquid and place in the syringe 

pump, and move the needle valve to rest against the back of the syringe.  On the buttons 

near the handle of the case, press “Select”, which will bring up the main menu.  Use the 
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left and right arrows to scroll over to “Table” and press “Select”, where it will ask you to 

choose the appropriate syringe manufacturer (Hamilton in this case).  Choose the 

manufacturere, press “Select”, and toggle over using the left and right arrows to select the 

total volume of the syringe (in mL or mL), and input that value and press “Select”.  The 

display should read “Volume: 0.00 ml”, and press “Select”.  Use the left and right arrows 

to enter the calculated dispensing rate of the syringe (in mL/hr or mL/hr) and press 

“Select.”  A black arrow should appear on the right of the display, and press “Run”.  The 

same arrow should now be blinking, signaling the apparatus is in use.  As was the case in 

the gas reference generation procedure, take 20 s scans with the Calcmet™ software until 

the maximum absorbance value is not changing drastically, and then take ten 3 min scans 

as before.  To change to a different concentration, press “Stop” on the GASMET™ 

Calibrator, and repeat the above steps with the only difference being a different 

dispensing rate for the syringe.   Once all spectra have been made, the process for 

changing a .SPE file to a .REF file are the same as outlined above for a gas reference 

spectrum.   

Creating a reference file for a compound that is solid at room temperature can be 

done in two ways.  First, it is possible to place the pure solid inside a heated bomb in the 

IsoTemp bath, and measure the partial pressure of the vapor using the FTIR and 

associated Swagelok® fittings on the bomb at a given temperature.  Secondly, it is 

possible (although not trivial) to dissolve the solid in a solvent (at a predetermined 

concentration) with a well-known reference spectra (i.e., water) and then “subtract out” 

the solvent’s spectra to leave the spectra of the unknown.  This particular method is 

possible using the GASMET™ Calibrator, although the first method is generally the first 

choice.   
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Appendix B: Experimental Results for MEA-H2O 

Table B.1.  MEA measured and regressed data for MEA-H2O  

 

 

 

 

 

Date T (0C) xMEA PMEA (bar) Composition T (0C) xMEA PMEA (bar)
3/23/2006 42.77 0.300 2.74E-04 42.37 0.300 3.48E-04
3/23/2006 49.95 0.300 5.08E-04 49.68 0.300 6.00E-04
3/23/2006 53.87 0.300 6.95E-04 53.65 0.300 7.99E-04
3/23/2006 61.69 0.300 1.60E-03 61.92 0.300 1.38E-03
3/10/2006 72.7 0.112 1.00E-03 72.96 0.112 8.43E-04
3/14/2006 64.7 0.112 5.24E-04 64.79 0.112 4.96E-04
3/22/2006 42.1 0.112 6.50E-05 41.48 0.112 9.32E-05
3/22/2006 49.3 0.112 1.32E-04 48.95 0.112 1.64E-04
3/22/2006 52.8 0.112 1.87E-04 52.59 0.112 2.13E-04
3/22/2006 56.8 0.112 2.40E-04 56.53 0.112 2.85E-04
3/22/2006 61.4 0.112 3.25E-04 61.10 0.112 3.95E-04
3/15/2006 45.95 0.059 6.60E-05 46.07 0.059 6.17E-05
3/15/2006 51.21 0.059 1.13E-04 51.55 0.059 9.25E-05
3/15/2006 58.87 0.059 1.91E-04 59.13 0.059 1.62E-04
3/15/2006 65.29 0.059 2.73E-04 65.41 0.059 2.54E-04
3/21/2006 42.7 0.059 4.30E-05 42.53 0.059 4.76E-05
3/21/2006 49.4 0.059 8.40E-05 49.47 0.059 8.06E-05
3/21/2006 56.31 0.059 1.62E-04 56.61 0.059 1.35E-04
3/21/2006 65.47 0.059 2.68E-04 65.54 0.059 2.58E-04
3/2/2006 50.61 1.000 3.18E-03 50.44 1.000 3.50E-03
3/3/2006 58.03 1.000 4.75E-03 57.72 1.000 5.74E-03

3/24/2006 38.79 1.000 1.60E-03 38.90 1.000 1.51E-03
3/24/2006 45.78 1.000 2.52E-03 45.78 1.000 2.51E-03
3/24/2006 53.92 1.000 4.27E-03 53.86 1.000 4.43E-03

3.5 m MEA

Pure MEA

EXPERIMENTAL REGRESSED

23.8 m MEA

7 m MEA
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Table B.2.  H2O measured and regressed data for MEA-H2O 

 

 

 

 

 

 

 

 

 

 

 

Date T (0C) xH2O PH2O (bar) Composition T (0C) xH2O PH2O (bar)
3/23/2006 42.77 0.700 5.48E-02 42.37 0.700 5.22E-02
3/23/2006 49.95 0.700 7.61E-02 49.68 0.700 7.62E-02
3/23/2006 53.87 0.700 9.40E-02 53.65 0.700 9.29E-02
3/23/2006 61.69 0.700 1.38E-01 61.92 0.700 1.36E-01
3/10/2006 72.7 0.888 3.69E-01 72.96 0.888 3.06E-01
3/14/2006 64.7 0.888 2.41E-01 64.79 0.888 2.17E-01
3/22/2006 42.1 0.888 7.52E-02 41.48 0.888 7.20E-02
3/22/2006 49.3 0.888 1.06E-01 48.95 0.888 1.04E-01
3/22/2006 52.8 0.888 1.26E-01 52.59 0.888 1.24E-01
3/22/2006 56.8 0.888 1.49E-01 56.53 0.888 1.50E-01
3/22/2006 61.4 0.888 1.76E-01 61.10 0.888 1.86E-01
3/15/2006 45.95 0.941 9.84E-02 46.07 0.941 9.46E-02
3/15/2006 51.21 0.941 1.34E-01 51.55 0.941 1.23E-01
3/15/2006 58.87 0.941 1.89E-01 59.13 0.941 1.77E-01
3/15/2006 65.29 0.941 2.38E-01 65.41 0.941 2.38E-01
3/21/2006 42.7 0.941 7.87E-02 42.53 0.941 8.00E-02
3/21/2006 49.4 0.941 1.13E-01 49.47 0.941 1.12E-01
3/21/2006 56.31 0.941 1.58E-01 56.61 0.941 1.57E-01
3/21/2006 65.47 0.941 2.34E-01 65.54 0.941 2.40E-01

23.8 m MEA

7 m MEA

3.5 m MEA

EXPERIMENTAL REGRESSED
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Appendix C: Experimental Results for PZ-H2O 

Table C.1.  PZ measured and regressed data for PZ-H2O  

 

 

 

 

 

 

 

T (0C) xPZ PPZ(bar) T (0C) xPZ PPZ(bar)
35.95 0.0159 5.55E-06 35.69 0.0159 6.36E-06
44.29 0.0159 1.46E-05 44.56 0.0159 1.27E-05
52.77 0.0159 2.45E-05 52.85 0.0159 2.36E-05
63.41 0.0159 6.20E-05 63.77 0.0159 5.06E-05
36.18 0.0314 1.24E-05 36.01 0.0314 1.36E-05
44.43 0.0314 2.38E-05 44.28 0.0314 2.59E-05
52.83 0.0314 4.89E-05 52.85 0.0314 4.88E-05
60.40 0.0314 8.55E-05 60.46 0.0314 8.34E-05
32.72 0.0393 1.85E-05 33.29 0.0393 1.56E-05
39.70 0.0393 3.47E-05 40.37 0.0393 2.73E-05
52.92 0.0393 8.33E-05 53.37 0.0393 7.22E-05
61.01 0.0393 1.45E-04 61.42 0.0393 1.27E-04
34.66 0.0609 2.25E-05 34.40 0.0609 2.56E-05
45.08 0.0609 5.50E-05 44.98 0.0609 5.84E-05
53.22 0.0609 1.05E-04 53.19 0.0609 1.07E-04
61.16 0.0609 1.81E-04 61.12 0.0609 1.86E-04

EXPERIMENTAL REGRESSED

0.9 m PZ

1.8 m PZ

2.5 m PZ

3.6 m PZ  
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Table C.2.  H2O measured and regressed data for PZ-H2O 

 

 

 

 

 

 

 

 

 

 

 

 

T (0C) xH2O PH2O(bar) T (0C) xH2O PH2O(bar)
35.95 0.9841 0.0687352 35.69 0.9841 0.058352
44.29 0.9841 0.1078633 44.56 0.9841 0.090996
52.77 0.9841 0.1587766 52.85 0.9841 0.139185
63.41 0.9841 0.2532888 63.77 0.9841 0.229229
36.18 0.9686 0.0668311 36.01 0.9686 0.058088
44.43 0.9686 0.103408 44.28 0.9686 0.090088
52.83 0.9686 0.1529526 52.85 0.9686 0.137263
60.40 0.9686 0.21879 60.46 0.9686 0.196456
32.72 0.9607 0.0710736 33.29 0.9607 0.047285
39.70 0.9607 0.1057275 40.37 0.9607 0.069343
52.92 0.9607 0.19209 53.37 0.9607 0.135973
61.01 0.9607 0.2707352 61.42 0.9607 0.199235
34.66 0.9391 0.0661824 34.40 0.9391 0.051517
45.08 0.9391 0.1163377 44.98 0.9391 0.089903
53.22 0.9391 0.1727782 53.19 0.9391 0.134944
61.16 0.9391 0.241806 61.12 0.9391 1.96E-01

0.9 m PZ

1.8 m PZ

2.5 m PZ

3.6 m PZ

EXPERIMENTAL REGRESSED
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Appendix D: Experimental Results for MEA-PZ-H2O 

Table D.1.  MEA measured and regressed data for MEA-PZ-H2O  

 

 

 

 

 

 

 

T (0C) xMEA PMEA (bar) Composition T (0C) xMEA PMEA (bar)
37.32 0.0576 2.84E-05 37.48 0.0575 2.90E-05
44.93 0.0576 5.32E-05 44.34 0.0575 5.14E-05
52.65 0.0576 1.04E-04 52.54 0.0575 9.81E-05
60.36 0.0576 1.88E-04 60.11 0.0575 1.72E-04
37.24 0.0560 2.99E-05 37.03 0.0560 2.59E-05
44.78 0.0560 5.61E-05 44.86 0.0560 5.06E-05
53.44 0.0560 1.11E-04 53.01 0.0560 9.73E-05
60.32 0.0560 2.14E-04 60.54 0.0560 1.72E-04
36.82 0.1067 5.63E-05 36.75 0.1066 5.63E-05
44.47 0.1067 1.12E-04 44.84 0.1067 1.10E-04
53.73 0.1067 2.05E-04 53.90 0.1066 2.22E-04
61.45 0.1067 3.82E-04 61.28 0.1066 3.81E-04
35.78 0.1059 5.77E-05 36.01 0.1059 4.94E-05
44.52 0.1059 1.25E-04 45.05 0.1060 1.06E-04
53.04 0.1059 2.28E-04 53.22 0.1059 2.03E-04
60.69 0.1059 4.29E-04 61.13 0.1060 3.65E-04

EXPERIMENTAL

3.5 m 
MEA/1.8 m 

PZ

3.5 m 
MEA/3.6 m 

PZ

7 m MEA/1.8 
m PZ

7 m MEA/3.6 
m PZ

REGRESSED
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Table D.2.  PZ measured and regressed data for MEA-PZ-H2O 

 

 

 

 

 

 

 

 

 
T (0C) xPZ PPZ(bar) Composition T (0C) xPZ PPZ (bar)
37.32 0.0295 1.62E-05 37.48 0.0296 1.32E-05
44.93 0.0295 2.33E-05 44.34 0.0295 2.31E-05
52.65 0.0295 5.05E-05 52.54 0.0295 4.38E-05
60.36 0.0295 8.19E-05 60.11 0.0295 7.64E-05
37.24 0.0576 2.47E-05 37.03 0.0575 2.72E-05
44.78 0.0576 5.47E-05 44.86 0.0576 5.15E-05
53.44 0.0576 8.42E-05 53.01 0.0575 9.64E-05
60.32 0.0576 1.74E-04 60.54 0.0576 1.67E-04
36.82 0.0275 1.20E-05 36.75 0.0275 1.08E-05
44.47 0.0275 2.70E-05 44.84 0.0275 2.17E-05
53.73 0.0275 5.47E-05 53.90 0.0275 4.49E-05
61.45 0.0275 8.17E-05 61.28 0.0274 7.83E-05
35.78 0.0545 2.48E-05 36.01 0.0545 2.16E-05
44.52 0.0545 5.44E-05 45.05 0.0545 4.69E-05
53.04 0.0545 1.01E-04 53.22 0.0545 9.01E-05
60.69 0.0545 1.98E-04 61.13 0.0546 1.64E-04

REGRESSED

3.5 m 
MEA/1.8 m 

PZ

3.5 m 
MEA/3.6 m 

PZ

7 m MEA/1.8 
m PZ

7 m MEA/3.6 
m PZ

EXPERIMENTAL
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Table D.3.  H2O measured and regressed data for MEA-PZ-H2O 

 

 

 

 

 

 

 

 

 

 

 

T (0C) xH2O PH2O (bar) Composition T (0C) xH2O PH2O (bar)
37.32 0.9129 6.39E-02 37.48 0.9129 5.87E-02
44.93 0.9129 9.92E-02 44.34 0.9130 8.44E-02
52.65 0.9129 1.49E-01 52.54 0.9130 1.27E-01
60.36 0.9129 2.15E-01 60.11 0.9130 1.82E-01
37.24 0.8864 6.03E-02 37.03 0.8865 5.56E-02
44.78 0.8864 9.15E-02 44.86 0.8864 8.40E-02
53.44 0.8864 1.40E-01 53.01 0.8866 1.26E-01
60.32 0.8864 2.02E-01 60.54 0.8864 1.80E-01
36.82 0.8658 5.92E-02 36.75 0.8659 5.30E-02
44.47 0.8658 9.04E-02 44.84 0.8658 8.14E-02
53.73 0.8658 1.37E-01 53.90 0.8659 1.28E-01
61.45 0.8658 2.00E-01 61.28 0.8659 1.80E-01
35.78 0.8396 5.70E-02 36.01 0.8396 4.96E-02
44.52 0.8396 8.70E-02 45.05 0.8395 7.99E-02
53.04 0.8396 1.33E-01 53.22 0.8396 1.20E-01
60.69 0.8396 1.96E-01 61.13 0.8395 1.74E-01

7 m MEA/3.6 
m PZ

3.5 m 
MEA/1.8 m 

PZ

3.5 m 
MEA/3.6 m 

PZ

7 m MEA/1.8 
m PZ

EXPERIMENTAL REGRESSED
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Appendix E: MEA Baseline Pilot Plant Campaign 

This appendix serves to give an actual sample spectrum and Calcmet™ analysis 

for a sample point during the MEA Baseline Campaign carried out from April 6 – 13, 

2005.  Secondly, all experimental data for CO2, H2O, NH3, and MEA will be tabulated in 

this section. 

Figure E.1 and Table E.1 below correspond to actual Calcmet™ samples from the 

MEA Baseline Campaign.  Specifically, the spectrum and gas phase analysis correspond 

to sample number 00768, which was recorded on April 8, 2005 at 06:34:35 AM.  All 

samples for the campaign were analyzed using the PilotPlantMEA.LIB application. 

Figure E.1.  Calcmet™ sample spectrum prc#1_00768.SPE  
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Table E.1.  Calcmet™ analysis of prc#1_00768.SPE (all spectra analyzed using PilotPlantMEA.LIB application file) 

 

 

 

 

 

 

 

 

Channel Component Concentration Units Range Residual
1 Water vapor H2O 4.2 vol% 10 0.0096
2 Carbon dioxide CO2 1.7 vol% 5 0.0060
3 Carbon monoxide CO 0.00 ppm 10 0.0069
5 Nitrous oxide N2O 7.0 ppm 100 0.0063
6 Nitrogen monoxide NO 16.4 ppm 20 0.0095
7 Nitrogen dioxide NO2 0.00 ppm 20 0.0034
9 Ammonia NH3 965 ppm 1000 0.0083
21 Formaldehyde -3.9 ppm 10 0.0042
25 MEA 36.3 ppm 100 0.0041
29 Methane CH4 2.8 ppm 10 0.0037  
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Table E.2.  Experimental times, temperatures, and calculated absorber lean loadings for MEA Baseline Campaign 
(April 6 – 13, 2005) 

Date Time Adjusted Time (min) Adjusted Time (hr) Temperature TT4078 (F) Lean Loading
4/6/2005 4:20 PM 0 0.00 100.84 0.302
4/6/2005 5:30 PM 70 1.17 100.75 0.298
4/7/2005 1:00 AM 520 8.67 96.94 0.308
4/7/2005 2:05 AM 585 9.75 96.32 0.311
4/7/2005 5:30 AM 790 13.17 105.25 0.309
4/7/2005 6:30 AM 850 14.17 108.40 0.307
4/7/2005 10:45 AM 1105 18.42 89.72 0.304
4/7/2005 11:45 AM 1165 19.42 91.78 0.302
4/7/2005 5:00 PM 1480 24.67 98.89 0.307
4/7/2005 6:00 PM 1540 25.67 99.06 0.305
4/8/2005 2:05 AM 2025 33.75 90.29 0.303
4/8/2005 3:10 AM 2090 34.83 91.11 0.308
4/8/2005 11:00 AM 2560 42.67 97.10 0.305
4/8/2005 12:00 PM 2620 43.67 96.00 0.304

4/11/2005 11:30 AM 6950 115.83 95.83 0.247
4/11/2005 12:30 PM 6910 115.17 96.56 0.248
4/11/2005 2:30 PM 7030 117.17 115.38 0.254
4/11/2005 3:30 PM 7090 118.17 118.09 0.252
4/12/2005 1:30 AM 7690 128.17 134.96 0.250
4/12/2005 2:30 AM 7750 129.17 136.65 0.250
4/13/2005 10:00 AM 9640 160.67 96.60 0.309
4/13/2005 11:00 AM 9700 161.67 97.25 0.310
4/13/2005 2:45 PM 9925 165.42 136.73 0.305
4/13/2005 3:45 PM 9985 166.42 134.81 0.309  
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Table E.3.  Absorber outlet CO2 concentrations for MEA Baseline Campaign (April 6 – 13, 2005) 

Date Time
Vaisala AI404  Analyzer 

(vol% CO2)
FTIR 1 (vol% 

CO2)
FTIR 2 (vol% 

CO2)
FTIR 3 

(vol% CO2)
FTIR 4 

(vol% CO2)
FTIR 5 

(vol% CO2)
FTIR AVG 

(vol % CO2)
4/6/2005 4:20 PM 0.97 1.3 1.2 1.2 0.88 1.3 1.18
4/6/2005 5:30 PM 0.87 0.93 0.76 0.8 1 1.1 0.92
4/7/2005 1:00 AM 1.79 1.5 1.9 1.4 2 2.2 1.80
4/7/2005 2:05 AM 1.79 1.6 1.8 1.9 1.9 1.5 1.74
4/7/2005 5:30 AM 3.66 3.2 2.9 3.1 3.2 3.3 3.14
4/7/2005 6:30 AM 4.07 3.3 3.5 3.4 3.3 3.7 3.44
4/7/2005 10:45 AM 0.65 0.84 0.83 0.82 0.84 0.93 0.85
4/7/2005 11:45 AM 0.83 1 1 1 0.98 0.89 0.97
4/7/2005 5:00 PM 2.76 2.5 2.4 2.4 2.5 2.4 2.44
4/7/2005 6:00 PM 2.73 2.7 2.7 2.6 2.6 2.7 2.66
4/8/2005 2:05 AM 0.48 0.69 0.69 0.72 0.75 0.78 0.73
4/8/2005 3:10 AM 0.73 0.84 0.79 0.81 1.3 1.1 0.97
4/8/2005 11:00 AM 0.54 1.2 1.1 1.1 0.88 0.9 1.04
4/8/2005 12:00 PM 0.56 1.5 1.3 1 1 0.84 1.13
4/11/2005 11:30 AM 0.79 0.97 0.95 1.1 0.96 0.92 0.98
4/11/2005 12:30 PM 0.88 1.1 1.2 1.1 1.1 1.1 1.12
4/11/2005 2:30 PM 1.76 1.6 1.6 1.7 1.6 1.7 1.64
4/11/2005 3:30 PM 1.65 1.6 1.5 1.6 1.6 1.6 1.58
4/12/2005 1:30 AM 3.72 3.2 3.1 3.3 3.2 3.2 3.20
4/12/2005 2:30 AM 3.59 3.5 2.9 3 2.5 2.6 2.90
4/13/2005 10:00 AM 0.67 0.55 0.18 0.56 0.3 0.68 0.45
4/13/2005 11:00 AM 0.52 0.92 0.61 0.94 0.83 0.33 0.73
4/13/2005 2:45 PM 4.22 2.8 2.9 2.7 2.6 2.7 2.74
4/13/2005 3:45 PM 4.07 2.4 2.8 2.8 2.5 2.5 2.60  
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Table E.4.  Absorber outlet H2O concentrations for MEA Baseline Campaign (April 6 – 13, 2005) 

Date Time
FTIR 1 (vol% 

H2O)
FTIR 2 (vol% 

H2O)
FTIR 3 (vol% 

H2O)
FTIR 4 

(vol% H2O)
FTIR 5 

(vol% H2O)
FTIR AVG (vol% 

H2O)
4/6/2005 4:20 PM 4.4 4.3 4.2 4.5 4.6 4.4
4/6/2005 5:30 PM 4.4 4.4 4.4 4.3 4.4 4.38
4/7/2005 1:00 AM 3.3 3 3.1 2.7 3 3.02
4/7/2005 2:05 AM 3.5 3.5 3.3 3 3.5 3.36
4/7/2005 5:30 AM 5.7 5.7 5.4 5.6 5.4 5.56
4/7/2005 6:30 AM 6 6.1 6.3 6.1 6.2 6.14
4/7/2005 10:45 AM 3.8 4.3 4.2 4.3 4 4.12
4/7/2005 11:45 AM 4.4 4.3 4.5 4.4 4.4 4.4
4/7/2005 5:00 PM 4.3 4.2 4.3 4.4 4.5 4.34
4/7/2005 6:00 PM 4.3 4.4 4.5 4.5 4.4 4.42
4/8/2005 2:05 AM 3.8 3.9 3.9 3.7 3.8 3.82
4/8/2005 3:10 AM 3.7 3.7 3.6 4 4 3.8
4/8/2005 11:00 AM 4.7 4.7 5 4.4 4.5 4.66
4/8/2005 12:00 PM 4.5 4.7 4.4 4.3 4.4 4.46
4/11/2005 11:30 AM 3.6 3.4 3.5 3.2 3.7 3.48
4/11/2005 12:30 PM 3.6 4 3.7 4.2 4 3.9
4/11/2005 2:30 PM 7.3 7.5 7.7 7.3 7.8 7.52
4/11/2005 3:30 PM 8.1 8.1 7.8 8.1 8.1 8.04
4/12/2005 1:30 AM 11.1 12.5 11.5 11.5 11.4 11.6
4/12/2005 2:30 AM 8.7 8.6 9.4 9.4 9.9 9.2
4/13/2005 10:00 AM 0 0 0 0 0 0
4/13/2005 11:00 AM 3.5 3.9 4.2 4.3 4.4 4.06
4/13/2005 2:45 PM 13.4 13 13.1 13 12.6 13.02
4/13/2005 3:45 PM 12.4 12.6 12.6 12.2 12.5 12.46  
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Table E.5.  Absorber outlet NH3 concentrations for MEA Baseline Campaign (April 6 – 13, 2005) 

Date Time
FTIR 1 

(ppm NH3)
FTIR 2 (ppm 

NH3)
FTIR 3 (ppm 

NH3)
FTIR 4 (ppm 

NH3)
FTIR 5 (ppm 

NH3)
FTIR AVG 
(ppm NH3)

4/6/2005 4:20 PM 280 278 272 272 283 277
4/6/2005 5:30 PM 382 396 405 396 400 395.8
4/7/2005 1:00 AM 634 527 517 616 520 562.8
4/7/2005 2:05 AM 718 607 678 673 713 677.8
4/7/2005 5:30 AM 1294 1305 1273 1294 1276 1288.4
4/7/2005 6:30 AM 1328 1368 1345 1361 1356 1351.6
4/7/2005 10:45 AM 861 937 937 941 932 921.6
4/7/2005 11:45 AM 931 931 963 961 955 948.2
4/7/2005 5:00 PM 849 847 864 841 860 852.2
4/7/2005 6:00 PM 873 922 852 857 839 868.6
4/8/2005 2:05 AM 1037 1037 1032 1013 1018 1027.4
4/8/2005 3:10 AM 988 987 969 995 1004 988.6
4/8/2005 11:00 AM 974 971 985 975 973 975.6
4/8/2005 12:00 PM 962 977 961 967 981 969.6
4/11/2005 11:30 AM 72 69 70 71 71 70.6
4/11/2005 12:30 PM 102 105 107 118 110 108.4
4/11/2005 2:30 PM 451 461 458 463 473 461.2
4/11/2005 3:30 PM 469 469 466 465 471 468
4/12/2005 1:30 AM 760 815 780 760 769 776.8
4/12/2005 2:30 AM 533 521 507 523 526 522
4/13/2005 10:00 AM 0 0 0 0 0 0.01
4/13/2005 11:00 AM 7.6 4.2 0 16.4 15.6 8.76
4/13/2005 2:45 PM 51 51 55 52 55 52.8
4/13/2005 3:45 PM 57 58 60 60 64 59.8  
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Table E.6.  Absorber outlet MEA concentrations for MEA Baseline Campaign (April 6 – 13, 2005) 

Date Time
FTIR 1 (ppm 

MEA)
FTIR 2 (ppm 

MEA)
FTIR 3 (ppm 

MEA)
FTIR 4 (ppm 

MEA)
FTIR 5 (ppm 

MEA)
FTIR AVG 

(ppm MEA)
4/6/2005 4:20 PM 79 78 72 63 75 73.4
4/6/2005 5:30 PM 99 89 91 92 82 90.6
4/7/2005 1:00 AM 55 46.6 23.6 22 22.9 34.02
4/7/2005 2:05 AM 34.5 22.9 13.8 16.3 24.9 22.48
4/7/2005 5:30 AM 45.8 67 59 41.2 40 50.6
4/7/2005 6:30 AM 71 46.9 43.9 55 32.3 49.82
4/7/2005 10:45 AM 44.1 19 37.9 49.1 26 35.22
4/7/2005 11:45 AM 26 39.2 42.3 30.2 56 38.74
4/7/2005 5:00 PM 17.7 12.5 12.9 13.2 11.6 13.58
4/7/2005 6:00 PM 24 12.2 22.8 21.4 32 22.48
4/8/2005 2:05 AM 43.5 42 34.5 45.9 34.9 40.16
4/8/2005 3:10 AM 30.1 34.8 33 30.4 41.6 33.98
4/8/2005 11:00 AM 41.7 38.2 80 58 68 57.18
4/8/2005 12:00 PM 54 146 59 80 42.5 76.3
4/11/2005 11:30 AM 144 128 118 102 89 116.2
4/11/2005 12:30 PM 44.7 38.6 42.1 39.9 36.3 40.32
4/11/2005 2:30 PM 135 132 116 160 87 126
4/11/2005 3:30 PM 174 129 112 108 155 135.6
4/12/2005 1:30 AM 208 284 190 205 217 220.8
4/12/2005 2:30 AM 125 183 156 161 147 154.4
4/13/2005 10:00 AM 0 0 0 0 0 0
4/13/2005 11:00 AM 269 421 524 654 690 511.6
4/13/2005 2:45 PM 232 237 233 231 187 224
4/13/2005 3:45 PM 216 229 212 225 221 220.6  
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Appendix F: K2CO3/PZ Pilot Plant Campaign 

This appendix serves to tabulate all experimental data from the K2CO3/PZ Pilot 

Plant Campaign at the JJ Pickle Research Campus from January 10 – 26, 2006.  All 

spectra were analyzed using the AQAPRCAmine.LIB application file. 

Figure F.1.  Sample spectrum PZ_Campaign3_1660.SPE (absorber outlet sample 
point) 
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Table F.1.  Calcmet™ analysis of PZ_Campaign3_1660.SPE (all spectra analyzed 
using AQAPRCAmine.LIB) 

 

 

 

 

 

 

 

Channel Component Concentration Units Range Residual
1 Water vapor H2O 8.7 vol% 10 0.0046
2 Carbon dioxide CO2 2.7 vol% 30 0.0058
5 Nitrous oxide N2O 0.53 ppm 100 0.0009
7 Nitrogen dioxide NO2 0.13 ppm 20 0.0073
9 Ammonia NH3 13.4 ppm 200 0.0017
16 Hexane C6H14 34.9 ppm 250 0.0017
21 Formaldehyde 6.4 ppm 25 0.0008
22 Acetaldehyde 0.75 ppm 25 0.0004
27 Methylamine 14.8 ppm 50 0.0015
30 Piperazine 7.2 ppm 50 0.0013
33 Unknown 49.9 ppm 100 0.0084  
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Table F.2.  Experimental times, temperatures, measured lean loadings, and solvent compositions for absorber outlet 
sample point during K2CO3/PZ Campaign 

 Date Time Adjusted Time (hour) Absorber Lean Ldg (mol CO2/mol TAlk) Gas Temp C (Gas Out TT400) Solvent Concentration (m K+/m PZ)
1/10/2006 3:31 PM 15.52 0.431 42.43 5/2.5
1/10/2006 9:04 PM 21.07 0.418 45.91 5/2.5
1/10/2006 10:08 PM 22.13 0.408 45.86 5/2.5
1/11/2006 3:59 PM 39.98 0.432 41.91 5/2.5
1/12/2006 6:28 AM 54.47 0.407 46.99 5/2.5
1/12/2006 7:35 AM 55.58 0.405 40.44 5/2.5
1/12/2006 2:04 PM 62.07 0.386 45.00 5/2.5
1/12/2006 10:31 PM 70.52 0.446 39.75 5/2.5
1/12/2006 11:31 PM 71.52 0.448 37.12 5/2.5
1/13/2006 3:03 AM 75.05 0.434 35.81 5/2.5
1/13/2006 5:12 AM 77.20 0.427 38.09 5/2.5
1/13/2006 5:59 AM 77.98 0.436 38.57 5/2.5
1/19/2006 10:27 AM 226.45 0.391 37.68 5/2.5
1/19/2006 1:56 PM 229.93 0.433 35.69 5/2.5
1/19/2006 3:10 PM 231.17 0.434 35.66 5/2.5
1/19/2006 7:34 PM 235.57 0.406 38.17 5/2.5
1/19/2006 9:03 PM 237.05 0.440 37.39 5/2.5
1/20/2006 4:13 AM 244.22 0.393 37.09 5/2.5
1/20/2006 1:30 PM 253.50 0.417 37.27 5/2.5
1/24/2006 11:30 AM 347.50 0.175 34.05 6.4/1.6
1/24/2006 12:35 PM 348.58 0.432 34.25 6.4/1.6
1/24/2006 7:33 PM 355.55 0.447 34.51 6.4/1.6
1/24/2006 9:34 PM 357.57 0.477 35.37 6.4/1.6
1/25/2006 4:58 AM 364.97 0.462 33.16 6.4/1.6
1/25/2006 3:00 PM 375.00 0.460 36.91 6.4/1.6
1/25/2006 4:00 PM 376.00 0.472 37.69 6.4/1.6
1/25/2006 9:00 PM 381.00 0.468 37.06 6.4/1.6
1/25/2006 10:04 PM 382.07 0.449 35.80 6.4/1.6
1/26/2006 12:58 AM 396.97 0.461 35.07 6.4/1.6
1/26/2006 2:00 AM 386.00 0.467 34.15 6.4/1.6
1/26/2006 5:32 AM 389.53 0.454 35.34 6.4/1.6
1/26/2006 6:32 AM 390.53 0.449 35.61 6.4/1.6
1/26/2006 10:00 AM 394.00 0.378 35.76 6.4/1.6
1/26/2006 3:00 PM 399.00 0.456 38.42 6.4/1.6
1/26/2006 4:00 PM 400.00 0.466 38.48 6.4/1.6
1/26/2006 7:00 PM 403.00 0.464 40.96 6.4/1.6
1/26/2006 8:00 PM 404.00 0.476 40.85 6.4/1.6
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Table F.3.  Absorber outlet CO2 concentrations for K2CO3/PZ Campaign

Date Time Avg FTIR CO2 (vol%) Corrected CO2 (vol%) Vaisala CO2 out (mol%) Solvent Concentration (m K+/m PZ)
1/10/2006 3:31 PM 0.84 0.81 0.43 5/2.5
1/10/2006 9:04 PM 2.91 2.66 2.67 5/2.5
1/10/2006 10:08 PM 4.47 4.07 3.67 5/2.5
1/11/2006 3:59 PM 5.34 4.83 3.60 5/2.5
1/12/2006 6:28 AM 2.60 2.36 1.56 5/2.5
1/12/2006 7:35 AM 2.41 2.24 1.45 5/2.5
1/12/2006 2:04 PM 2.21 2.02 0.83 5/2.5
1/12/2006 10:31 PM 5.61 5.22 2.93 5/2.5
1/12/2006 11:31 PM 5.79 5.40 3.22 5/2.5
1/13/2006 3:03 AM 6.31 5.92 3.93 5/2.5
1/13/2006 5:12 AM 5.46 5.13 3.19 5/2.5
1/13/2006 5:59 AM 6.17 5.78 3.77 5/2.5
1/19/2006 10:27 AM 2.37 2.22 1.84 5/2.5
1/19/2006 1:56 PM 1.53 1.44 1.26 5/2.5
1/19/2006 3:10 PM 1.94 1.83 1.31 5/2.5
1/19/2006 7:34 PM 5.05 4.73 4.16 5/2.5
1/19/2006 9:03 PM 3.08 2.89 2.68 5/2.5
1/20/2006 4:13 AM 3.49 3.29 3.37 5/2.5
1/20/2006 1:30 PM 1.32 1.24 1.28 5/2.5
1/24/2006 11:30 AM 8.17 7.84 5.85 6.4/1.6
1/24/2006 12:35 PM 8.40 8.02 5.65 6.4/1.6
1/24/2006 7:33 PM 6.92 6.58 4.53 6.4/1.6
1/24/2006 9:34 PM 6.38 6.03 4.75 6.4/1.6
1/25/2006 4:58 AM 4.77 4.53 3.52 6.4/1.6
1/25/2006 3:00 PM 3.17 3.01 2.41 6.4/1.6
1/25/2006 4:00 PM 3.87 3.66 2.78 6.4/1.6
1/25/2006 9:00 PM 4.75 4.48 3.27 6.4/1.6
1/25/2006 10:04 PM 4.66 4.41 3.12 6.4/1.6
1/26/2006 12:58 AM 5.68 5.38 6.70 6.4/1.6
1/26/2006 2:00 AM 4.83 4.57 6.70 6.4/1.6
1/26/2006 5:32 AM 3.54 3.34 2.87 6.4/1.6
1/26/2006 6:32 AM 4.89 4.61 3.25 6.4/1.6
1/26/2006 10:00 AM 2.71 2.55 2.07 6.4/1.6
1/26/2006 3:00 PM 8.01 7.50 6.01 6.4/1.6
1/26/2006 4:00 PM 7.78 7.26 5.87 6.4/1.6
1/26/2006 7:00 PM 9.25 8.59 6.88 6.4/1.6
1/26/2006 8:00 PM 8.68 8.09 6.48 6.4/1.6
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Table F.4.  Absorber outlet H2O concentrations for K2CO3/PZ Campaign 

Date Time Avg FTIR H2O (vol%) Solvent Concentration (m K+/m PZ)
1/10/2006 3:31 PM 4.46 5/2.5
1/10/2006 9:04 PM 9.404 5/2.5
1/10/2006 10:08 PM 9.818 5/2.5
1/11/2006 3:59 PM 7.5 5/2.5
1/12/2006 6:28 AM 10.448 5/2.5
1/12/2006 7:35 AM 7.636 5/2.5
1/12/2006 2:04 PM 9.244 5/2.5
1/12/2006 10:31 PM 7.374 5/2.5
1/12/2006 11:31 PM 7.13 5/2.5
1/13/2006 3:03 AM 6.494 5/2.5
1/13/2006 5:12 AM 6.38 5/2.5
1/13/2006 5:59 AM 6.618 5/2.5
1/19/2006 10:27 AM 6.432 5/2.5
1/19/2006 1:56 PM 6.232 5/2.5
1/19/2006 3:10 PM 5.924 5/2.5
1/19/2006 7:34 PM 6.716 5/2.5
1/19/2006 9:03 PM 6.44 5/2.5
1/20/2006 4:13 AM 6.126 5/2.5
1/20/2006 1:30 PM 6.016 5/2.5
1/24/2006 11:30 AM 4.264 6.4/1.6
1/24/2006 12:35 PM 4.716 6.4/1.6
1/24/2006 7:33 PM 5.238 6.4/1.6
1/24/2006 9:34 PM 5.904 6.4/1.6
1/25/2006 4:58 AM 5.334 6.4/1.6
1/25/2006 3:00 PM 5.35 6.4/1.6
1/25/2006 4:00 PM 5.698 6.4/1.6
1/25/2006 9:00 PM 5.962 6.4/1.6
1/25/2006 10:04 PM 5.712 6.4/1.6
1/26/2006 12:58 AM 5.624 6.4/1.6
1/26/2006 2:00 AM 5.728 6.4/1.6
1/26/2006 5:32 AM 5.866 6.4/1.6
1/26/2006 6:32 AM 5.96 6.4/1.6
1/26/2006 10:00 AM 6.088 6.4/1.6
1/26/2006 3:00 PM 6.794 6.4/1.6
1/26/2006 4:00 PM 7.144 6.4/1.6
1/26/2006 7:00 PM 7.616 6.4/1.6
1/26/2006 8:00 PM 7.234 6.4/1.6
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Table F.5.  Absorber outlet PZ concentrations for K2CO3/PZ Campaign 

 

 

Date Time Measured PZ (ppm) Solvent Concentration (m K+/m PZ)
1/10/2006 3:31 PM -1.69 5/2.5
1/10/2006 9:04 PM 33.44 5/2.5
1/10/2006 10:08 PM 39.75 5/2.5
1/11/2006 3:59 PM 14.52 5/2.5
1/12/2006 6:28 AM 7.15 5/2.5
1/12/2006 7:35 AM 5.73 5/2.5
1/12/2006 2:04 PM 10.40 5/2.5
1/12/2006 10:31 PM 3.87 5/2.5
1/12/2006 11:31 PM 5.50 5/2.5
1/13/2006 3:03 AM 2.62 5/2.5
1/13/2006 5:12 AM 2.33 5/2.5
1/13/2006 5:59 AM 1.82 5/2.5
1/19/2006 10:27 AM 0.33 5/2.5
1/19/2006 1:56 PM 0.74 5/2.5
1/19/2006 3:10 PM 0.78 5/2.5
1/19/2006 7:34 PM 0.17 5/2.5
1/19/2006 9:03 PM 0.17 5/2.5
1/20/2006 4:13 AM 0.27 5/2.5
1/20/2006 1:30 PM 2.36 5/2.5
1/24/2006 11:30 AM 21.01 6.4/1.6
1/24/2006 12:35 PM -6.30 6.4/1.6
1/24/2006 7:33 PM -7.38 6.4/1.6
1/24/2006 9:34 PM -10.63 6.4/1.6
1/25/2006 4:58 AM -3.26 6.4/1.6
1/25/2006 3:00 PM -4.28 6.4/1.6
1/25/2006 4:00 PM -1.79 6.4/1.6
1/25/2006 9:00 PM -2.96 6.4/1.6
1/25/2006 10:04 PM -2.28 6.4/1.6
1/26/2006 12:58 AM -1.33 6.4/1.6
1/26/2006 2:00 AM -0.43 6.4/1.6
1/26/2006 5:32 AM -0.81 6.4/1.6
1/26/2006 6:32 AM -0.50 6.4/1.6
1/26/2006 10:00 AM 0.09 6.4/1.6
1/26/2006 3:00 PM -1.05 6.4/1.6
1/26/2006 4:00 PM 0.37 6.4/1.6
1/26/2006 7:00 PM -1.03 6.4/1.6
1/26/2006 8:00 PM -0.31 6.4/1.6  
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Table F.6.  Absorber outlet Unknown Amine concentrations for K2CO3/PZ 
Campaign 

 

 

 

Date Time Measured UNK (ppm) Solvent Concentration (m K+/m PZ)
1/10/2006 3:31 PM 49.094 5/2.5
1/10/2006 9:04 PM 50.132 5/2.5
1/10/2006 10:08 PM 51.526 5/2.5
1/11/2006 3:59 PM 51.174 5/2.5
1/12/2006 6:28 AM 59.606 5/2.5
1/12/2006 7:35 AM 50.106 5/2.5
1/12/2006 2:04 PM 44.888 5/2.5
1/12/2006 10:31 PM 43.336 5/2.5
1/12/2006 11:31 PM 45.068 5/2.5
1/13/2006 3:03 AM 39.708 5/2.5
1/13/2006 5:12 AM 38.652 5/2.5
1/13/2006 5:59 AM 39.924 5/2.5
1/19/2006 10:27 AM 23.982 5/2.5
1/19/2006 1:56 PM 21.172 5/2.5
1/19/2006 3:10 PM 19.43 5/2.5
1/19/2006 7:34 PM 23.114 5/2.5
1/19/2006 9:03 PM 19.232 5/2.5
1/20/2006 4:13 AM 18.096 5/2.5
1/20/2006 1:30 PM 22.224 5/2.5
1/24/2006 11:30 AM 68.344 6.4/1.6
1/24/2006 12:35 PM 162.61 6.4/1.6
1/24/2006 7:33 PM 117.514 6.4/1.6
1/24/2006 9:34 PM 109.682 6.4/1.6
1/25/2006 4:58 AM 114.368 6.4/1.6
1/25/2006 3:00 PM 89.3 6.4/1.6
1/25/2006 4:00 PM 81.01 6.4/1.6
1/25/2006 9:00 PM 92.08 6.4/1.6
1/25/2006 10:04 PM 71.422 6.4/1.6
1/26/2006 12:58 AM 62.588 6.4/1.6
1/26/2006 2:00 AM 53.794 6.4/1.6
1/26/2006 5:32 AM 48.444 6.4/1.6
1/26/2006 6:32 AM 57.844 6.4/1.6
1/26/2006 10:00 AM 46.786 6.4/1.6
1/26/2006 3:00 PM 50.202 6.4/1.6
1/26/2006 4:00 PM 35.338 6.4/1.6
1/26/2006 7:00 PM 41.462 6.4/1.6
1/26/2006 8:00 PM 29.1 6.4/1.6  
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Table F.7.  Absorber outlet Formaldehyde concentrations for K2CO3/PZ Campaign 

 

 

Date Time Measured FORM (ppm) Solvent Concentration (m K+/m PZ)
1/10/2006 3:31 PM 7.76 5/2.5
1/10/2006 9:04 PM 6.19 5/2.5
1/10/2006 10:08 PM 7.52 5/2.5
1/11/2006 3:59 PM 6.13 5/2.5
1/12/2006 6:28 AM 7.06 5/2.5
1/12/2006 7:35 AM 6.68 5/2.5
1/12/2006 2:04 PM 5.33 5/2.5
1/12/2006 10:31 PM 5.31 5/2.5
1/12/2006 11:31 PM 5.4 5/2.5
1/13/2006 3:03 AM 5.11 5/2.5
1/13/2006 5:12 AM 4.49 5/2.5
1/13/2006 5:59 AM 5 5/2.5
1/19/2006 10:27 AM 1.13 5/2.5
1/19/2006 1:56 PM 1.69 5/2.5
1/19/2006 3:10 PM 0.38 5/2.5
1/19/2006 7:34 PM 4.2 5/2.5
1/19/2006 9:03 PM 0.84 5/2.5
1/20/2006 4:13 AM 2.29 5/2.5
1/20/2006 1:30 PM 2.06 5/2.5
1/24/2006 11:30 AM 13.86 6.4/1.6
1/24/2006 12:35 PM 14.66 6.4/1.6
1/24/2006 7:33 PM 10.28 6.4/1.6
1/24/2006 9:34 PM 12.38 6.4/1.6
1/25/2006 4:58 AM 8.98 6.4/1.6
1/25/2006 3:00 PM 4.73 6.4/1.6
1/25/2006 4:00 PM 5.94 6.4/1.6
1/25/2006 9:00 PM 11.44 6.4/1.6
1/25/2006 10:04 PM 9.75 6.4/1.6
1/26/2006 12:58 AM 6.44 6.4/1.6
1/26/2006 2:00 AM 10.08 6.4/1.6
1/26/2006 5:32 AM 9.86 6.4/1.6
1/26/2006 6:32 AM 7.34 6.4/1.6
1/26/2006 10:00 AM 6.62 6.4/1.6
1/26/2006 3:00 PM 9.06 6.4/1.6
1/26/2006 4:00 PM 7.07 6.4/1.6
1/26/2006 7:00 PM 9.54 6.4/1.6
1/26/2006 8:00 PM 7.48 6.4/1.6
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Table F.8.  Absorber outlet Methylamine concentrations for K2CO3/PZ Campaign 

 

 

 

Date Time Measured MA (ppm) Solvent Concentration (m K+/m PZ)
1/10/2006 15:31 20.24 5/2.5
1/10/2006 21:04 23.59 5/2.5
1/10/2006 22:08 20 5/2.5
1/11/2006 15:59 15.74 5/2.5
1/12/2006 6:28 16.71 5/2.5
1/12/2006 7:35 15.38 5/2.5
1/12/2006 14:04 14.83 5/2.5
1/12/2006 22:31 16.45 5/2.5
1/12/2006 23:31 17.05 5/2.5
1/13/2006 3:03 13.66 5/2.5
1/13/2006 5:12 14.59 5/2.5
1/13/2006 5:59 13.15 5/2.5
1/19/2006 10:27 13.15 5/2.5
1/19/2006 13:56 13.89 5/2.5
1/19/2006 15:10 11.84 5/2.5
1/19/2006 19:34 14.15 5/2.5
1/19/2006 21:03 11.28 5/2.5
1/20/2006 4:13 11.64 5/2.5
1/20/2006 13:30 13.67 5/2.5
1/24/2006 11:30 28.12 6.4/1.6
1/24/2006 12:35 17.57 6.4/1.6
1/24/2006 19:33 21.35 6.4/1.6
1/24/2006 21:34 24.92 6.4/1.6
1/25/2006 4:58 24.98 6.4/1.6
1/25/2006 15:00 17.27 6.4/1.6
1/25/2006 16:00 18.07 6.4/1.6
1/25/2006 21:00 29.37 6.4/1.6
1/25/2006 22:04 14.38 6.4/1.6
1/26/2006 0:58 20.73 6.4/1.6
1/26/2006 2:00 19.61 6.4/1.6
1/26/2006 5:32 23.04 6.4/1.6
1/26/2006 6:32 20.05 6.4/1.6
1/26/2006 10:00 16.46 6.4/1.6
1/26/2006 15:00 17.64 6.4/1.6
1/26/2006 16:00 12.96 6.4/1.6
1/26/2006 19:00 14.29 6.4/1.6
1/26/2006 20:00 10.01 6.4/1.6
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Figure F.2.  Sample spectrum PZ_Campaign3_1699.SPE (absorber inlet sample 
point) 

Table F.9.  Calcmet™ analysis of sample spectrum PZ_Campaign3_1699.SPE 

 

0

0.2

0.4

0.6

0.8

1

9001700250033004100

Wavenumber (cm-1)

Si
ng

le
 B

ea
m

 In
te

ns
ity

Channel Component Concentration Units Range Residual
1 Water vapor H2O 6.8 vol% 10 0.0032
2 Carbon dioxide CO2 12.5 vol% 30 0.0029
5 Nitrous oxide N2O 0.9 ppm 100 0.0008
7 Nitrogen dioxide NO2 4.4 ppm 20 0.0114
9 Ammonia NH3 6.9 ppm 200 0.0023
16 Hexane C6H14 23.4 ppm 250 0.0015
21 Formaldehyde 5.6 ppm 25 0.0017
22 Acetaldehyde 0.12 ppm 25 0.0008
27 Methylamine 27.6 ppm 50 0.0014
30 Piperazine 6.5 ppm 50 0.0017
33 Unknown 48.9 ppm 100 0.0064  
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Table F.10.  Experimental times, temperatures, measured lean loadings, and solvent compositions at absorber inlet 
sample point for K2CO3/PZ Campaign (red boxes correspond to samples taken when conditions were not 
steady state) 

 

 

 

Date Time Adjusted Time (hour) Absorber Lean Ldg (mol CO2/mol TAlk) Gas Temp C (Gas In TT406) Solvent Concentration (m K+/m PZ)
1/11/2006 12:00 PM 36.00 0.443 38.18 5/2.5
1/11/2006 1:01 PM 37.02 0.437 40.97 5/2.5
1/11/2006 5:28 PM 41.47 0.439 39.62 5/2.5
1/11/2006 9:19 PM 45.32 0.435 39.79 5/2.5
1/11/2006 10:20 PM 46.33 0.438 40.30 5/2.5
1/12/2006 3:00 PM 63.00 0.388 43.73 5/2.5
1/12/2006 5:06 PM 65.10 0.390 39.67 5/2.5
1/12/2006 6:03 PM 66.05 0.382 40.09 5/2.5
1/12/2006 6:31 PM 66.52 0.386 40.18 5/2.5
1/13/2006 2:07 AM 74.12 0.386 39.33 5/2.5
1/13/2006 3:17 AM 75.28 0.434 40.19 5/2.5
1/19/2006 11:11 AM 227.18 0.391 40.39 5/2.5
1/19/2006 12:24 PM 228.40 0.444 39.65 5/2.5
1/20/2006 5:13 AM 245.22 0.407 39.37 5/2.5
1/24/2006 1:41 PM 349.68 0.432 41.74 6.4/1.6
1/25/2006 5:31 AM 365.52 0.462 40.80 6.4/1.6
1/26/2006 1:07 AM 385.12 0.461 39.40 6.4/1.6
1/26/2006 2:17 AM 386.28 0.467 40.63 6.4/1.6
1/26/2006 5:46 AM 389.77 0.454 40.42 6.4/1.6
1/26/2006 6:47 AM 390.78 0.449 40.32 6.4/1.6
1/26/2006 11:09 AM 395.15 0.452 40.24 6.4/1.6
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Table F.11.  Absorber inlet CO2 concentrations for K2CO3/PZ Campaign 

 

 

 

 

 

 

 

 

 

 

 

Date Time Avg FTIR CO2 (vol%) Corrected CO2 (vol%) Solvent Concentration (m K+/m PZ)
1/11/2006 12:00 PM 14.48 13.57 5/2.5
1/11/2006 1:01 PM 15.03 14.09 5/2.5
1/11/2006 5:28 PM 16.05 15.04 5/2.5
1/11/2006 9:19 PM 15.75 14.79 5/2.5
1/11/2006 10:20 PM 10.90 10.07 5/2.5
1/12/2006 3:00 PM 12.38 11.60 5/2.5
1/12/2006 5:06 PM 10.16 9.52 5/2.5
1/12/2006 6:03 PM 15.36 14.35 5/2.5
1/12/2006 6:31 PM 15.49 14.48 5/2.5
1/13/2006 2:07 AM 14.45 13.64 5/2.5
1/13/2006 3:17 AM 14.33 13.53 5/2.5
1/19/2006 11:11 AM 12.96 12.14 5/2.5
1/19/2006 12:24 PM 14.55 13.62 5/2.5
1/20/2006 5:13 AM 15.53 14.54 5/2.5
1/24/2006 1:41 PM 14.71 13.97 6.4/1.6
1/25/2006 5:31 AM 16.00 15.02 6.4/1.6
1/26/2006 1:07 AM 14.90 13.68 6.4/1.6
1/26/2006 2:17 AM 13.40 12.34 6.4/1.6
1/26/2006 5:46 AM 14.44 13.45 6.4/1.6
1/26/2006 6:47 AM 15.02 14.03 6.4/1.6
1/26/2006 11:09 AM 15.78 14.68 6.4/1.6
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Table F.12.  Absorber inlet H2O concentrations for K2CO3/PZ Campaign 

 

 

 

 

 

 

 

 

 

 

 

Date Time Avg FTIR H2O (vol%) Solvent Concentration (m K+/m PZ)
1/11/2006 12:00 PM 6.76 5/2.5
1/11/2006 1:01 PM 6.63 5/2.5
1/11/2006 5:28 PM 6.71 5/2.5
1/11/2006 9:19 PM 6.49 5/2.5
1/11/2006 10:20 PM 8.27 5/2.5
1/12/2006 3:00 PM 6.71 5/2.5
1/12/2006 5:06 PM 6.76 5/2.5
1/12/2006 6:03 PM 7.00 5/2.5
1/12/2006 6:31 PM 6.99 5/2.5
1/13/2006 2:07 AM 5.94 5/2.5
1/13/2006 3:17 AM 5.90 5/2.5
1/19/2006 11:11 AM 6.78 5/2.5
1/19/2006 12:24 PM 6.88 5/2.5
1/20/2006 5:13 AM 6.79 5/2.5
1/24/2006 1:41 PM 5.25 6.4/1.6
1/25/2006 5:31 AM 6.53 6.4/1.6
1/26/2006 1:07 AM 8.92 6.4/1.6
1/26/2006 2:17 AM 8.61 6.4/1.6
1/26/2006 5:46 AM 7.35 6.4/1.6
1/26/2006 6:47 AM 7.08 6.4/1.6
1/26/2006 11:09 AM 7.50 6.4/1.6
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Table F.13.  Absorber inlet PZ concentrations for K2CO3/PZ Campaign 

 

 

 

 

 

 

 

 

 

 

 

Date Time Measured PZ (ppm) Solvent Concentration (m K+/m PZ)
1/11/2006 12:00 PM 0.29 5/2.5
1/11/2006 1:01 PM 1.32 5/2.5
1/11/2006 5:28 PM 7.99 5/2.5
1/11/2006 9:19 PM 6.19 5/2.5
1/11/2006 10:20 PM 6.83 5/2.5
1/12/2006 3:00 PM 8.21 5/2.5
1/12/2006 5:06 PM 11.59 5/2.5
1/12/2006 6:03 PM 11.22 5/2.5
1/12/2006 6:31 PM 9.44 5/2.5
1/13/2006 2:07 AM 5.25 5/2.5
1/13/2006 3:17 AM 4.37 5/2.5
1/19/2006 11:11 AM 3.79 5/2.5
1/19/2006 12:24 PM 2.98 5/2.5
1/20/2006 5:13 AM 12.95 5/2.5
1/24/2006 1:41 PM -12.68 6.4/1.6
1/25/2006 5:31 AM 11.55 6.4/1.6
1/26/2006 1:07 AM 8.40 6.4/1.6
1/26/2006 2:17 AM 9.07 6.4/1.6
1/26/2006 5:46 AM 5.35 6.4/1.6
1/26/2006 6:47 AM 5.72 6.4/1.6
1/26/2006 11:09 AM 18.37 6.4/1.6  
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Table F.14.  Absorber inlet Unknown Amine concentrations for K2CO3/PZ 
Campaign 

 

 

 

 

 

 

 

 

 

 

 

Date Time FTIR UNK (ppm) Solvent Concentration (m K+/m PZ)
1/11/2006 12:00 PM 56.87 5/2.5
1/11/2006 1:01 PM 56.36 5/2.5
1/11/2006 5:28 PM 39.86 5/2.5
1/11/2006 9:19 PM 35.80 5/2.5
1/11/2006 10:20 PM 51.94 5/2.5
1/12/2006 3:00 PM 49.40 5/2.5
1/12/2006 5:06 PM 53.71 5/2.5
1/12/2006 6:03 PM 48.99 5/2.5
1/12/2006 6:31 PM 47.51 5/2.5
1/13/2006 2:07 AM 38.79 5/2.5
1/13/2006 3:17 AM 37.40 5/2.5
1/19/2006 11:11 AM 26.51 5/2.5
1/19/2006 12:24 PM 25.39 5/2.5
1/20/2006 5:13 AM 27.25 5/2.5
1/24/2006 1:41 PM 45.99 6.4/1.6
1/25/2006 5:31 AM 126.22 6.4/1.6
1/26/2006 1:07 AM 64.87 6.4/1.6
1/26/2006 2:17 AM 59.49 6.4/1.6
1/26/2006 5:46 AM 57.69 6.4/1.6
1/26/2006 6:47 AM 63.33 6.4/1.6
1/26/2006 11:09 AM 51.15 6.4/1.6
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Table F.15.  Absorber inlet Formaldehyde concentrations for K2CO3/PZ Campaign 

 

 

 

 

 

 

 

 

 

 

 

Date Time FTIR FORM (ppm) Solvent Concentration (m K+/m PZ)
1/11/2006 12:00 6.99 5/2.5
1/11/2006 13:01 6.56 5/2.5
1/11/2006 17:28 4.95 5/2.5
1/11/2006 21:19 4.47 5/2.5
1/11/2006 22:20 3.92 5/2.5
1/12/2006 15:00 5.65 5/2.5
1/12/2006 17:06 5.52 5/2.5
1/12/2006 18:03 5.22 5/2.5
1/12/2006 18:31 4.44 5/2.5
1/13/2006 2:07 3.75 5/2.5
1/13/2006 3:17 3.62 5/2.5
1/19/2006 11:11 2.27 5/2.5
1/19/2006 12:24 3.56 5/2.5
1/20/2006 5:13 3.43 5/2.5
1/24/2006 13:41 22.97 6.4/1.6
1/25/2006 5:31 6.36 6.4/1.6
1/26/2006 1:07 9.85 6.4/1.6
1/26/2006 2:17 8.94 6.4/1.6
1/26/2006 5:46 7.86 6.4/1.6
1/26/2006 6:47 8.95 6.4/1.6
1/26/2006 11:09 6.54 6.4/1.6
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Table F.16.  Absorber inlet Methylamine concentrations for K2CO3/PZ Campaign 

 

 

 

 

 

 

 

 

 

 

 

Date Time FTIR MA (ppm) Solvent Concentration (m K+/m PZ)
1/11/2006 12:00 20.02 5/2.5
1/11/2006 13:01 18.30 5/2.5
1/11/2006 17:28 20.52 5/2.5
1/11/2006 21:19 16.48 5/2.5
1/11/2006 22:20 13.28 5/2.5
1/12/2006 15:00 27.61 5/2.5
1/12/2006 17:06 33.13 5/2.5
1/12/2006 18:03 31.62 5/2.5
1/12/2006 18:31 31.86 5/2.5
1/13/2006 2:07 23.67 5/2.5
1/13/2006 3:17 21.69 5/2.5
1/19/2006 11:11 21.39 5/2.5
1/19/2006 12:24 24.44 5/2.5
1/20/2006 5:13 26.69 5/2.5
1/24/2006 13:41 49.87 6.4/1.6
1/25/2006 5:31 43.76 6.4/1.6
1/26/2006 1:07 31.87 6.4/1.6
1/26/2006 2:17 31.45 6.4/1.6
1/26/2006 5:46 29.64 6.4/1.6
1/26/2006 6:47 28.68 6.4/1.6
1/26/2006 11:09 30.20 6.4/1.6
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Abstract 

 

Pilot Plant Study of Carbon Dioxide Capture by Aqueous 

Monoethanolamine 

 

 

Ross Edward Dugas, M.S.E. 

The University of Texas at Austin, 2006 

 

Supervisor:  Gary T. Rochelle 

 

This work serves as a baseline for CO2 capture using monoethanolamine (MEA).  

MEA is an appropriate choice for a baseline study since it is the most mature and 

common solvent for CO2 capture from coal fired power plants.  This work serves as a 

comparison to the piperazine/potassium carbonate solvent currently being tested by the 

Rochelle research group, as well as any future solvents that may be tested. 

A close-looped absorption/stripping pilot plant with 42.7 cm ID columns was 

used to capture CO2 using an 32.5 wt% aqueous MEA solution.  Both the absorber and 

stripper contained 20 ft of packing.  The pilot plant campaign consisted of 48 runs at 24 

operating conditions over a period of about one month.  Various packings, lean CO2 

loadings, gas and liquid rates, and stripper pressures were tested. 

The CO2 material and heat balances converged within 6.5 and 6.9%, respectively.  

The temperature bulge for the absorber ranged from 2-45˚C.   The bulge was located at 

the top of the absorber with L/G less than 5 kg/kg and at the bottom of the absorber with 
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L/G greater than 6 kg/kg.  Flexipac 1Y, a structured metal packing, achieved 

approximately 1.5-2 times more mass transfer than IMTP #40, a random metal packing, 

due an increased wetted area.  The calculated KG for Flexipac 1Y and IMTP #40 matched 

values showed similar trends to data previously in a wetted wall column.  The 

MEA/Flexipac 1Y data had mass transfer coefficients similar to those obtained using 

Flexipac 1Y with the potassium carbonate/piperazine, but operated at significantly lower 

partial pressures. 

Measured heat duties for the pilot plant ranged from 369 to 1690 MJ/hr.  These 

reboiler duties were especially high due to a lack of adequate preheat before the stripper.  

Vacuum stripping at 69 kPa was performed successfully without operational difficulties. 

Some of the pilot plant data was modeled in Aspen Plus using a RateFrac model 

previously created by Freguia (2002).  Both absorber and stripper conditions were 

simulated.  Results from absorber conditions using IMTP #40 were fairly close to the 

actual pilot plant.  Absorber conditions with Flexipac 1Y predicted higher required 

packing heights to obtain the measured results.  Stripper simulations were ineffective due 

to the limitations of the model.  Reactions in the stripper are calculated as instantaneous 

reactions contrary to the rate based reactions in the absorber. 
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Chapter 1:  Introduction 

1.1 GLOBAL SURFACE TEMPERATURES 

Global surface temperatures have risen significantly in the last hundred years.  

The temperature increases have become even more pronounced in recent history.  These 

temperature changes are attributed to increased levels of greenhouse gases in the 

atmosphere due to human activities.  Carbon dioxide is the primary greenhouse gas 

blamed for this warming trend.  Figure 1.1 shows average temperature deviations from 

1880 to 2005.  The yearly anomaly is defined with respect to the average temperature of 

the 20th century.  A smooth curve fit is included to show the trends more clearly. 

1.2 HISTORICAL ATMOSPHERIC CO2 CONCENTRATIONS 

Atmospheric carbon dioxide (CO2) concentrations have been steadily rising since 

coal use expanded due to the industrial revolution.  During the 20th century, petroleum 

became a major energy source due its higher energy content and cleaner combustion.  In 

the last couple hundred years we have developed an increasing dependency on fossil 

fuels to maintain our standard of living.  The world’s dependency on fossil fuels is 

quickly growing due to population increases and the industrialization of countries.  China 

and India are currently making major industrial strides and becoming major players in the 

world energy market.  The result of combusting these carbon-based fossil fuels over the 

past couple hundred years has significantly increased CO2 concentrations in the 

atmosphere.  This is of particular concern since CO2 has been identified as a greenhouse 

gas.  These greenhouse gases allow sunlight to enter the atmosphere freely.  When the 

sunlight strikes the Earth, some of it is reflected back into space as infrared radiation 

(heat).  These greenhouse gases absorb a portion of that infrared radiation and reemit it 
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back to the Earth.  This effectively increases the temperature of the Earth.  This concept 

is commonly referred to as climate change.  The dangerous thing about climate change is 

that no one really knows exactly how the Earth will respond to changes.  Increased 

temperatures have the potential to affect weather pattern, sea levels, and Earth’s plants 

and animals. 
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Figure 1.1. Global land temperature deviations from the average temperature of the 20th 
century (NCDC 2005) 
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The Earth does have a natural carbon cycle in which the atmosphere exchanges 

CO2 with the oceans and vegetation.  However, this carbon cycle is just that, a cycle.  

When the cycle is balanced, the amount of carbon entering the atmosphere is equal to the 

carbon absorbed from the atmosphere.  The cycle does not account for a net increase of 

carbon into the cycle.  If carbon containing fossil fuels are removed from the ground and 

burned, creating carbon dioxide, the Earth’s surface will see a net increase of carbon.  

This carbon must reside somewhere within the carbon cycle and the atmosphere is a 

natural place for the CO2 to accumulate.  Figure 1.2 shows the degree at which human 

interaction has affected atmospheric CO2 concentrations. 

The data ranging from 1744 to 1953 was obtained from measurements of air 

trapped in a 200 meter ice core drilled at Siple Station, located in West Antarctica 

(Neftel, Friedli et al. 1994).  The age of the ice was able to be dated ±2 years until 1834, 

after which the age of the ice was extrapolated.  The more recent data by Keeling (2005) 

were obtained from actual vapor measurements at the Mauna Loa Observatory in Hawaii. 

Figure 1.2 shows that atmospheric CO2 concentrations have changed drastically in 

the past 250 years.  In fact, Keeling (2005) showed that atmospheric CO2 concentrations 

increased 19.4% from 1959 to 2004.  These recent trends imply that action is required if 

atmospheric CO2 concentrations are to be stabilized. 
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Figure 1.2. Historical atmospheric CO2 concentrations since obtained from Siple Station 
ice core drilling (Neftel, Friedli et al. 1994) and atmospheric CO2 
measurements (Keeling and Whorf 2005) 

Although Neftel (1994) showed that CO2 concentrations were approximately 280 

ppm before significant human interference, these concentrations were not always 

constant.  Barnola (2003), like Neftel studied trapped air in ice.  This study conducted at 

Vostok Station in Eastern Antarctica yielded the deepest ice core ever recovered, 

reaching a depth of 3,623 meters.  This depth corresponds to air from as far back as 
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417,000 years ago.  The most recent data obtained dated near 350 BC.  Figure 1.3 shows 

the atmospheric CO2 concentrations obtained from the Vostok ice core project. 

160

180

200

220

240

260

280

300

320

01 1052 1053 1054 105

A
tm

os
ph

er
ic

 C
O

2 C
on

ce
nt

ra
tio

n 
(p

pm
v)

Year (BC)
 

Figure 1.3. Historical CO2 record from the Vostok ice core (Barnola, Raynaud et al. 
2003) 

Figure 1.3 shows a pattern of rapid increases in CO2 concentrations followed by 

steady decreases over which the carbon cycle returned the Earth to its natural state.  The 

figure also shows that atmospheric CO2 concentrations at 350 BC match very well with 

the data obtained from the Siple Station project around 1750 AD.  This implies that no 
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major climatic events altering the atmospheric CO2 concentration happened during this 

period.  The most important result from Figure 1.3 is that without significant human 

interference, the Earth encountered some major atmospheric disruptions but typically 

maintained atmospheric CO2 concentrations between 180 and 300 ppm.  Current CO2 

concentrations are near 380 ppm and are increasing very quickly.  If humans are to 

stabilize atmospheric CO2 concentrations, we must look into our fossil fuel use which is 

responsible for the increase. 

1.3 ENERGY CONSUMPTION AND CO2 EMISSIONS 

World energy use is steadily increasing.  Although renewable energy sources are 

growing, they account for only small fraction of our total energy use.  According to the 

Energy Information Administration (IEA 2005), in 2003, over 85% of the world energy 

supply was obtained from fossil fuels.  Hydroelectric power and nuclear power 

contributed 6.5 and 6.4%, respectively.  Commercially distributable renewable sources 

accounted for 1.4% of the world’s demand.  Historical data for energy consumption by 

source is shown in Figure 1.4. 
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Figure 1.4. World energy production by primary energy type (IEA 2005) 

Nuclear energy, hydroelectric, and other renewables do not have net CO2 

emissions.  Petroleum, natural gas, and coal do emit CO2 but do not contribute emissions 

equally on an energy basis.  This is due to their different energy contents and carbon 

concentrations.  Coal is composed of long chain carbon molecules and has the highest 

carbon concentration per unit energy content.  Figure 1.5 shows historical fossil fuel 

consumption based on CO2 emissions. 
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Figure 1.5. World CO2 emissions from fossil fuels (IEA 2005) 

Coal shows a higher contribution to CO2 emissions in Figure 1.5 than its energy 

contribution in Figure 1.4.  Coal combustion accounted for approximately 37% of CO2 

emissions in 2003 (IEA 2005).  Although petroleum showed a slightly higher 

contribution to CO2 emissions than coal, petroleum is primarily used as a transportation 

fuel.  This results in an extremely large number of small CO2 emission sources.  It would 

be unreasonable to try to control each of these point sources.  Coal, however, is used 

primarily for electricity generation.  In 2003, about 92% of coal was appropriated to 

electricity generation (IEA 2005).  Since coal-fired power plants are very large, the 
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number of point sources are relatively few.  These few point sources emitting large 

quantities of CO2 provide a unique opportunity to capture the CO2 before it is released 

into the atmosphere. 

1.4 CO2 CAPTURE BY ABSORPTION/STRIPPING 

CO2 emissions from coal fired power plants can be captured via an 

absorption/stripping process with a circulating chemical solvent.  This 

absorption/stripping system can be placed at the tail end of new or existing coal fired 

power plants with NOx and SOx controls.  A typical CO2 absorption/stripping system is 

shown in Figure 1.6. 

Figure 1.6. Typical absorber/stripper flowsheet for CO2 capture 

Amine solvents are generally used since they chemically react with CO2 under 

certain conditions.  A lean solvent (low CO2 concentration) is feed into the top of the 

absorber.  The solvent is countercurrently contacted by the flue gas containing CO2.  The 

CO2 chemically reacts with the amine solvent and treated gas exits the top of the 

absorber.  The rich (high CO2 concentration) amine leaves the bottom of the absorber and 

is preheated by a cross exchanger before entering the top of the stripper.  At stripper 
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conditions, typically higher temperature and pressure, the reaction between the amine and 

CO2 is reversed, liberating the CO2.  A concentrated CO2 stream is obtained from top of 

the stripper.  The lean solvent from the stripper undergoes heat exchange and goes back 

to the absorber again.  Concentrated CO2 from the stripper can be compressed and 

sequestered into depleted oil or gas fields or deep saline reservoirs (IEA 2001).  Resent 

studies show that permanent storage in deep saline aquifers is feasible (Kumar, Ozah et 

al. 2005). 

The absorption and stripping of CO2 from flue gas is a mature commercial 

technology and can be applied to any existing power plant.  However, the reduction of 

CO2 emissions does come with a price.  Estimates have suggested that electricity prices 

would rise about 80% for coal fired power plants with CO2 capture (Rubin, Rao et al. 

2004).  About 80% of this price increase is due to the associated capture and compression 

of the CO2 while 20% is associated with transportation and sequestration (Rao and Rubin 

2002).  This economic stimulus provides a driving force for researchers to improve 

capture and compression costs by using new solvents or innovative absorber/stripper 

designs.  Currently, a 30 wt% aqueous monoethanolamine (MEA) solvent is the state-of-

the-art solvent for this system. 

1.4.1 Monoethanolamine as a Solvent for CO2 Capture 

A 30 wt% aqueous MEA solution is the current industry standard for CO2 capture 

by absorption/stripping.  Its proven reliability encourages its use for CO2 capture.  MEA 

is produced from the reaction of ammonia with ethylene oxide, both very cheap 

chemicals.  As a result, MEA is cheap relative to other amines.  MEA is soluble in water 

at all concentrations thus eliminating solubility issues observed by some amine solvents.  

The solubility of MEA ensures the solution can have a high capacity to carry CO2.  MEA 

is effectively nonvolatile preventing it exiting the top of the stripper, reducing makeup 
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costs.  MEA also has sufficient reaction rates ensuring the absorber and stripper heights 

remain reasonable.  However, MEA does suffer from thermal and oxidative degradation 

in addition to being corrosive.  The use of MEA also produces high capital and operating 

costs. 

Other solvents have advantages and disadvantages over MEA and are currently 

being used for CO2 capture.  Despite newer solvents, MEA is still the current industry 

standard for CO2 capture by absorption/stripping.  Because of the widespread use of 

MEA for this application, MEA was chosen as the solvent to run this baseline CO2 

capture campaign. 

1.4.2 Aqueous Monoethanolamine – Carbon Dioxide Reactions 

Carbon dioxide reacts with aqueous MEA primarily by means of an intermediate 

zwitterion (Danckwerts 1979). 

 
−+→+ COORNHCORNH 222  (1.1) 

The intermediate zwitterion then reacts with another mole of MEA to form stable 

complexes, protonated MEA and MEA carbamate. 

 
−+−+ +→+ RNHCOORNHRNHCOORNH 322  (1.2) 

Equations 1.1 and 1.2 suggest that the CO2 loading of the solution is limited to 0.5 

molCO2/molMEA since 2 moles of MEA are required to react with each mole of CO2.  

However, this is not the case since the zwitterion can also react with water to form 

protonated MEA and bicarbonate.  This zwitterion-water reaction only becomes a 

significant reaction at higher CO2 loading. 

 
−+−+ +→+ 3322 HCORNHOHCOORNH  (1.3) 
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1.5 LITERATURE REVIEW 

Several pilot plants have captured CO2 by absorption/stripping with aqueous 

monoethanolamine.  However, the bulk of the pilot plant raw data is unavailable.  In 

addition, each pilot plant performs differently due to design, size, equipment and 

operational factors.  For these reasons, it was mandatory to run a baseline MEA campaign 

for the Separations Research Program pilot plant.  These results will be compared to 

results obtained using a potassium carbonate/piperazine solution in the same pilot plant.  

A complete data set from this campaign is included in the appendix to aid other pilot 

plant projects or calculation of other parameters not analyzed in this thesis. 

The University of Regina has an absorption/stripping pilot plant which obtains 

CO2 from the combustion of natural gas.  The absorber has a 10 cm diameter.  This 

absorption unit has been used to analyze mass transfer performance for various gas and 

liquid flow rates, CO2 partial pressures, liquid temperatures, solvent concentration, 

solvent type and packings (Aroonwilas, Veawab et al. 1999).  The pilot plant has also 

been used to quantify the heat duty of CO2 capture using 30 wt% MEA and other solvents 

(Idem, Wilson et al. 2005). 

The University of Regina has also performed CO2 absorption/stripping studies 

with a re-commissioned pilot plant adjacent to SaskPower’s boundary dam power station.  

This is a coal-fired power station.  The absorber and stripper of this system are 46 and 41 

cm, respectively.  The pilot plant system has analyzed the performance and reliability of 

proprietary CO2 solvent technologies.  Reasonably long test periods can be conducted to 

quantify operational problems such as solvent degradation, levels of heat-stable salts, and 

corrosion (Wilson, Tontiwachwuthikul et al. 2004).  The system also facilitates the 

analysis of the heat duty under typical industrial operating conditions (Idem, Wilson et al. 

2005). 
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Korea Electric Power and Mitsubishi Heavy Industries have also performed CO2 

capture pilot plant studies using aqueous MEA solutions (Jang, Kim et al. 2004), (Imai 

2003). 

1.6 SCOPE AND OUTLINE OF CURRENT WORK 

Monoethanolamine (MEA) is the solvent most commonly used for removal of 

CO2 from flue gas.  Other solvents such as potassium carbonate/piperazine blends are 

being developed and evaluated for improved CO2 removal performance.  To accurately 

compare the CO2 capture performance of new solvents to MEA, it was necessary to run a 

baseline MEA campaign in the same pilot plant as the new solvents. 

Results from this MEA campaign are the work presented in this thesis.  The 

results include material and energy balances, mass transfer performance in the absorber 

and stripper, packing performance of Flexipac 1Y and IMTP #40, absorber temperature 

characterization, and some modeling of pilot plant runs using Ratefrac in Aspen Plus.  

Upon completion of the potassium carbonate/piperazine testing and data analysis, the 

MEA results will be directly compared to the data from the new solvent. 
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Chapter 2:  Methods 

2.1 THE PILOT PLANT 

The pilot plant used for these experiments was the testing facility used by the 

Separations Research Program (SRP) at The University of Texas at Austin.  This is a 

multifunctional testing facility at the J.J. Pickle Research Campus in northwest Austin, 

Texas, USA.  The facility performs contract work for a variety of private companies as 

well as The University of Texas at Austin.  The pilot plant facility includes 2 large 

columns typically used separately for extraction and distillation experiments.  For this 

project, the plant was adapted to join the columns and the other available equipment to 

create a close-looped absorption/stripping system.  The typical extractor functioned as an 

absorber while the distillation column acted as a stripper.  Figure 2.1 shows a simple 

schematic of the close-looped pilot plant.  More detailed schematics are shown in the 

appendix. 

The pilot plant’s two carbon steel columns are nearly identically designed.  Each 

has a total height of approximately 11.1 meters and an inside diameter of 42.7 cm.  Both 

have two 3.05 meter beds for packing with a collector plate and redistributor between the 

beds.  Both columns used chimney tray collector plates and orifice-riser liquid 

distributors. 
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Figure 2.1. Simple schematic of the Separations Research Program CO2 capture pilot 
plant configuration for the MEA campaign 

The stripper and the carbon steel reboiler are both insulated.  The 5.1 cm piping 

from the solvent heater to the stripper was insulated with the exception of a 2-3 meter 

section of piping near the top of the stripper.  Both of the columns, the reboiler and the 

large storage tanks are constructed of carbon steel.  All of the piping associated with 

transferring the amine solvent was replaced with 304L stainless steel.  The heat 

exchangers used 316 stainless steel on the tube side. 

The pilot plant design included a 3.8 m3 lean solvent storage tank that held the 

majority of the liquid inventory of the system.  The large storage tank minimized any 
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unsteady state disruptions from the stripper. The large storage tank allows any 

composition disruptions in the solution to mix with the large liquid inventory and keep 

the absorber lean loading constant. 

Once the amine solvent has contacted the CO2 rich flue gas in the absorber, it was 

pumped to the heater.  Industrially, a cross exchanger with fluid leaving the stripper 

would be used for this heating, but this pilot plant took advantage of the existing 

equipment of the Separations Research Program.  This pilot plant used a heater and a 

cooler in place of a cross exchanger.  The heater was found to be undersized for the liquid 

flow rates required for the desired absorber operation.  Rather than sacrifice the absorber 

operating range, a subcooled feed was fed to the stripper.  The temperature of the feed 

entering the column was targeted to be 10°C cooler than the solvent leaving the stripper.  

This would represent a heat exchanger with a 10°C temperature approach on the stripper 

side of the exchanger.  A cross exchanger for this process would not necessarily have 

identical temperature approaches on both sides of the exchanger since the mass flow rates 

are slightly different.  It is also important to keep in mind that temperature approaches 

may differ because the heat capacity is a function of loading.  Figure 2.2 shows how close 

the stripper temperature approach was to the target of 10°C. 
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Figure 2.2. Stripper temperature approach for the 48 pilot plant runs 

As expected, the stripper temperature approach increased with increasing liquid 

flow rate.  The temperature approach does not exactly scale with liquid rate since other 

factors such as inlet gas temperature and the lean and rich loadings can significantly 

affect the absorber outlet temperatures.  The four stray points with lower temperature 

approaches correspond to the four runs that utilized vacuum stripping at 69 kPa.  In these 

cases, the stripper temperatures were much cooler while absorber conditions were 

unaffected.  This essentially reduced the heating requirement of the feed preheater. 
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The temperature approaches shown in Figure 2.2 do take into account the mixture 

of the reflux with the stripper feed which occurs downstream of the temperature sensor 

for the stripper feed.  The actual temperature of the feed entering the stripper was 

calculated from the measured flow rates of the feed and reflux and the heat capacities of 

the solutions.  The heat capacity of the amine solution was calculated using data obtained 

by Weiland (1997). 

Once the solvent was stripped of its excess CO2 and exited the bottom of the 

stripper, it was pumped to the solvent cooler.  This cooling would typically occur mainly 

through the cross exchanger.  A trim cooler would slightly cool the solvent to typical 

absorber conditions.  For this pilot plant, all the cooling took place in the solvent cooler.  

The cooler was typically cooled near 42°C.  The exact temperature was manually 

controlled such that after traveling through the uninsulated pipes and the large 

uninsulated storage tank, the solution would enter the absorber at 40°C. 

Carbon dioxide and water vapor exiting the top of the stripper went to a partial 

condenser.  The gas typically exited the condenser at 10-15°C so most of the water 

content was removed from the CO2.  Condensed water was collected into a liquid 

accumulator.  The level in the accumulator was held constant by a pump, upstream valve, 

and recycle loop since the pump was oversized for this application.  Since the majority of 

the pumped water was circulated back into the accumulator, the reflux experienced a 

significant temperature increase before making its way back to the stripper.  This heat 

input was an insignificant contributor to the energy balance around the stripper but was 

considered nonetheless.  Figure 2.3 shows a simple diagram of the recycle loop for the 

reflux pump. 
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Figure 2.3. Schematic of the recycle loop for the reflux pump 

The dry CO2 from the top of the partial condenser was sent to a large, 2.8 m3 gas 

accumulation tank.  This accumulation tank has the same purpose as the liquid storage 

tank.  It buffers any unsteady state disturbances in the system and thus allows the 

absorber to obtain a more consistent feed.  CO2 flow exiting the gas accumulation tank is 

controlled by a valve which holds the accumulation tank and the stripper at a specified 

pressure.  If more CO2 needs to be added to the system inventory to achieve the desired 

CO2 concentration in the liquid and vapor phases, CO2 is added through a 0.64 cm CO2 

makeup line. This line connects the large CO2 dewars filled with liquid CO2 to the gas 

accumulation tank.  The freshly vaporized CO2 is first sent through a heat exchanger and 

is regulated by a control valve. 

Air from the top of the absorber was also cooled near 10-15°C.  The air then 

passed through a water knockout tank before reaching the Vaisala CO2 analyzer which 

requires a dry gas.  This dry air stream is mixed with CO2 from the gas accumulation 

tank.  After the air and CO2 are mixed, a relatively cold, unsaturated gas with the desired 

CO2 concentration was created.  This gas stream was fed to a blower which was equipped 
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with a recycle and an upstream valve restricting flow.  The design was very similar to the 

recycle loop for the reflux pump shown in Figure 2.3.  The upstream valve forced the 

cool gas to recycle around the blower and to heat up significantly.  The blower speed was 

automatically controlled such the flow after the upstream valve maintained the desired 

gas flow rate.  The valve restriction was adjusted manually to get gas temperatures near 

55°C.  Accurately controlling the gas temperature in this manner proved difficult.  Even 

when the temperature was controlled near 55°C, the gas was far from saturated and likely 

had significant evaporative cooling at the bottom of the absorber.  Industrially, a 

saturated 55°C, 12% CO2 stream would be fed to the bottom of the absorber. 

2.2 OPERATION 

The MEA baseline campaign utilized a 32.5 wt% monoethanolamine solution.  

This 32.5 wt% solution is defined with respect to water and without CO2.  When the 

solution contains CO2 it is actually less than 32.5 wt% MEA but is still called 32.5 wt% 

MEA since CO2 is not included.  Approximately 165 ppm Cu2+ was added to the system 

in the form of copper carbonate basic (a mixture of CuCO3 and Cu(OH)2).  The Cu2+ 

served as a corrosion inhibitor to protect the carbon steel components of the plant, most 

importantly the reboiler.  Fifty milliliters of Dow Corning Q2-3183A Antifoam was also 

added to the system in anticipation of mild foaming problems.  Another 100 mL of both 

Dow Corning Q2-3183A Antifoam and Dow Corning Antifoam DSP were added to the 

system around runs 15 and 16 when the top bed of the absorber exhibited an unusually 

large pressure drop.  The problem was later discovered not to be foaming but a partially 

clogged collector plate between the two beds of packing. 

The campaign consisted of 48 runs, liquid sample collections, at 24 different 

operating conditions.  Liquid samples were collected from the absorber feed, middle, and 

outlet and also from the stripper middle and outlet to check for CO2 loading.  The stripper 
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feed was not sampled since it was the same composition as the absorber outlet.  Usually 

two runs were executed at each operating condition.  The absorption/stripping system 

was maintained at steady state for about an hour before liquid samples were taken.  After 

this initial sampling, the system was held steady for another hour until a second set of 

samples was taken at the condition.  After this second sampling, a new operating 

condition was attempted. 

In addition to the liquid sampling, instantaneous online measurements were 

recorded for approximately 65 variables.  These variables include readings such as 

gaseous CO2 concentrations, temperatures, pressures, densities, flow rates, and liquid 

levels.  The values were logged into a spreadsheet with a recording interval of one 

minute.  For calculation purposes, these values were averaged around the sample time 

including the 10 minutes before and after the sampling time.  This dampens any 

temporary disturbances caused by the actual sample collection.  This list of recorded 

conditions time-averaged around each sample point can be found in the appendix.  

Diagrams showing the relative location of each measurement are also found in the 

appendix. 

A 12 mole% CO2 inlet gas was attempted throughout the entire campaign.  

However, the CO2 calibration tanks were likely labeled by mole% instead of mass%, as 

previously thought.  This would results in an approximate 17.1 mole% flue gas being fed 

to the absorber instead of a more typical 12 mole%.  One of the calibration gases was 

tested via gas chromatography and showed a CO2 concentration closer to the mole% 

composition.  Measurements of the absorber outlet also suggest that the absorber inlet gas 

was roughly 17% CO2.  Neither scenario matched very well with the accepted CO2 

material balance.  This thesis evaluates the data considering both cases.  The assumption 

is clearly stated for each case  However, all listed gas concentrations are shown as mole% 
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concentrations.  These actual gas concentrations are neither saturated or on a dry basis 

but have been modified from the raw measured values due to temperature and pressure 

corrections required by the instrumentation. 

The MEA baseline campaign used two different packings in the absorber and 

stripper.  Originally Flexipac 1Y, a structured packing with a specific area of 420 m2/m3, 

was used in the absorber with IMTP #40, a random metal packing with a specific area of 

145 m2/m3, in the stripper.  Halfway through the campaign, the Flexipac 1Y was moved 

to the stripper while the IMTP #40 was placed in the absorber. 

With each packing orientation, lean loadings of 0.2 and 0.3 molCO2/molMEA were 

attempted.  Controlling and measuring this CO2 loading was difficult and operating errors 

were made.  Lean loading was originally controlled primarily by measurement of the 

ionic conductivity.  A few runs into the campaign, the ionic conductivity meters started 

acting unreliably and eventually failed.  A decision was made to control the lean loading 

based on density.  For varying densities, CO2 concentration was determined using a 

Shimadzu TOC-5050A Total Organic Carbon Analyzer.  Since the analyzer produced a 

significant data scatter, 10 or so points were needed for a fairly good correlation of the 

0.3 loading cases.  When a 0.2 lean loading was attempted with the IMTP #40 in the 

absorber, the correlation was not as accurate and a density was maintained which resulted 

in a lean loading closer to 0.23. 

For each lean loading, two gas rates were run.  The higher gas rate was near 

capacity and the lower was approximately half the higher.  For each of these gas rates, 3 

liquid rates were attempted.  Liquid rates were controlled such that the CO2 removal from 

the inlet flue gas would be approximately 70, 85, and 95%.  At the end of the campaign, a 

few runs with vacuum stripping were performed.  The actual operating conditions 
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performed can be seen in Table 2.1.  Runs 37 and 38 are not included in Table 2.1 since 

they were conducted at different liquid flow rates. 

Table 2.1. Operating conditions of the MEA campaign 

Sample
Packings

(Absorber/Stripper)
Lean Loading

(molCO2/molMEA)

Mass -
Inlet CO2

(mol%)

Mole -
Inlet CO2

(mol%)
Gas Rate

(Actual m3/min)
Liquid Rate

(L/min)
CO2 Removal

(%)
1.2 Flexipac 1Y / IMTP #40 0.18 11.8 16.9 6.88 18.8 99
3,4 Flexipac 1Y / IMTP #40 0.16 11.4 16.4 6.87 13.2 99
5,6 Flexipac 1Y / IMTP #40 0.18 12.2 17.4 13.74 29.4 61
7,8 Flexipac 1Y / IMTP #40 0.17 11.5 16.5 13.75 37.7 96
9,10 Flexipac 1Y / IMTP #40 0.15 11.7 16.7 13.75 29.4 87
11,12 Flexipac 1Y / IMTP #40 0.15 11.8 16.8 13.75 25.9 75
13,14 Flexipac 1Y / IMTP #40 0.33 11.8 16.8 12.37 56.8 62
16,17 Flexipac 1Y / IMTP #40 0.37 12.5 17.8 9.75 80.4 94
18,19 Flexipac 1Y / IMTP #40 0.27 11.9 17.0 5.50 28.4 95
20,21 Flexipac 1Y / IMTP #40 0.27 11.9 17.0 5.50 23.1 87
22,23 Flexipac 1Y / IMTP #40 0.28 12.1 17.3 5.49 20.4 72

24 Flexipac 1Y / IMTP #40 0.28 11.5 15.2 8.74 39.5 92

25,26 IMTP #40 / Flexipac 1Y 0.28 11.6 16.6 11.00 104.1 93
27,28 IMTP #40 / Flexipac 1Y 0.29 11.7 16.7 11.00 82.1 86
29,30 IMTP #40 / Flexipac 1Y 0.28 11.6 16.6 11.00 54.9 70
31,32 IMTP #40 / Flexipac 1Y 0.28 12.3 17.5 5.50 40.7 95
33,34 IMTP #40 / Flexipac 1Y 0.28 12.6 17.9 5.50 42.6 80
35,36 IMTP #40 / Flexipac 1Y 0.28 11.9 17.0 5.62 42.8 95
39,40 IMTP #40 / Flexipac 1Y 0.23 12.0 16.8 11.00 83.1 94
41,42 IMTP #40 / Flexipac 1Y 0.23 11.9 17.1 10.97 56.8 87
43,44 IMTP #40 / Flexipac 1Y 0.23 11.8 17.0 11.00 39.4 72
45,46 IMTP #40 / Flexipac 1Y 0.29 12.0 16.9 8.25 60.8 96
47,48 IMTP #40 / Flexipac 1Y 0.28 12.7 18.0 8.23 30.1 69  

2.3 ANALYTICAL METHODS 

2.3.1 Sample Collection and Dilution 

Solutions were obtained from 5 sample locations using sample bombs to prevent 

CO2 from escaping the solution.  The sample locations included the top, middle, and 

bottom of the absorber and the middle and bottom of the stripper.  As Figure 2.1 showed, 

the top of the stripper had the same CO2 concentration as the liquid leaving the bottom of 

the stripper.  Sample bombs allowed solution to flow through when they are connected to 

a slip stream.  As soon as the sample bomb was disconnected, the connection devices on 

the slip stream and the sample bomb seal, ensuring that the captured solution had an 

identical composition to the process solution.  The filled sample bombs were then 
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connected to a device which allowed the solution to be extracted with a syringe.  A 

venting device was connected to the top of the sample bomb to allow air to be pulled into 

the bomb as the solution was removed.  Approximately 10 mL of solution was extracted 

from the sample bombs and injected into capped vials containing 30 mL of chilled, 

deionized water.  The chilled water decreases the CO2 vapor pressure and thus keeps the 

CO2 in solution.  These samples were then stored in a refrigerator until they were ready 

for analysis. 

2.3.2 CO2 Loading Analysis 

A total organic carbon (TOC) analyzer was used to measure the CO2 

concentration in the liquid samples.  Only the inorganic carbon (IC) measurement was 

utilized for the TOC analyzer.  The IC measurement works by injecting an aliquot of 

diluted solution (8 μL in this case) into an acid, in this case phosphoric acid.  The basic 

solution is acidified and the CO2 is released into a vapor form.  The gaseous carbon 

dioxide is carried off by hydrocarbon free air (ultra zero grade) and routed to an infrared 

gas analysis sensor which reports the CO2 concentration.  This TOC uses a carrier gas 

flow rate of 150 mL/min.  The Shimadzu TOC-5050A Total Organic Carbon Analyzer 

used was programmed to take up to four measurements of each sample until a coefficient 

of variance of less than 2% was achieved for two measurements.  A coefficient of 

variation is basically the standard deviation divided by the mean. 

The TOC was calibrated from a solution created from a mixture of Na2CO3 and 

NaHCO3 which had a CO2 concentration of 1000 ppm.  Prior to preparation of this 

standard solution, the Na2CO3 was heated in an oven at 225°C for one hour and cooled in 

a desiccator to ensure minimal water content.  Once the 1000 ppm CO2 solution was 

made using carbon-free water, samples of 100, 200, 300 and 400 ppm were prepared for 
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the calibration of the TOC.  The 1000 ppm standard was stored in a refrigerator and has a 

shelf life of about one month. 

After the campaign was over, the samples from the 48 runs and 5 sample 

locations were analyzed for CO2 loading.  Due to the time required for this analysis and 

the lack of available labor while running the campaign, the CO2 loading analysis was not 

performed until after the campaign was completed.  Sample solutions were previously 

diluted 3:1 with deionized water from the sample taking process.  These samples were 

again diluted 15-35 times so they would yield carbon concentrations of approximately 

200 ppm.  The Shimadzu TOC-5050A Total Organic Carbon Analyzer is equipped with 

an auto sampler which can test another sample as soon as the previous one is completed.  

Ten pilot plant samples were analyzed at a time with a 200 ppm standard placed before 

the first sample, after the 5th, and after the last.  This put a standard before and after 

every 5 samples.  Fresh phosphoric acid was used for each new set of 13 samples.  All the 

sample vials were covered with parafilm to prevent any CO2 from leaving the samples 

while they were waiting to be analyzed. 

Since the analyzer had significant inaccuracies in the results with respect to the 

three 200 ppm standards measured, these standards were used to adjust the reported CO2 

concentrations of the samples.  A linear correction was used for each set of 5 samples 

between the internal standards. 

2.3.3 MEA Concentration 

In the initial charging of the chemicals, both water and MEA were pumped 

through a Micro Motion flowmeter which can accurately measure the mass of each 

component.  A 30 wt% MEA concentration was targeted.  The 30 wt% concentration is 

with respect to MEA and water only, not including CO2.  The MEA concentration was 

checked by using a titration with 2N (±0.005) certified hydrochloric acid.  HCl was 
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slowly added until the pH of the solution reached 3.0.  The solution was also stirred using 

a magnetic stir bar to homogenize and help liberate CO2 from the solution.  The required 

HCl was used to calculate the MEA weight fraction of the solution.  Figure 2.4 shows a 

titration plot for a slightly loaded 30 wt% MEA solution.  The solution has a sharp pH 

change that occurs near a pH of 3-4.  This is the endpoint where all the MEA has reacted 

with HCl. 
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Figure 2.4. Titration plot of a slightly loaded 30 wt% MEA solution 
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Table 2.2 shows the obtained titration data.  The 2 “pre-startup” samples were 

tested after the chemicals had been charged and circulated through the system for a few 

hours.  The plant was not in operation during these 2 samplings.  The other 8 samples 

were all obtained while the plant was operating.  These samples were not titrated until 

after the completion of the campaign and the CO2 concentrations of each sample were 

determined.  Absorber lean samples were always used for consistency.  The packing 

change out occurred between runs 24 and 25.  The stripper was operated at vacuum 

conditions for runs 45-48. 

Table 2.2 MEA concentration of the pilot plant solution 

Sample Date/Time MEA Conc (wt%)
Pre-startup 3/4/05 29.3, 29.1

AL2 3/15/05 21:10 32.0
AL17 3/22/05 11:30 32.5
AL24 3/24/05 7:45 32.9
AL25 4/6/05 16:20 33.2
AL33 4/7/05 17:00 28.1
AL44 4/12/05 2:30 32.6
AL47 4/13/05 14:45 34.6
AL48 4/13/05 15:45 34.0  

Table 2.2 shows the MEA concentration was typically about 32-33 wt% during 

the campaign.  These runs have higher MEA concentrations than the “pre-startup” 

samples since some of the water is displaced from the liquid during operation.  During 

operation, pure water is held in the liquid accumulator and piping associated with the 

stripper reflux.  A small portion of water is also associated with the vapor space in the 

columns.  When the stripper was switched over to vacuum operation, the absorber feed 

MEA concentration seemed to shift to about 34 wt%.  All loadings are calculated based 

on a 32.5 wt% MEA concentration. 
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2.4 ASPEN MODELING 

Freguia and Rochelle (2003) improved Austgen's (1989) VLE model with a new 

set of regressed interaction parameters generated in Aspen Plus using the solubility data 

of Jou et al (1995).  The Freguia and Rochelle (2003) framework and reactor parameters 

are used to model the MEA system.  The absorber performance is modeled by a 

combination of equilibrium and kinetic reactions, while the stripper performance is 

modeled only by equilibrium reactions. The details of these reactions and the rate 

constant expressions can be found in Freguia and Rochelle (2003).  

Freguia (2002) developed a Fortran rate routine for the absorber model to work 

around two fluxes in RateFrac. RateFrac incorrectly uses two-film theory to calculate 

CO2 mass transfer enhancement by averaging the interface and bulk reaction rates. For 

the simple reaction kinetics, RateFrac uses concentration-based driving forces rather than 

activity-based driving forces in the computation of species fluxes; this creates 

inconsistency with the electrolyte-NRTL thermodynamic framework.  

Freguia (2002) wrote a Fortran subroutine with the interface pseudo-first-order 

(IPFO) approximation to estimate CO2 mass transfer with fast chemical reactions. This 

concept assumes that rapid CO2 depletion occurs in a thin sublayer next to the interface 

while the other species have constant concentrations. The IPFO model was used to 

analytically solve flux equations simultaneously. The subroutine used correlations by 

Onda et al. (1968), Weiland (1996), and Pacheco (1998) to compute wetted area, density, 

and CO2 diffusivity. It also utilized experimental wetted-wall column data by Dang 

(2000) to adjust the MEA-CO2 rate constant. The subroutine interacts with the RateFrac 

absorber module to characterize the bulk and boundary layer kinetics until a correct 

analytical solution is reached.  The Fortran subroutine is included in the appendix. 
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Chapter 3:  Experimental Results 

3.1 LEAN LOADING DETERMINATION 

Originally the CO2 loading was controlled using ionic conductivity.  Equations 

were developed to predict the loading using ionic conductivity, temperature, and MEA 

concentration.  However, the two ionic conductivity meters began malfunctioning a week 

into the campaign and were determined to be inoperable.  Starting with sample 18, 

density was used as the controlling parameter for CO2 loading.  Since no correlations had 

been determined for density beforehand, the density was varied until a satisfactory CO2 

loading was obtained.  A Shimadzu total organic carbon (TOC) analyzer located at the 

J.J. Pickle Research Center (PRC) was used to determine the CO2 loading.  The TOC had 

a significant scatter in the results so several data points were recorded.  In the end, 

density allowed the lean loading to be held at steady values, but the actual value of the 

loading was not always the desired magnitude. 

The loading was more accurately linked to the solution density once the campaign 

had come to a close.  After all the samples were analyzed by the TOC for CO2 content, 

the CO2 concentrations for the absorber rich and lean samples were plotted to solution 

density.  The result can be seen in Figure 3.1. 
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Figure 3.1. Density-CO2 concentration correlation for loaded MEA solutions  

Each point on Figure 3.1 is the average result of two to four TOC measurements 

for the absorber rich and lean samples.  The stripper lean samples were not included in 

the analysis because the stripper lean density demonstrated an offset with respect to the 

absorber lean.  The stripper lean stream instrumentation was a lower quality Micro 

Motion, a Micro Motion R-Series sensor in contrast to the two F-Series sensors.  The 

absorber lean stream was controlled near 40°C.  The absorber rich stream exited at 

varying temperatures but the measured density was adjusted by a factor assuming that 
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these rich solutions have the same thermal expansivity as water.  When this temperature-

density correction was applied, a linear dependence was observed.  Using the equation of 

this line, all the absorber lean and rich loadings were calculated from their densities.  This 

calculated loading was the loading that was used in all the calculations.  To calculate the 

magnitude of the offset for the stripper lean, the stripper lean densities were first adjusted 

to their densities at 40°C also assuming they have the same thermal expansivities as 

water.  On average at steady state, the density of the stripper lean and absorber lean 

solutions should be equivalent when they are both adjusted to 40°C.  The stripper lean 

measurement averaged 0.0054 g/mL lower than the absorber lean.  All the stripper lean 

densities were adjusted by 0.0054 g/mL and the equation from Figure 3.1 was then 

applied to the stripper lean samples. 

For the absorber middle samples, a material balance calculation was used since 

density measurements were not available.  Two different CO2 material balances were 

used to find the absorber middle loading.  A material balance around the bottom of the 

column calculated the middle CO2 loading based on the known rich loading and the 

gaseous CO2 concentrations at the bottom and middle of the absorber.  The same analysis 

was performed around the top bed of the absorber.  The absorber middle loading obtained 

from the two material balances was averaged to give the accepted absorber middle 

loading.  Even though the absorber CO2 material balance on the vapor was usually 

significantly less than for the liquid, the calculated absorber middle loading should still 

be accurate.  The error would be spread between the two material balances and the 

averaging should effectively cancel the error. 

Since neither density measurements nor material balances could be used to 

improve the loading measurements for the stripper middle, CO2 concentrations from the 

TOC were directly used. 
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Stripper rich solutions were not collected since the composition is identical to the 

absorber rich.  The absorber lean and stripper lean solutions can differ because of the 

large storage tank that connects the two streams.  A table of the loadings at each of the 

five sample locations can be seen in Table 3.1. 

Table 3.1. CO2 loadings at the five sample points 

Lean Middle Middle Lean
Sample (molCO2/molMEA) (molCO2/molMEA) (molCO2/molMEA) (molCO2/molMEA)

1 0.179 0.175 - 0.179
2 0.176 0.170 0.311 0.176
3 0.160 0.153 0.276 0.160
4 0.161 0.154 0.262 0.161
5 0.180 0.343 - 0.180
6 0.182 0.356 0.264 0.182
7 0.177 0.301 0.302 0.177
8 0.170 0.281 0.251 0.170
9 0.150 0.408 0.206 0.150

10 0.148 0.407 0.197 0.148
11 0.147 0.411 0.238 0.147
12 0.143 0.437 0.277 0.143
13 0.323 0.410 0.588 0.323
14 0.329 0.418 0.585 0.329
15 0.361 0.413 0.545 0.361
16 0.359 0.416 0.561 0.359
17 0.373 0.410 0.498 0.373
18 0.268 0.325 0.565 0.264
19 0.274 0.309 0.517 0.276
20 0.271 0.439 0.526 0.272
21 0.274 0.444 0.523 0.278
22 0.282 0.483 0.502 0.269
23 0.277 0.487 0.528 0.264
24 0.275 0.363 0.569 0.276

25 0.278 0.299 0.460 0.277
26 0.275 0.293 0.633 0.273
27 0.284 0.315 0.478 0.284
28 0.287 0.316 0.502 0.282
29 0.285 0.340 0.510 0.284
30 0.284 0.342 0.378 0.280
31 0.281 0.313 0.425 0.274
32 0.279 0.320 0.418 0.272
33 0.283 0.345 0.517 0.278
34 0.282 0.341 0.456 0.274
35 0.280 0.304 0.479 0.278
36 0.284 0.317 0.447 0.279
37 0.282 0.320 0.512 0.275
38 0.281 0.322 0.475 0.273
39 0.228 0.253 0.343 0.225
40 0.229 0.256 0.317 0.227
41 0.235 0.290 0.327 0.229
42 0.232 0.286 0.341 0.227
43 0.231 0.333 0.454 0.230
44 0.231 0.334 0.450 0.232
45 0.285 0.312 0.292 0.280
46 0.286 0.308 0.361 0.280
47 0.281 0.392 - 0.286
48 0.285 0.394 - 0.286

Rich

0.420
0.405
0.457
0.433
0.525
0.523
0.496
0.493
0.532
0.533
0.537

0.491
0.496

0.506

0.546
0.507
0.508
0.493

0.413

0.386

0.540

0.495
0.538

0.506
0.557

0.376

0.554

0.412
0.448
0.453
0.426
0.428
0.422
0.420
0.415

0.433
0.430
0.491

0.425
0.404
0.402
0.367

0.537

(molCO2/molMEA)

Absorber Loadings Stripper Loadings

0.492
0.433
0.426
0.539

0.371
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In Table 3.1, absorber and stripper lean measurements are identical for samples 1-

17.  For these samples the stripper lean density was not correctly logged so the density 

was assumed to be identical to the absorber lean stream.  The stripper loadings show 

some unexpected results.  The CO2 loading at the middle of the stripper was very high 

and often even higher than at the top of the stripper in runs with a high lean loading.  This 

phenomenon seems to be even greater with higher lean loading greater than 0.30.  This 

phenomenon is not likely linked to the sampling procedure since all runs with lean 

loadings near 0.20 had middle loadings that were much lower than the rich loadings. 

3.2 CO2 MATERIAL BALANCES 

The CO2 material balance for the pilot plant was calculated by five methods.  The 

first method, named “absorber liquid 1”, uses the densities, flow rates, and CO2 

concentrations of both the absorber rich and lean liquid streams.  The total moles of CO2 

in the rich stream subtracted from the total moles in the lean stream is the amount of CO2 

that was absorbed. 

A second CO2 material balance, named “absorber liquid 2”, used the density, flow 

rate, and the CO2 concentration of the absorber lean stream to find the moles of CO2 in 

the lean stream.  It also used the CO2 concentration of the rich stream.  This CO2 capacity 

was determined by calculating the moles of CO2 that would have to be added to the lean 

solution to create the CO2 concentration of the rich solution. 

The third CO2 material balance calculation was the “absorber gas 1”.  The CO2 

transfer rate into the liquid was determined by the gas flow rate and the inlet and outlet 

CO2 gas phase concentrations.  This calculation assumed the calibration gases were in 

mass% so the absorber encountered approximately 12 mole% CO2. 

The fourth CO2 material balance calculation was the “absorber gas 2”.  The CO2 

transfer rate into the liquid was also determined by the gas flow rate and the inlet and 
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outlet CO2 gas phase concentrations.  This calculation assumed the calibration gases were 

in mole% so the absorber encountered approximately 17 mole% CO2.  As previously 

stated, the absorber most likely encountered a 17 mole% flue gas instead of a 12 mole% 

CO2 flue gas. 

The fifth and final CO2 material balance was obtained by directly measuring the 

CO2 flow rate leaving the top of the stripper using an annubar flowmeter.  At steady-state 

operation, the amount of CO2 leaving the stripper must be the same as the CO2 absorbed 

in absorber.  This fourth CO2 flow is called the “stripper CO2 flow”. 

Ideally four CO2 capacities (excluding one of the gas capacities) should be 

identical for each data point but that is not the case due to measurement inaccuracies of 

the instrumentation used, disturbances in the steady state operation, error in the 

calibration of the equipment, physical limitations of the equipment, and unforeseen 

inaccuracies.  Figure 3.2 shows the CO2 capture rates for each of the five calculation 

methods at each run.
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Figure 3.2. CO2 capture rates for the five calculation methods
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Figure 3.2 shows that the five CO2 material balances agree sufficiently well.  The 

“stripper CO2 flow” and the “absorber liquid 1” agree most closely with the exception of 

the first 4 runs.  For runs 1-4 with low gas flow rates, the flow of CO2 off the top of the 

stripper bordered near the minimal flow requirements for the annubar flow measurement.  

As a result, runs 3 and 4 reported zero gas flow when CO2 was obviously flowing 

through the device.  The average of the “stripper CO2 flow” and the “absorber liquid 1” 

was defined as the true CO2 flow.  This true CO2 flow was considered the actual flow and 

used in all subsequent calculations.  For runs 1-4 with poor “stripper CO2 flow” 

measurements, the “absorber liquid 1” values were taken as the true CO2 flow.  The 

“stripper CO2 flow” and the “absorber liquid 1” differed by an average of 6.5%.  The 

accuracy of these two capacities can be seen more clearly in Figure 3.3. 
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Figure 3.3. CO2 capacity comparison of the “absorber liquid 1” and “stripper CO2 flow” 
calculation methods 

Figure 3.3 shows that the “absorber liquid 1” and the “stripper CO2 flow” match 

up very well.  The two methods do start to show inconsistencies at smaller capacities.  

This is due to the accuracy of the annubar flow meter at low flow rates.  These low flow 

rates border on the minimum flow requirements for the annubar to accurately measure the 

CO2 leaving the top of the stripper.  The annubar even reported zero flow for two runs 
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with low flow rates.  Figure 3.3 shows that the “stripper CO2 flow” likely reported flows 

too small at lower CO2 flow rates. 

The “absorber liquid 2” showed a fairly significant error of about 10% compared 

the true CO2 flow.  The “absorber liquid 2” also almost always had a larger capacity than 

the true or accepted value.  This may be due to a faulty rich flow rate or rich loading.  It 

is also possible that both the rich flow rate and the rich loading could be misleading since 

the gas enters absorber unsaturated but leaves saturated.  This could result in a greater 

than 32.5 wt% MEA rich solution which could affect the density/loading correlation. 

The absorber gas capture rates have the largest error.  This is most likely due to 

inaccuracies in the gas flow measurement or the Vaisala CO2 probe which measures the 

CO2 concentration in the inlet flue gas stream.  The CO2 probes measurements have been 

adjusted for nonstandard temperatures and pressures according to the sensitivities 

described in the user manual.  The annubar measurement for the flow rate was also 

adjusted to account for the molecular weight of the flue gas instead of the molecular 

weight of air.  The “absorber gas 1” and “absorber gas 2” capture rates differ 

substantially from each other since they assume drastically different CO2 concentrations.  

“Absorber gas 1” uses approximately 12% CO2 in the flue gas versus approximately 17% 

CO2 for “absorber gas 2”.  These differences are due to the assumptions of the calibration 

gases being in mass% or mole%.  Recent testing by gas chromatography suggests the 

calibration gases were most likely labeled by mole%, resulting in a 17 mole% CO2 flue 

gas.  Data from the pilot plant was analyzed for each of these cases. 

The “absorber gas 1” had an error of about 17.5% compared to the true CO2 flow.  

The “absorber gas 2” had an error of about 18% compared to the true CO2 flow.  

“Absorber gas 1” rates were almost always below the true CO2 flow while “absorber gas 

2” capture rates were almost always above the true CO2 flow rate.  Both absorber gas 
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rates were much higher for the first 4 runs, but this is likely due to some data collection 

error.  The first four runs often report trends that are inconsistent with the rest of the 

campaign.  The values for each CO2 capture rate in Figure 3.2 can be seen in Table 3.2.  

Table 3.2. CO2 capacities for the five calculation methods 

Absorber Absorber Absorber Absorber Stripper True
Liquid 1 Liquid 2 Gas 1 Gas 2 CO2 Flow CO2 Flow

Sample (kgCO2/hr) (kgCO2/hr) (kgCO2/hr) (kgCO2/hr) (kgCO2/hr) (kgCO2/hr)
1 62 64 91 130 56 62
2 60 60 85 122 40 60
3 52 55 88 126 0 52
4 49 51 82 118 0 49
5 134 143 109 155 133 134
6 134 141 97 138 127 131
7 157 170 156 223 157 157
8 160 171 158 226 152 156
9 144 159 141 202 138 141

10 146 159 140 200 136 141
11 124 142 124 177 127 126
12 126 146 122 175 133 129
13 133 146 96 137 131 132
14 130 143 90 129 126 128
15 142 149 113 162 151 146
16 144 154 127 180 146 145
17 120 133 115 165 126 123
18 90 95 68 97 77 83
19 83 88 65 93 80 82
20 84 87 62 88 77 81
21 76 86 61 87 76 76
22 68 78 50 72 72 70
23 71 80 54 76 71 71
24 104 127 92 133 111 107

25 154 158 126 179 154 154
26 146 147 116 166 143 145
27 143 149 115 165 142 142
28 142 144 114 163 146 144
29 119 125 91 131 120 119
30 124 131 94 135 123 124
31 77 82 65 93 65 71
32 78 85 65 93 65 71
33 76 83 55 78 64 70
34 77 82 56 80 67 72
35 75 81 61 87 65 70
36 79 84 65 93 74 77
37 82 84 64 91 57 70
38 87 92 59 85 66 76
39 158 162 124 177 153 156
40 161 165 127 181 153 157
41 151 158 116 166 137 144
42 149 158 115 165 138 143
43 132 143 94 135 130 131
44 131 144 95 136 128 130
45 118 126 97 138 130 124
46 112 119 95 135 123 118
47 96 108 73 104 88 92
48 95 106 70 100 96 96  
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3.3 ENERGY BALANCE 

The energy or heat balance of the system was a comparison of the amount of 

energy that entered the system to the expected amount of energy required.  To determine 

the expected energy requirement of the stripping, boundary limits were drawn around the 

stripper, reboiler and condenser.  Figure 3.4 shows the boundary limits of the heat 

balance. 

 

Figure 3.4. Pilot plant boundary limits for the energy balance 

The energy requirement of the pilot plant can be calculated from four factors.  

The first and often the largest is the sensible heat.  The stripper feed heater was 

undersized for many of the flow rates that were used in this campaign.  As a result, feed 

temperatures were often colder than the desired 10°C approach with respect to the 
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stripper lean solution.  Since the CO2 flow off the top of the condenser and the stripper 

feed and lean solutions all have different heat capacities, it was important to define a 

reference temperature.  The reference temperature was defined as the temperature 

average of the top of the stripper, middle of the stripper, and the stripper bottoms, 

specifically sensors T20710, T2074, and T219.  Each of these streams temperatures was 

then raised to or from the reference temperature to find the energy requirement.  The flow 

rate, temperature, and heat capacity of each stream were taken into account.  Liquid heat 

capacities were taken from data obtained by Weiland (1997).  Weiland provided heat 

capacities at 0, 0.1, 0.2, 0.3, 0.4 and 0.5 CO2 loadings.  The data was curve fitted, and the 

resultant equation was used in the calculations.  The stripper feed was heated to the 

reference temperature using the heat capacity.  All the CO2 was released at the reference 

temperature.  The lean solution was then heated from the reference temperature to the 

lean temperature using the heat capacity of the lean solution.  CO2 flow rates were taken 

from the accepted or “true” CO2 flow rates, while heat capacities of the vapor phase were 

used. 

The second largest energy requirement was usually the heat of desorption which 

releases CO2 into the vapor phase.  The heat of desorption is loading and temperature 

dependent so it was calculated at the reference temperature of each run.  Heat of 

desorption data was obtained from Mathonat (1998) using a linear interpolation between 

his 80˚C and 120˚C data at 2.0 MPa.  The stripper operated at 1.6 atmospheres with the 

exception of the last four runs which operated at 0.6 atmospheres.  The data at 2.0, 5.0, 

and 10.0 MPa seems to suggest that at high temperatures, the pressure is not important 

but there is a very large difference in pressure between these measurements and pilot 

plant operation.  It is important to note that with higher rich loadings, the average heat of 

desorption decreased due to an increased contribution from the bicarbonate reaction.  A 
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differential heat of desorption was used to account only for the heat of desorption that 

was applicable over the loading range that the CO2 was released.   

The next largest energy requirement was from heat loss of the system.  A 

preexisting, empirically developed heat loss equation developed by the Separations 

Research Program was used.  This equation is included as Equation 3.1 

 ( )ambientreboiler TTHeatLoss −= 650   (3.1) 

The coefficient in Equation 3.1 is in terms of BTU/(˚F.hr) while the temperatures 

are in degrees Fahrenheit.  Treboiler is the temperature of the vapor coming off the top of 

the reboiler, sensor T208.  Ambient temperatures were not measured but were obtained 

from weather data collected approximately 10 km away at Camp Mabry in Austin, Texas 

(NCDC 2005).  This heat loss analysis does not take into account wind or precipitation 

which could affect the heat loss from the system. 

The final energy requirement is around the condenser.  Cooling water takes heat 

away from the system.  The cooling water to the condenser could not be controlled and 

had a very high flow rate.  The cooling water temperature only rose slightly passing 

through the condenser.  This small temperature change prevented an accurate energy 

calculation this way.  Instead, the amount of heat absorbed by the water was calculated 

indirectly from the CO2 and water vapor passing through the condenser.  The amount of 

heat taken away by the cooling water is equivalent to the enthalpy change of the water 

vapor and CO2 across the condenser.  The CO2, water vapor and condensed water 

temperatures in and out of the condenser were used with their respective flow rates to 

calculate the energy exiting the system through the cooling water. 

For the 48 runs, the sensible heat duty averaged 42% of the total required heat 

duty.  The heat of desorption was the next largest component averaging 24% of the total 
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duty.  The heat removed by the cooling water in the condenser and the heat loss from the 

stripper/reboiler system averaged 20 and 14%, respectively. 

These four energy requirements of the system were compared to the energy that 

was input into the system.  There are actually two heat sources within the boundary limits 

of Figure 3.4.  The major one is the steam entering the reboiler.  This heat duty was a 

directly recorded by the software.  The steam flow rate, temperature and pressure are 

measured.  Software compares these values to steam enthalpy data and determines the 

heat duty.  The second heat source of the system is the heat given off by the stripper 

reflux pump.  Since the reflux pump was oversized for the water flow rates coming out of 

the condenser, a recycle loop with an upstream valve was designed.  A diagram is shown 

in Figure 2.3.  This allowed the majority of the fluid from the pump to be sent right back 

to the liquid accumulator.  The pump speed was adjusted to maintain a level in the 

accumulator.  The temperature and flow rate were measured after the restriction valve.  

Since the temperature of the water leaving the condenser was also known, the expelled 

heat from the pump could be calculated. 

Summing the four energy requirements and subtracted the mechanical energy 

from the reflux pump gives a calculated reboiler requirement for each set of conditions.  

Figure 3.5 compares the calculated heat duty to the measured heat duty of the reboiler. 
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Figure 3.5. Comparison of calculated and measured reboiler duties for the 48 pilot plant 
runs 

The heat balance shows good agreement between the expected reboiler duty and 

the measured duty.  These values showed an average difference of 6.9%. However there 

seems to be a slight offset deviation that increases with increasing heat duty.  It is 

unlikely that this discrepancy is directly linked to the heat loss or cooling water.  The 

cooling water is a relatively small factor and is more dependent on operating conditions 

rather than the total heat duty.  The heat loss is always approximately the same value so 
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there is no reason for it to have increased error at higher heat duties.  The heat of 

desorption data is also unlikely to be associated with the error since it contributed a 

smaller percentage of the total heat duty at higher duties.  This discrepancy is not likely 

due to the insufficient stripper preheat.  The highest heat duties resulted from conditions 

with the highest flow rates and thus the lowest feed temperatures.  The error is probably 

associated with the sensible heat energy component since it increases proportionally with 

the total heat duties.  Either a flow rate measurement or the heat capacity data could be 

inaccurate.  It is also possible that the steam flow rate into the reboiler could have a slight 

error.  However, this measurement is routinely verified and should be fairly accurate.  

The estimated heat loss also contains some error.  Table 3.3 shows the energy 

contributions for each run. 
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Table 3.3. Energy contributions for each of the 48 pilot plant runs 

Sensible Heat of Cooling Heat Loss Reflux Calculated Actual
Heat Desorption Water from Stripper Pump Reboiler Duty Reboiler Duty

Sample (MJ/hr) (MJ/hr) (MJ/hr) (MJ/hr) (MJ/hr) (MJ/hr) (MJ/hr)
1 89 126 200 134 -14 535 540
2 88 122 203 135 -14 535 542
3 58 104 139 136 -12 425 410
4 65 98 191 136 -14 476 461
5 159 247 271 138 -15 800 866
6 150 241 277 136 -16 788 849
7 344 298 280 129 -8 1042 1192
8 340 298 297 126 -10 1052 1179
9 219 262 377 115 -14 960 1097

10 216 263 359 116 -16 938 1054
11 166 234 420 117 -16 921 1019
12 154 239 285 119 -15 782 844
13 499 223 38 120 -5 876 997
14 502 216 39 119 -5 871 987
15 700 243 41 122 -4 1102 1314
16 675 241 47 116 -5 1075 1280
17 672 203 36 111 -4 1018 1244
18 157 147 53 116 -7 467 495
19 159 144 50 117 -6 464 501
20 90 137 65 119 -8 403 411
21 89 127 63 121 -7 393 406
22 83 117 57 127 -8 376 369
23 82 118 54 128 -7 375 369
24 301 188 42 125 -5 651 749

25 1055 296 38 112 -3 1499 1690
26 1084 281 34 112 -2 1509 1687
27 752 268 52 122 -5 1190 1277
28 771 272 48 123 -4 1210 1317
29 457 219 42 123 -4 837 918
30 459 227 41 123 -4 847 918
31 251 134 49 112 -6 540 564
32 245 134 36 110 -4 521 548
33 264 131 42 107 -5 539 554
34 264 135 30 108 -4 533 554
35 273 133 43 121 -6 565 554
36 266 144 44 122 -6 569 559
37 343 133 3 111 0 591 596
38 392 146 62 109 -8 701 708
39 782 317 157 115 -5 1366 1497
40 779 318 140 114 -5 1347 1475
41 470 279 121 113 -7 975 1087
42 462 278 137 112 -9 980 1087
43 296 240 69 128 -9 725 756
44 297 237 74 127 -10 725 754
45 243 230 1014 87 -11 1564 1671
46 245 219 1044 83 -14 1577 1679
47 72 154 445 79 -24 726 738
48 77 161 502 79 -29 791 775  

3.4 DATA QUALITY 

Both the CO2 material balance and heat balance converge well.  This convergence 

gives a greater degree of confidence in the measurements obtained.  The confidence in 

these measurements in turn gives a confidence in subsequent calculations of system 
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performance.  The pilot plant did have a few limitations that prevented it from operating 

like a typical industrial system.  Although these limitations are already included in the 

errors of the material and heat balances, it is important to recognize them. 

There was a flooding problem with runs 15, 16 and 17.  The screen on the 

collector plate was partially clogged with debris and rust.  This restricted liquid flow to 

the bottom bed of the absorber.  This distorted the pressure drop data as well as limited 

the flow rates capable of being run.  A higher capacity collector plate was used after the 

packing change out. 

The stripper feed heater was undersized.  This resulted in cold feeds entering the 

absorber.  With the cold feeds and high vapor CO2 concentrations at the top of the 

column, the top of the stripper acted as an absorber.  Although this may not be bad due to 

an energy efficiency standpoint, it is not the way industrial operation would work.  This 

resulted in the top of the stripper running much colder than desired.  This problem has 

been corrected by adding a plate and frame cross exchanger and allowing the undersized 

feed heater to act as a supplementary heater. 

The absorber flue gas stream had two problems associated with it.  The 

temperature was very hard to control and the gas was unsaturated.   Unsaturated gas 

entering the absorber immediately absorbed water causing an evaporative cooling effect.  

This cooling effect coupled with the often colder than desired flue gas significantly 

lowered the temperature of the bottom of the absorber.  This deviation from industrial 

conditions slightly hinders this data from accurately predicting how an industrial system 

will perform.  This problem has also been fixed since the completion of the MEA 

campaign.  Water from the condenser will sent to a small reboiler which will inject steam 

into the flue gas stream just before entering the absorber.  This will ensure saturation and 

should allow temperature to effectively be controlled. 
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Chapter 4:  Analysis 

4.1 HEAT DUTY 

Energy data could not be used to find optimum operating conditions since the 

stripper feed heater was undersized.  As previously shown in Figure 2.2, this resulted in 

relatively cold feeds entering the stripper.  A large portion of the reboiler duty was 

devoted to heating the solution.  For the 48 runs, the sensible heat component ranged 

from 10 to 64% of the total heat duty.  The calculated heat loss was also substantial.  It 

ranged from 5 to 35% of the total heat duty.  These two large energy requirements diluted 

the accuracy of which the heat of desorption could be measured for various loadings.  

Depending on the operating conditions, stripper heat duties ranged from 369 to 1690 

MJ/hr. 

Since an industrial stripper for CO2 capture will have a negligible heat loss due to 

proper insulation and a large diameter, the calculated heat loss was removed from the 

measured heat duty in this analysis. 

Higher duties were typically observed with higher liquid flow rates since these 

solutions typically entered the stripper at cooler temperatures due to the inadequate 

preheat.  The effect of the stripper temperature approach on the reboiler duty is shown in 

Figure 4.1.  The calculated heat loss has been removed from the measured duty. 
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Figure 4.1. Stripper heat duty (minus heat loss) for the 48 pilot plant runs of the MEA 
campaign 

As expected, the duty increases with increasing temperature approach since more 

sensible heat is required to heat the solutions.  Runs with Flexipac 1Y generally show 

slightly higher temperature approaches since higher solvent rates were tested while IMTP 

#40 was in the absorber.  The two vacuum conditions were conducted at 69 kPa while the 

other runs were conducted at a stripper pressure of 162 kPa.  The four vacuum runs with 

the Flexipac 1Y showed high heat duties despite the small temperature approaches.  
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However, this is misleading since these vacuum cases also have high CO2 removal rates.  

Normalizing the heat duty by the CO2 desorption rate gives a much better idea of the 

energy efficiency of the system.  This is shown in Figure 4.2. 
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Figure 4.2. CO2 normalized heat duty (minus heat loss) for the 48 pilot plant runs of the 
MEA campaign 

When analyzed on this basis, one of the vacuum conditions shows heat duties 

similar to duties of higher pressure stripping.  However, one vacuum condition shows an 

extremely high heat duty.  For this condition, high water reflux rates resulted in a lot of 
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energy exiting the system through the cooling water.  Despite the observed high energy 

requirement for this vacuum case, no operational problems were encountered while 

vacuum stripping.  This data suggests that vacuum stripping may be a viable alternative 

for the CO2 absorption/stripping process. 

4.2 ABSORBER TEMPERATURE PROFILE 

The uninsulated absorber contains 7 resistance temperature detectors (RTD).  The 

locations of the sensors are defined by the height from the bottom of the lower bed of 

packing.  Between the two 3.05 meter beds of packing, there is a liquid redistribution and 

packing change-out area which occupies 1.67 meters of the column.  Figure 4.3 shows 

the location of the temperature sensors. 

 

Figure 4.3. Absorber temperature measurement locations 
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The heat of reaction of CO2 with MEA produces a temperature bulge in the 

column.  This temperature bulge can drastically affect the absorption rates in the column 

since the kinetics of the absorption reaction and the equilibrium of the reaction will 

depend on temperature.  In severe cases where pinching occurs due to the increased 

temperatures, the ability of MEA to capture CO2 is drastically reduced.  The temperature 

bulge is defined as the difference in the observed temperature and the linear temperature.  

This linear temperature is the expected temperature at a point in the column assuming a 

constant temperature gradient between throughout the packing.  This temperature bulge 

definition is illustrated in Figure 4.4. 
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Figure 4.4. Absorber temperature bulge diagram for run 13 (Flexipac 1Y packing, 
11.9% CO2, 12.4 m3/min gas rate, 0.32 lean loading, 56.8 L/min solvent 
rate) 

The temperature profiles could not accurately be defined by a curve fitted 

equation.  The lack of an accurate equation to predict temperatures between sensors 

forces the maximum temperature bulges to be declared at one of the five interior sensors 

where temperatures are known.  The measured temperatures, maximum temperature 
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bulge and bulge location for each of the 48 runs can be seen in Table 4.1.  Samples 1-24 

utilized Flexipac 1Y in the absorber while runs 25-48 used IMTP #40. 

Table 4.1. Absorber temperature bulge parameters 

It is suspected that the temperature measurements of sensor TT4078 at the top of 

the absorber are not the true temperatures at the top of the absorber.  As Figure 4.3 

shows, this TT4078 is above the packing where only gas is present.  These temperatures 

Bed Temp/Gas Out Bed Temp Bed Temp Bed Temp Bed Temp Bed Temp Bed Temp Bulge Max Temp L/G
TT4078/TT400 TT4077 TT4076 TT4075 TT4074 TT4073 TT4071 Location Bulge

Sample (C) (C) (C) (C) (C) (C) (C) (C) (kg/kg)
1 28.4 77.6 78.4 80.5 75.8 79.8 52.5 TT4077 48.7 2.3
2 27.3 46.2 77.1 79.4 74.9 78.9 52.8 TT4076 42.9 2.2
3 31.3 75.0 75.6 78.5 74.0 78.0 47.3 TT4077 49.3 1.6
4 27.6 72.8 74.2 77.5 72.8 77.2 47.2 TT4077 46.9 1.6
5 62.6 70.5 61.3 60.7 55.4 55.6 56.7 TT4077 12.0 2.1
6 62.4 72.1 63.3 62.4 57.0 56.9 57.2 TT4077 13.6 2.1
7 59.3 78.1 74.3 72.9 66.8 63.4 43.4 TT4077 27.1 2.3
8 59.1 78.3 75.3 74.2 68.3 65.1 44.4 TT4077 27.8 2.4
9 62.7 73.9 65.1 62.0 55.8 52.7 39.2 TT4077 18.2 1.9

10 63.2 73.8 65.0 61.8 55.9 52.5 39.3 TT4077 17.5 1.9
11 62.8 69.8 59.6 56.8 51.9 48.7 36.8 TT4077 13.5 1.7
12 62.3 68.8 57.8 54.9 49.6 47.1 35.8 TT4077 13.2 1.6
13 52.8 74.4 69.7 69.2 65.9 63.6 45.9 TT4077 31.2 4.1
14 52.0 73.7 69.2 68.9 65.7 63.3 45.6 TT4077 31.3 4.1
15 35.5 43.2 49.2 53.8 53.1 60.4 51.8 TT4073 14.8 6.5
16 36.2 40.7 43.7 51.9 52.8 58.5 53.8 TT4073 11.4 7.2
17 36.6 40.4 42.1 48.2 48.7 53.0 51.6 TT4073 7.1 7.3
18 47.2 78.7 77.1 77.1 74.7 72.6 46.0 TT4077 38.8 4.4
19 42.7 78.2 77.1 77.7 75.3 74.0 46.7 TT4077 41.3 4.4
20 51.7 76.7 70.0 66.7 63.9 61.3 41.1 TT4077 34.3 3.5
21 49.6 76.1 68.7 65.2 62.1 59.8 40.6 TT4077 34.5 3.5
22 53.8 72.3 62.2 58.3 54.6 53.1 37.3 TT4077 26.6 3.1
23 53.3 72.1 61.6 57.5 53.6 52.1 37.0 TT4077 26.1 3.1
24 52.0 77.0 74.6 73.2 72.0 68.3 43.7 TT4077 33.2 3.7

25 38.2 41.6 43.7 44.1 45.3 49.2 51.4 TT4073 2.5 8.5
26 38.2 41.1 42.9 43.4 44.7 48.1 50.4 TT4073 2.1 8.5
27 36.0 44.1 47.8 47.9 49.9 55.8 52.8 TT4073 9.1 6.7
28 36.1 43.8 47.3 47.3 49.0 54.6 52.1 TT4073 8.3 6.6
29 41.9 68.1 68.0 67.7 68.2 66.5 48.6 TT4077 26.0 4.4
30 43.6 69.3 68.9 68.4 68.8 66.7 48.6 TT4077 25.8 4.4
31 35.0 43.8 47.8 46.6 50.5 60.7 52.7 TT4073 15.5 6.6
32 36.0 45.5 50.3 49.0 53.0 62.5 52.4 TT4073 17.0 6.6
33 37.9 52.0 55.9 54.2 57.4 62.1 50.5 TT4073 16.4 7.1
34 37.8 52.0 55.8 54.3 57.5 62.2 50.3 TT4073 16.6 7.0
35 33.9 41.5 44.9 43.8 46.2 55.2 52.4 TT4073 10.0 7.1
36 34.4 43.1 47.5 46.1 48.7 57.6 52.7 TT4073 12.1 6.9
37 37.6 43.4 47.3 46.1 47.6 52.5 51.8 TT4076 6.4 8.1
38 36.9 42.8 46.1 44.9 46.4 51.4 51.2 TT4076 5.9 9.2
39 36.9 42.3 45.2 45.9 47.8 53.9 54.7 TT4073 6.1 6.8
40 37.1 42.7 45.7 46.4 48.3 54.6 54.9 TT4073 6.6 6.8
41 47.6 74.8 74.3 73.8 73.8 71.4 51.6 TT4077 27.6 4.6
42 48.8 75.2 74.7 74.2 74.1 71.7 51.7 TT4077 26.7 4.6
43 57.3 71.3 68.9 67.4 66.2 61.8 44.4 TT4075 16.6 3.2
44 58.1 71.7 69.3 67.7 66.5 62.0 44.7 TT4075 16.2 3.2
45 38.3 43.5 47.4 48.2 50.9 61.3 57.2 TT4073 11.8 6.7
46 38.7 43.0 46.2 46.8 48.8 57.5 56.9 TT4073 8.0 6.7
47 58.2 71.2 68.3 66.8 64.8 61.6 44.6 TT4075 15.4 3.4
48 57.1 70.4 67.6 66.2 64.2 61.0 44.1 TT4075 15.6 3.4
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are often much less than the gas temperatures at sensor TT400.  TT400 is encountered 

after the gas exits the absorber and travels through approximately 8 meters of uninsulated 

piping.  Temperatures should always be higher at TT4078 due to less heat loss but that 

was usually not observed.  Since the absorber is also uninsulated, it is likely that water 

vapor condenses on the head of the absorber and drips down to TT4078.  The 

combination liquid water on the temperature sensor while warm gas passes could cause 

an evaporative cooling effect that could make TT4078 readings insignificant.  When 

evaluating the temperature profile, the temperature at the top of the absorber was taken to 

be the greater of TT4078 and TT400. 

The maximum temperature bulge ranged from 2 to 45°C depending on the 

operating conditions, especially L/G ratios.  In most of the conditions with the Flexipac 

1Y packing, the temperature bulge was observed at the top of the column.  However, the 

temperature bulge was typically at the bottom of the column when the IMTP #40 packing 

was present in the absorber.  The difference in the bulge location is linked to the L/G 

ratios that were used for each packing.  Since Flexipac 1Y has approximately 3 times 

more surface area than IMTP #40, lower L/G ratios were used for similar CO2 removal 

performance.  This low L/G ratio effectively causes the majority of the reaction to occur 

at the top of the column.  Figure 4.5 shows the relationship between the temperature 

bulge location and the L/G ratio. 
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Figure 4.5. Absorber temperature bulge location for various L/G ratios 

Figure 4.5 shows that runs with L/G ratios lower than 5 typically showed a 

maximum temperature bulge at the top of the absorber while L/G ratios greater than 6 

usually gave maximum temperature bulges near the bottom of the column.  Runs with 

lower L/G ratios generally had a richer rich loading.  Runs with the Flexipac 1Y packing 

were typically too rich near the bottom of the absorber to provide a significant driving 

force for additional reaction.  The IMTP #40 runs suggest that the rich solutions provide 

the largest driving force near the bottom of the absorber where gaseous CO2 
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concentrations are highest.  Figure 4.6 shows the relationship between rich loading and 

temperature bulge location. 
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Figure 4.6. Absorber temperature bulge location for various rich loadings 

Figure 4.6 shows that runs containing IMTP #40 in the absorber generally 

achieved lower rich loadings than Flexipac 1Y.  These lower rich loadings were expected 

due to the decreased surface area of IMTP #40.  It also shows that runs resulting in rich 

loadings lower than 0.47 typically showed temperature bulges near the bottom of the 
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column while rich loadings greater than 0.47 generally resulted in temperature bulges 

near the top of the column. 

4.3 ABSORBER MASS TRANSFER PERFORMANCE WITH 12% CO2 FLUE GAS 

The use of a structured metal packing and a random metal packing in the same 

pilot plant over similar operating conditions allowed the packings to be directly 

compared.  The structured metal packing was Flexipac 1Y which had a specific area of 

420 m2/m3.  The random metal packing was IMTP #40 with a specific area of 145 m2/m3.  

During runs 1-24, Flexipac 1Y was used in the absorber while IMTP #40 was used in the 

stripper.  During runs 25-48, IMTP #40 was used in the absorber while Flexipac 1Y was 

used in the stripper. 

Mass transfer data was obtained by looking at CO2 driving forces at the top and 

bottom of the column.  The Vaisala CO2 analyzers at the inlet and outlet of the absorber 

were not exposed to saturated air to prevent sensor wetting which leads to incorrect 

measurements.  The reported mole fraction CO2 concentrations are diluted when the gas 

saturates in the column.  Gases were assumed to be saturated coming off the top of the 

condenser, out of the gas cooler after the absorber, and throughout the column.  The 

water concentrations in the gases were determined by the water vapor pressures at the 

reported temperatures.  The saturated CO2 concentrations in the absorber are the ones 

used in the mass transfer analysis.  Equilibrium CO2 concentrations were obtained using 

the Aspen Plus rate based model modified by Freguia (2002).  Freguia modified the 

thermodynamic model by Austgen (1989) to match data obtained by Jou et al (1995).  A 

log mean average driving force was calculated using the operating and equilibrium CO2 

partial pressures at the top and bottom of the absorber.  The mass transfer performance 

was calculated using Equation 4.1. 
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In Equation 4.1, KGa is defined in mol/m3s.Pa.  CO2 absorbed is obtained from the 

CO2 material balance and has units of mol/s.  The log mean driving force and the volume 

of the packing are in Pa and m3, respectively. 

A “driving factor” term was also used to identify pinch points at the top and 

bottom of the absorber.  Pinch points result in very unreliable mass transfer data, but can 

validate vapor/liquid equilibrium data.  This driving factor was defined as the operating 

CO2 partial pressure divided by the equilibrium CO2 partial pressure.  A pinch is 

observed when the driving factor approaches one.  Values greater than one indicate 

absorption while values less than one suggest that desorption or stripping is occurring.  

The absorber mass transfer data is shown in Table 4.2. 
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Table 4.2. Absorber mass transfer data for the 48 runs of the MEA pilot plant 
campaign assuming approximately 12% CO2 flue gas 

Sat Vaisala Equilibrium Sat Vaisala Equilibrium ΔP ΔP ΔP Driving Driving
CO2 Out CO2 at top CO2 In CO2 at bottom top bottom log mean Factor Factor KGa *104

Sample (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) top bottom (mole/m3.s.Pa)
1 96 2 11157 1547 93 9610 2052 50 7.21
2 77 2 10383 572 75 9811 1996 46 18.16
3 111 2 11266 1064 107 10202 2213 53 10.59
4 69 1 10415 610 67 9805 1955 49 17.07
5 5373 52 13348 13081 5093 267 98 1.02
6 5119 53 12197 13208 4853 -1011 93 0.92
7 729 38 11281 2187 648 9095 3198 18 5.16 3.55
8 596 34 11346 2196 524 9150 3017 16 5.17 3.75
9 1577 35 11611 3832 1476 7779 3793 43 3.03 2.69
10 1621 35 11690 3981 1519 7708 3811 44 2.94 2.67
11 2673 34 11790 3500 2554 8290 4872 76 3.37 1.87
12 2943 30 11865 3932 2818 7933 4942 94 3.02 1.89
13 4661 146 11528 3642 4234 7886 5872 30 3.17 1.63
14 4833 146 11294 3652 4405 7642 5875 31 3.09 1.58
15 2110 44 10982 4280 2058 6702 3934 47 2.57
16 905 46 12195 5540 856 6655 2828 19 2.20
17 846 61 11208 4002 783 7205 2894 14 2.80
18 788 39 11504 3506 717 7998 3019 19 3.28 2.00
19 687 27 10848 2732 639 8116 2942 25 3.97 2.01
20 1694 63 11399 5015 1542 6384 3408 25 2.27 1.72
21 1861 54 11419 5082 1728 6337 3547 33 2.25 1.55
22 3568 90 11449 5158 3321 6291 4649 38 2.22 1.09
23 3637 81 12034 5355 3418 6678 4868 43 2.25 1.06
24 1096 69 10209 2879 971 7330 3146 15 3.55 2.47

25 987 18 11366 363 969 11003 4130 54 31.30 2.70
26 888 17 10509 276 870 10233 3799 51 38.07 2.76
27 1767 16 10959 702 1751 10257 4812 113 15.62 2.14
28 1774 16 10740 641 1756 10099 4769 109 16.77 2.19
29 3519 29 10784 1008 3472 9775 6090 122 10.70 1.42
30 3886 34 11424 1154 3831 10270 6530 115 9.90 1.37
31 679 14 11065 880 660 10185 3480 50 12.57 1.48
32 862 14 11244 894 840 10350 3787 59 12.57 1.37
33 2716 19 11426 653 2691 10773 5826 145 17.51 0.87
34 2686 18 11540 614 2663 10926 5853 148 18.80 0.89
35 520 12 10146 658 506 9489 3064 44 15.43 1.66
36 753 13 10936 857 736 10079 3571 57 12.77 1.55
37 574 18 10998 520 553 10478 3374 32 21.15 1.50
38 597 16 10267 458 578 9809 3260 36 22.41 1.70
39 822 8 10746 356 809 10390 3754 97 30.17 3.00
40 902 9 11080 362 890 10718 3949 103 30.61 2.88
41 1726 27 11166 939 1687 10227 4739 64 11.89 2.20
42 1627 29 11033 887 1588 10146 4615 56 12.44 2.25
43 3311 64 11580 2092 3243 9489 5818 52 5.54 1.63
44 3178 69 11460 2199 3112 9260 5638 46 5.21 1.66
45 707 20 10900 1611 681 9289 3294 35 6.77
46 567 21 10593 1344 541 9249 3067 27 7.88
47 3706 135 12416 6895 3571 5521 4475 27 1.80
48 3615 129 11843 6313 3488 5530 4431 28 1.88

outlier

outlier

outlier

outlier

outlier

 

The driving factors indicate that there was always a sufficient CO2 absorption 

driving force at the top of the absorber.  No lean end pinches were observed for any 

operating conditions.  However, at the rich end of the absorber some driving factors did 
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approach 1.  Considering the apparent negative driving force, it was not possible to 

compute the mass transfer performance for this condition (Runs 5-6). 

Samples 47 and 48 observed pinching at bottom of the absorber.  Since the 

driving force was small for this condition, the mass transfer data is unreliable and does 

not agree with the observed trends.  Samples 45 and 46, the other two vacuum runs, also 

showed inconsistent mass transfer results. 

Samples 15, 16, and 17 were all conducted at the same operating condition and 

observed flooding at the collector plate between the two beds of packing.  It is possible 

that the flooding increased the mass transfer.  This sample condition also showed 

inconsistent absorber mass transfer performance. 

The first 4 runs of the campaign were also declared outliers for the mass transfer 

analysis.  These first 2 sample conditions almost always show inconsistent results 

compared to the other conditions.  It is possible that some data was incorrectly obtained 

at the beginning of the campaign.  These first four runs were also excluded for the 

absorber mass transfer analysis. 

The first 24 runs with Flexipac 1Y in the absorber generally had much lower rich 

end driving forces than the IMTP #40 runs.  This is because the Flexipac 1Y has 

approximately 3 times more area available for mass transfer.  Although Flexipac 1Y does 

have nearly 3 times more surface area than IMTP #40, it does not have 3 times more area 

participating in mass transfer. 

Mass transfer performance (KGa) is dependent on the mass transfer coefficient 

(KG) and the effective area of the packing (a).  The effective area of the packing is the 

wetted area that is able to participate in mass transfer with the gas phase.  For CO2 

capture, mass transfer depends primarily on the liquid phase properties since the process 

is liquid film controlled.  The surface tension of the solution is an important parameter 
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although it does not affect the mass transfer rates.  It affects the wetted area of the 

packing which is multiplied by the mass transfer coefficient to give KGa.  This parameter 

should not change significantly within the system but can differ significantly among 

solvents.  The most important liquid property may be the viscosity.  Higher viscosities 

can lower the diffusion coefficient associated with CO2 diffusion through the liquid film.  

The viscosity of the solution was not measured but is associated with the CO2 loading of 

the solution.  The richer the solution, the more viscous it becomes, and the lower the 

mass transfer coefficient should be.  Although viscosity can reduce mass coefficients at 

higher loadings, this effect is most likely dominated by the lack of free MEA in CO2 rich 

MEA solvents.  These lower concentrations of MEA available for reaction drastically 

reduce the mass transfer coefficients at higher CO2 loadings.  The relationship between 

the mass transfer performance and the average loading in the absorber is shown in Figure 

4.7. 
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Figure 4.7.  Absorber mass transfer results for Flexipac 1Y and IMTP #40 packings 
assuming approximately 12% CO2 flue gas 

Figure 4.7 shows the mass transfer data for each operating condition with the 

exception of the previously stated outliers.  The figure also shows average data points 

which average the loadings and mass transfer performance of each packing.  The mass 

transfer performance data show a significant scatter but also shows a trend for each of the 

packings.  Some of the data scattering is attributable to varying flow rates and 

temperatures which will affect KGa.  The IMTP #40 data is likely more accurate than the 
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Flexipac 1Y data since larger driving forces were generally present.  Both Flexipac 1Y 

and IMTP #40 data show the expected trend of a decrease in mass transfer performance 

with increasing loading.  These two packings do seem to show different sensitivities to 

the CO2 loading.  IMTP #40 shows a steeper drop in mass transfer with increasing CO2 

loading.  These decreasing trends are due to a reduction of free MEA in the system.  

Since mass transfer performance is in terms of KGa, Flexipac 1Y shows a better 

performance than IMTP #40 due to its greater surface area.  However Flexipac 1Y does 

not outperform IMTP #40 by a factor of 3, the ratio of the packing areas.   Extrapolating 

trend lines for both packings in Figure 4.7 suggests that Flexipac 1Y outperforms IMTP 

#40 by 50-100% at similar CO2 loadings 

Seibert (2004) has shown that the wetted area of the packing will increase with 

increasing liquid and gas rates.  It is important to remember that the area in the KGa term 

is the wetted surface area, not the total surface area.  Only the wetted area of the packing 

is able to promote absorption or desorption across the gas-liquid interface. 

To separate the wetted area of the packing from the mass transfer coefficient, KG, 

Seibert (2004) conducted absorption experiments with 0.1 M NaOH and air.  Since the 

reaction kinetics are known for the OH-CO2 reaction, he was able to obtain the wetted 

area of packings for a variety of liquid and gas rates.  These tests were conducted in the 

air-water column at the same facility as the pilot plant.  The only difference between the 

air-water column and the absorber and stripper is that the air water column only has one 

3.05 meter bed of packing instead of two.  Most of the instrumentation used is shared 

between the columns.  IMTP #40 was one of the packings originally tested by Seibert 

with L/G ratios ranging from 2-20 kg/kg.  Regressing the data gives an equation for the 

wetted area of the packing.  The wetted surface area equation obtained for IMTP #40 is 

shown as Equation 4.2. 
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 148.0121.0)54.4exp( LGaeff =   (4.2) 

The effective area is in terms of m2/m3 while G and L are the inlet gas and liquid 

rates in terms of kg/m2s.  Since Flexipac 1Y was not tested with 0.1 M NaOH during 

Seibert’s previous experiments, the absorption tests were performed in the absorber with 

0.1 M KOH before the launching a campaign using a K2CO3/piperazine solvent.  L/G 

ratios ranging from 2-15 kg/kg were examined.  Since this test was conducted in the 

absorber, it used twice as much packing as the previous tests in the air-water column.  

Regression of the data yielded the following equation for the wetted area of the Flexipac 

1Y packing. 
 079.0174.0)03.5exp( LGaeff =   (4.3) 

Equations 4.2 and 4.3 correlate the gas rate in mass flux units (kg/m2s).  However, 

for surface wetting, the velocity of the gas seems more likely to dictate the wetted area 

than the mass flow rate.  When applying Equations 4.2 and 4.3 to calculated KGa values 

to obtain KG values, the molecular weight of the gas in the absorber was assumed to be 

equal to air since the effective velocity of the gas is more important than the effective 

mass flow when considering surface wetting.  This effective area analysis does not take 

into account liquid densities, surface tensions, or viscosities which can be significantly 

different between a CO2 loaded 32.5 wt% MEA solution and 0.1 M NaOH or KOH 

solutions.  Regardless, this method does provide us with a method to calculate mass 

transfer coefficients.  Figure 4.8 shows mass transfer coefficients for each operating 

condition of the pilot plant campaign. 
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Figure 4.8. Absorber mass transfer coefficients for Flexipac 1Y and IMTP #40 packings 
assuming approximately 12% CO2 flue gas 

Removing the wetted area contribution from the mass transfer coefficients closes 

the data scatter between the Flexipac 1Y and IMTP #40 data points.  Now both packings 

show trends that fall along the same line.  The IMTP #40 data shows a better trend and 

should be more accurate since these points typically had larger CO2 driving forces.   

Flexipac 1Y runs should show slightly higher mass transfer coefficients at similar 

loadings since Flexipac 1Y runs typically operated at higher temperatures.  The average 

temperature was computed by averaging the temperature at the 7 RTD locations for the 
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absorber, listed in Table 4.1.  The Flexipac 1Y runs showed an average column 

temperature of 61˚C while the IMTP #40 runs showed an average temperature of 52˚C 

for the operating conditions used in the mass transfer analysis.  However, the IMTP #40 

average temperature would be somewhat higher if a temperature sensor were located near 

the bottom of the bottom bed, where the IMTP #40 temperature bulges typically occur. 

Figure 4.7 and 4.8 also show that despite Flexipac 1Y having almost 3 times more 

surface area than IMTP #40, it only utilized about 50-100% more effective area under the 

operating conditions of the pilot plant.  Flexipac 1Y has a surface area of 420 m2/m3 but 

on average only used 42% of that area.  IMTP #40 averaged using 87% of its 145 m2/m3 

under these conditions.  Both the absorber and stripper used chimney tray collector plates 

and orifice-riser liquid distributors.  Important values from the mass transfer coefficient 

analysis and packing comparison are included in Table 4.4. 

4.4 ABSORBER MASS TRANSFER PERFORMANCE WITH 17% CO2 FLUE GAS 

The absorber mass transfer analysis assuming an approximately 17% CO2 flue gas 

was performed identically to the 12% CO2 analysis.  Assuming 17% CO2 at the absorber 

inlet increased the calculated driving forces at the top and bottom of the absorber.  These 

larger driving forces resulted in a smaller mass transfer performance (KGa) since the 

amount of CO2 absorbed did not change.  Important parameters from this analysis are 

shown in Table 4.3.  The mass transfer performance for various average CO2 loadings is 

shown in Figure 4.9. 
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Table 4.3. Absorber mass transfer data for the 48 runs of the MEA pilot plant 
campaign assuming approximately 17% CO2 flue gas 

Sat Vaisala Equilibrium Sat Vaisala Equilibrium ΔP ΔP ΔP Driving Driving
CO2 Out CO2 at top CO2 In CO2 at bottom top bottom log mean Factor Factor KGa *104

Sample (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) top bottom (mole/m3.s.Pa)
1 144 2 15906 1547 142 14359 3080 75 10.28
2 116 2 14862 572 114 14290 2934 70 26.00
3 165 2 16084 1064 163 15020 3283 81 15.12
4 104 1 14936 610 103 14326 2881 75 24.48
5 7602 52 18859 13081 7550 5777 6624 145 1.44 1.46
6 7258 53 17334 13208 7205 4126 5523 137 1.31 1.71
7 1037 38 16155 2187 999 13968 4917 28 7.39 2.31
8 844 34 16237 2196 810 14041 4639 25 7.39 2.44
9 2272 35 16615 3832 2237 12783 6050 65 4.34 1.68
10 2336 35 16720 3981 2301 12738 6099 66 4.20 1.67
11 3864 34 16864 3500 3831 13364 7630 114 4.82 1.20
12 4247 30 16964 3932 4216 13032 7812 140 4.31 1.20
13 6483 146 16473 3642 6337 12831 9205 44 4.52 1.04
14 6730 146 16159 3652 6584 12507 9231 46 4.42 1.00
15 3155 44 15703 4280 3111 11422 6390 71 3.67
16 1363 46 17332 5540 1316 11792 4778 29 3.13
17 1274 61 16011 4002 1214 12009 4710 21 4.00
18 1143 39 16411 3506 1103 12905 4799 29 4.68 1.26
19 1008 27 15523 2732 981 12791 4598 37 5.68 1.28
20 2413 63 16289 5015 2350 11274 5691 38 3.25 1.03
21 2677 54 16317 5082 2623 11235 5920 50 3.21 0.93
22 5073 90 16370 5158 4983 11212 7681 56 3.17 0.66
23 5203 81 17156 5355 5122 11800 8002 64 3.20 0.64
24 1569 69 14684 2879 1500 11805 4995 23 5.10 1.56

25 1491 18 16221 363 1472 15858 6052 82 44.67 1.84
26 1341 17 15071 276 1323 14795 5580 77 54.60 1.88
27 2657 16 15663 702 2641 14962 7104 170 22.32 1.45
28 2664 16 15372 641 2648 14731 7040 164 24.00 1.48
29 5215 29 15455 1008 5187 14446 9040 181 15.33 0.96
30 5746 34 16319 1154 5712 15166 9682 171 14.15 0.93
31 1018 14 15789 880 1004 14909 5154 75 17.94 1.00
32 1291 14 16030 894 1276 15135 5604 89 17.93 0.92
33 4052 19 16279 653 4034 15626 8560 217 24.95 0.59
34 4010 18 16432 614 3992 15818 8589 221 26.77 0.61
35 783 12 14522 658 771 13864 4531 67 22.09 1.12
36 1133 13 15599 857 1119 14742 5284 86 18.21 1.05
37 864 18 15711 520 846 15191 4967 49 30.22 1.02
38 899 16 14698 458 883 14240 4803 55 32.08 1.15
39 1236 8 15361 356 1227 15005 5503 147 43.13 2.05
40 1357 9 15809 362 1348 15447 5782 156 43.67 1.97
41 2576 27 15946 939 2550 15007 7028 97 16.99 1.48
42 2432 29 15763 887 2403 14876 6842 84 17.77 1.52
43 4923 64 16545 2092 4859 14453 8801 77 7.91 1.08
44 4737 69 16382 2199 4668 14182 8562 69 7.45 1.10
45 1060 20 15625 1611 1039 14014 4988 53 9.70
46 850 21 15208 1344 829 13863 4627 40 11.31
47 5501 135 17673 6895 5366 10778 7760 41 2.56
48 5371 129 16905 6313 5242 10592 7606 42 2.68

outlier

outlier

outlier

outlier

outlier
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Figure 4.9.  Absorber mass transfer results for Flexipac 1Y and IMTP #40 packings 
assuming approximately 17% CO2 flue gas 

The calculated mass transfer performances in Figure 4.9 are significantly lower 

than those shown in Figure 4.7 using the 12% CO2 assumption.  Figure 4.9, like Figure 

4.7, also suggests that Flexipac 1Y outperforms IMTP #40 by 50-100% at similar CO2 

loadings. 

Similar to the previous analysis, the effective wetted area was calculated to obtain 

mass transfer coefficients.  Although Equations 4.2 and 4.3 list the gas rate in mass units, 
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the molecular weight of the gas was assumed to be equal to air.  This assumption was 

made because the effective velocity of the gas seems more important than the effective 

mass flow when considering surface wetting.  Effectively, the calculated wetted areas are 

identical regardless of the absorber inlet CO2 concentration.  The removal of the wetted 

area yielded mass transfer coefficients that can be seen in Figure 4.10. 
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Figure 4.10.  Absorber mass transfer coefficients for Flexipac 1Y and IMTP #40 packings 
assuming approximately 17% CO2 flue gas 
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Important values from the mass transfer coefficient analysis and packing 

comparison are included in Table 4.4.  This table includes results from the both 

assumptions, 12% and 17% CO2 in the flue gas. 

Table 4.4. Absorber mass transfer coefficient and packing data 

Absorber Absorber Maximum Average 12% CO2 - 17% CO2 - Liquid Mass Gas Mass Wetted Fractional 12% CO2 - 17% CO2 -
Lean Loading Rich Loading Column Temp Column Temp KGa *104 KGa *104 Rate Rate Area Effective Area KG *106 KG *106

Sample (molCO2/molMEA) (molCO2/molMEA) (C) (C) (mole/m3s.Pa) (mole/m3s.Pa) (kg/m2s) (kg/m2s) (m2/m3) (unitless) (mole/m2s.Pa) (mole/m2s.Pa)
1 0.18 0.42 80.5 67.6 2.20 1.47 2.29 0.96 162.8 0.39
2 0.18 0.40 79.4 62.4 2.17 1.47 2.26 0.96 162.5 0.39
3 0.16 0.46 78.5 65.7 1.71 1.15 1.59 0.96 158.0 0.38
4 0.16 0.43 77.5 64.2 1.80 1.22 1.60 0.96 158.1 0.38
5 0.18 0.52 70.5 60.4 1.46 3.58 1.75 187.1 0.45
6 0.18 0.52 72.1 61.6 1.71 3.56 1.75 187.0 0.45
7 0.18 0.50 78.1 65.5 3.55 2.31 4.59 1.85 192.6 0.46
8 0.17 0.49 78.3 66.4 3.75 2.44 4.56 1.83 192.1 0.46
9 0.15 0.53 73.9 58.8 2.69 1.68 3.56 1.80 187.9 0.45
10 0.15 0.53 73.8 58.8 2.67 1.67 3.53 1.78 187.4 0.45
11 0.15 0.54 69.8 55.2 1.87 1.20 3.13 1.79 185.7 0.44
12 0.14 0.55 68.8 53.7 1.89 1.20 3.10 1.80 185.9 0.44
13 0.32 0.51 74.4 63.1 1.63 1.04 7.08 1.65 195.3 0.46
14 0.33 0.51 73.7 62.6 1.58 1.00 7.11 1.65 195.5 0.47
15 0.36 0.49 60.4 49.6 2.69 1.66 10.08 1.47 196.8 0.47
16 0.36 0.50 58.5 48.2 3.72 2.20 10.11 1.33 193.4 0.46
17 0.37 0.49 53.0 45.8 3.08 1.89 10.12 1.32 193.2 0.46
18 0.27 0.51 78.7 67.6 2.00 1.26 3.51 0.75 161.3 0.38
19 0.27 0.49 78.2 67.4 2.01 1.28 3.51 0.76 161.4 0.38
20 0.27 0.54 76.7 61.6 1.72 1.03 2.87 0.76 159.2 0.38
21 0.27 0.54 76.1 60.3 1.55 0.93 2.84 0.77 159.3 0.38
22 0.28 0.55 72.3 55.9 1.09 0.66 2.53 0.78 158.1 0.38
23 0.28 0.56 72.1 55.3 1.06 0.64 2.52 0.78 158.1 0.38
24 0.28 0.51 77.0 65.8 2.47 1.56 4.88 1.24 180.6 0.43 1.37 0.86

25 0.28 0.39 51.4 44.8 2.70 1.84 12.90 1.43 143.2 0.99
26 0.28 0.38 50.4 44.1 2.76 1.88 12.84 1.43 143.2 0.99
27 0.28 0.41 55.8 47.8 2.14 1.45 10.19 1.44 138.4 0.95
28 0.29 0.41 54.6 47.2 2.19 1.48 10.15 1.46 138.6 0.96
29 0.28 0.45 68.2 61.3 1.42 0.96 6.80 1.46 130.6 0.90
30 0.28 0.45 69.3 62.0 1.37 0.93 6.80 1.45 130.5 0.90
31 0.28 0.43 60.7 48.2 1.48 1.00 5.02 0.72 114.7 0.79
32 0.28 0.43 62.5 49.8 1.37 0.92 5.04 0.72 114.7 0.79
33 0.28 0.42 62.1 52.9 0.87 0.59 5.28 0.70 115.1 0.79
34 0.28 0.42 62.2 52.8 0.89 0.61 5.26 0.70 115.1 0.79
35 0.28 0.41 55.2 45.4 1.66 1.12 5.29 0.70 115.2 0.79
36 0.28 0.42 57.6 47.2 1.55 1.05 5.30 0.72 115.6 0.80
37 0.28 0.40 52.5 46.6 1.50 1.02 6.09 0.71 117.8 0.81
38 0.28 0.40 51.4 45.7 1.70 1.15 6.70 0.69 119.0 0.82
39 0.23 0.37 54.7 46.7 3.00 2.05 10.19 1.43 138.3 0.95
40 0.23 0.37 54.9 47.1 2.88 1.97 10.17 1.42 138.2 0.95
41 0.23 0.43 74.8 66.7 2.20 1.48 6.96 1.44 130.8 0.90
42 0.23 0.43 75.2 67.2 2.25 1.52 6.97 1.43 130.7 0.90
43 0.23 0.49 71.3 62.5 1.63 1.08 4.82 1.43 123.8 0.85
44 0.23 0.49 71.7 62.9 1.66 1.10 4.83 1.44 123.9 0.85
45 0.29 0.43 61.3 49.5 2.72 1.80 7.55 1.07 127.7 0.88
46 0.29 0.43 57.5 48.3 2.78 1.84 7.51 1.07 127.6 0.88
47 0.28 0.54 71.2 62.2 1.49 0.86 3.73 1.04 114.6 0.79
48 0.29 0.54 70.4 61.5 1.56 0.91 3.73 1.05 114.8 0.79
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4.5 COMPARISON OF ABSORBER MASS TRANSFER DATA WITH OTHER SOURCES 

The mass transfer results obtained from the pilot plant were compared to previous 

mass transfer measurements by Dang (2000).  Dang measured the absorption rate of 

carbon dioxide into monoethanolamine using a wetted wall column controlled at 40 and 

60˚C.  As previously stated, the Flexipac 1Y and IMTP #40 runs had average absorber 

temperatures of 61 and 52˚C, respectively.  Although the absorber temperature varies 

greatly depending on operating conditions and the location of the temperature bulge, 
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mass transfer data obtained from the pilot plant matched sufficiently well with the 60˚C 

data points collected by Dang (2000).  Mass transfer coefficients obtained from the pilot 

plant using both packings are compared to data obtained by Dang (2000) in Figures 4.11 

and 4.12.  Figure 4.11 assumes the flue gas has approximately 12% CO2 while Figure 

4.12 assumes approximately 17% CO2. 
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Figure 4.11. Pilot plant KG mass transfer data compared to absorption rates at 60˚C 
measured by Dang (2000) assuming about 12% CO2 in pilot plant flue gas 
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Figure 4.12. Pilot plant KG mass transfer data compared to absorption rates at 60˚C 
measured by Dang (2000) assuming about 17% CO2 in pilot plant flue gas 

The mass transfer coefficients for 12% CO2 are smaller than the data obtained by  

Dang (2000) would suggest.  Mass transfer coefficients with 17% inlet CO2 shows an 

even greater disparity between the pilot plant and data obtained by Dang (2000).  

However, the pilot plant data does show the same trend as the straight line connecting the 

two data points at 60˚C.  There is no reason that mass transfer coefficients should act 

linearly with respect to the average loading.  The dependency is most likely somewhat 

curved. 
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The absorber mass transfer results were compared to campaign 2 data using the 

K2CO3/piperazine solvent in Figure 4.13.  Since this campaign only used the Flexipac 1Y 

packing, only the absorber runs using Flexipac 1Y were taken into account. 
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Figure 4.13. Average absorber mass transfer coefficients for MEA and K2CO3/piperazine 
(Rochelle, Chen et al. 2004) using Flexipac 1Y packing.  Wetted wall 
column data obtained from Dang (2000) data and Cullinane (2005) 
prediction. 

The K2CO3/piperazine curve in Figure 4.13 is a smooth curve fit from 9 model-

predicted data points ranging from partial pressures of 5-67000 Pa (Cullinane 2005).  As 
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shown in Figure 4.11 and 4.12, Dang (2000) only had 2 experimental data points for 

MEA at 60˚C given in terms of loading.  Aspen was used to find the corresponding 

partial pressure at the given loading and temperature.  The 2 MEA points were connected 

with a logarithmic curve fit to exhibit a similarly shaped curve to the K2CO3/piperazine 

model prediction.  The overall MEA points represent absorber mass transfer data 

obtained with Flexipac 1Y.  The “K/Pz Overall” point represents data obtained over both 

beds of the absorber with Flexipac 1Y.  The other two points represent data obtained over 

just the top or bottom bed of the absorber.  All three of the K/Pz points were calculated 

assuming an approximately 12% CO2 feed into the absorber, which is most likely 

incorrect (Rochelle, Chen et al. 2004). 

4.6 STRIPPER MASS TRANSFER PERFORMANCE 

Mass transfer coefficients for the stripper were obtained from the CO2 driving 

forces at the top and bottom of the stripper.  The CO2 concentration at the top of the 

stripper was obtained by using the water vapor concentration.  The gas at the top of the 

column was assumed to be saturated.  The water vapor pressure was calculated from the 

temperature at the top of the column.  The remaining pressure was attributed to CO2.  At 

the bottom stage of the stripper (the vapor-liquid interface in the reboiler), the operating 

CO2 concentration and the loading are unknown.  Extrapolating the operating line to zero 

on a McCabe-Thiele plot gives known gas and liquid phase compositions.  The driving 

force at this location should be similar to the driving force at the vapor-liquid interface of 

the reboiler.  The gas phase concentration will be zero and the liquid phase composition 

will be the stripper lean solution.  Effectively, the driving force at the bottom of the 

stripper can be represented as the equilibrium CO2 partial pressure of the stripper lean 

solution.  The equilibrium CO2 vapor pressure at the top and bottom of the column was 

determined using a flash calculation in Aspen using the electrolyte NRTL properties with 
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Freguia’s Fortran code.  The flash routine took into account the observed temperature and 

composition of the solution at the top and bottom of the stripper.  Using the driving force 

at the top and bottom of the stripper, a log mean driving force was calculated.  Mass 

transfer coefficients were calculated by Equation 4.4. 

 
PackinglmCO

G VolumeP
DesorbedCOaK
⋅Δ

=
,2

2   (4.4) 

In Equation 4.4, KGa is defined in mol/m3s.Pa.  CO2 desorbed is obtained from the 

CO2 material balance and has units of mol/s.  The log mean driving force and the volume 

of the packing are in Pa and m3, respectively.  Calculated mass transfer coefficients were 

best correlated with the rich loading entering to top of the stripper.  This correlation can 

be seen in Figure 4.14. 
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Figure 4.14. Stripper mass transfer performance for Flexipac 1Y and IMTP #40 

Figure 4.14 shows a distinct trend between KGa and the rich loading.  The two 

stray points with lower rich loading are likely erroneous.  These are two of the first four 

runs which typically showed inconsistencies with the rest of the campaign.  It is possible 

that some data collection was inaccurately collected at the very beginning of the 

campaign.  Figure 4.14 also shows that approximately half the points report a mass 

transfer coefficient of infinity.  This is due to the calculation of the log mean driving 

force.  For many runs, especially those with Flexipac 1Y in the stripper, the Aspen flash 
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calculation reported lower equilibrium CO2 vapor pressures than operating CO2 pressures 

at the top of the stripper.  This gives a negative CO2 driving force at the top of the 

stripper so the log mean driving force and the mass transfer coefficients could not be 

calculated.  This negative CO2 driving force at the top of the stripper suggests that either 

the Aspen flash calculation is incorrect or the stripper is absorbing CO2 at the top of the 

column.  Since the stripper feed was consistently subcooled due to inadequate preheating, 

it is not unreasonable that the stripper could facilitate CO2 absorption.  It is logical that 

most of these runs with absorption at the top of the stripper occurred for the Flexipac 1Y 

packing.  When Flexipac 1Y was in the stripper, IMTP #40 was in the absorber.  IMTP 

#40 generally achieves lower rich CO2 loadings than Flexipac 1Y.  Runs with IMTP #40 

in the absorber also typically had higher liquid flow rates which in turn produced colder 

feeds to the stripper due to the inadequate preheating.  This lower rich loading combined 

with a subcooled feed likely resulted in some absorption at the top of the stripper.  The 

only Flexipac 1Y runs that did not report absorption in the stripper were the four runs 

with vacuum stripping.  Those runs encountered less subcooling and lower gaseous CO2 

concentrations at the top of the stripper since the total pressure of the stripper was 

lowered from 162 to 69 kPa.  Due to the limitations on the operation of the stripper, the 

stripper mass transfer results are probably not as accurate as those obtained from the 

absorber. 

Important values from the stripper mass transfer analysis are included in Table 

4.5.  In Table 4.5, the driving factor is defined as the inverse of the driving factor for the 

absorber.  For the stripper, it is the equilibrium CO2 partial pressure divided by the 

operating CO2 partial pressure. 

1197



 

Table 4.5. Stripper mass transfer data for the 48 runs of the MEA pilot plant campaign 

Rich Stripper Lean Vapor Pres Equilibrium Vapor Pres Equilibrium ΔP ΔP ΔP Driving
Loading Loading CO2 - bottom CO2 - bottom CO2 - top CO2 - top top bottom log mean Factor KGa *105

Sample (mol/mol) (mol/mol) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) top (mol/m3s.Pa)
1 0.42 0.18 0 4010 48258 53534 5277 4010 4615 1.11 9.80
2 0.40 0.18 0 3857 46063 42695 -3368 3857 - 0.93 -
3 0.46 0.16 0 3086 52990 93015 40025 3086 14414 1.76 2.62
4 0.43 0.16 0 3100 43091 73637 30546 3100 11997 1.71 2.93
5 0.52 0.18 0 4089 66634 225879 159245 4089 42369 3.39 2.29
6 0.52 0.18 0 4218 66138 222964 156827 4218 42206 3.37 2.24
7 0.50 0.18 0 3897 72776 128645 55869 3897 19518 1.77 5.82
8 0.49 0.17 0 3538 72378 122838 50460 3538 17655 1.70 6.41
9 0.53 0.15 0 2636 55560 295448 239888 2636 52595 5.32 1.94
10 0.53 0.15 0 2544 57491 292735 235244 2544 51403 5.09 1.98
11 0.54 0.15 0 2532 47952 347556 299603 2532 62232 7.25 1.47
12 0.55 0.14 0 2380 59524 335235 275710 2380 57517 5.63 1.63
13 0.51 0.32 0 24000 131901 23465 -108436 24000 - 0.18 -
14 0.51 0.33 0 25339 132661 22978 -109683 25339 - 0.17 -
15 0.49 0.36 0 36955 133611 15724 -117887 36955 - 0.12 -
16 0.50 0.36 0 36113 131917 18469 -113448 36113 - 0.14 -
17 0.49 0.37 0 41433 133361 15437 -117923 41433 - 0.12 -
18 0.51 0.27 0 12077 104462 72269 -32193 12077 - 0.69 -
19 0.49 0.27 0 14161 104946 56832 -48114 14161 - 0.54 -
20 0.54 0.27 0 13609 95597 157379 61782 13609 31842 1.65 1.84
21 0.54 0.27 0 14763 96394 160286 63892 14763 33533 1.66 1.64
22 0.55 0.28 0 12920 100109 179975 79866 12920 36752 1.80 1.38
23 0.56 0.28 0 12286 100032 188059 88027 12286 38463 1.88 1.34
24 0.51 0.28 0 14289 125412 32237 -93175 14289 - 0.26 -

25 0.39 0.28 0 13642 132155 1843 -130312 13642 - 0.01 -
26 0.38 0.28 0 13170 132191 1542 -130649 13170 - 0.01 -
27 0.41 0.28 0 14732 127584 4086 -123497 14732 - 0.03 -
28 0.41 0.29 0 14515 129010 3690 -125319 14515 - 0.03 -
29 0.45 0.28 0 14149 126693 8727 -117965 14149 - 0.07 -
30 0.45 0.28 0 13392 126922 9641 -117281 13392 - 0.08 -
31 0.43 0.28 0 11837 107709 13127 -94582 11837 - 0.12 -
32 0.43 0.28 0 11370 106706 14222 -92484 11370 - 0.13 -
33 0.42 0.28 0 11773 112692 10054 -102638 11773 - 0.09 -
34 0.42 0.28 0 11179 112211 9880 -102330 11179 - 0.09 -
35 0.41 0.28 0 12682 107797 10685 -97112 12682 - 0.10 -
36 0.42 0.28 0 12628 107293 13153 -94140 12628 - 0.12 -
37 0.40 0.28 0 11630 113455 6842 -106614 11630 - 0.06 -
38 0.40 0.28 0 11144 116986 5695 -111291 11144 - 0.05 -
39 0.37 0.23 0 7335 87926 8829 -79097 7335 - 0.10 -
40 0.37 0.23 0 7537 94357 7834 -86523 7537 - 0.08 -
41 0.43 0.23 0 7500 97148 21796 -75352 7500 - 0.22 -
42 0.43 0.23 0 7281 92166 23880 -68286 7281 - 0.26 -
43 0.49 0.23 0 7617 113993 39026 -74967 7617 - 0.34 -
44 0.49 0.23 0 7790 111616 43457 -68159 7790 - 0.39 -
45 0.43 0.29 0 3027 3837 22017 18180 3027 8452 5.74 10.62
46 0.43 0.29 0 3001 3367 19578 16212 3001 7832 5.82 10.87
47 0.54 0.28 0 2983 10333 130474 120141 2983 31701 12.63 2.10
48 0.54 0.29 0 2975 9448 129905 120458 2975 31743 13.75 2.18  

4.7 ASPEN SIMULATIONS 

Aspen simulations were performed assuming the flue gas was approximately 12% 

CO2.  Although the flue gas was most likely about 17% CO2, these cases were not re-

simulated in Aspen. 
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4.7.1 Model Details 

Aspen simulations were performed using Freguia’s (2002) Fortran code as shown 

in the appendix.  It has been slightly modified since Freguia originally wrote it.  There is 

a possible discrepancy between these simulations and those by Freguia (2002).  The 

possible discrepancy relates to the liquid holdup parameter for the absorber in Aspen.  

The simulations in this work use liquid holdup values of 0.2% while Freguia most likely 

used a value of 0.01%, but this value is not recorded or clearly stated in his work.  This 

value for the stripper was set to 4% which is reasonable and was not modified.  The 

absorber liquid holdup value does make a significant difference in the results obtained by 

Aspen.  Figure 4.15 shows the significance of this parameter where all values except the 

absorber liquid holdup were held constant. 
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Figure 4.15. Sensitivity to the holdup parameter (30 wt% MEA, 0.311 lean loading, 1.45 
kg/s liquid rate at 40.2˚C, 0.252 kg/s gas rate at 47.9˚C, 12.5% CO2, 1.7% 
water vapor, 7.15 m packing height) 

The CO2 removal efficiency of the run increased and then stabilized for increasing 

holdup in Aspen.  The liquid holdup in an actual column is typically in the 5% range but 

this could not be applied since the program had increasing trouble converging at greater 

holdup.  A 0.2% holdup was chosen as an operating parameter based on a balance 

between stability of the convergence and the stability of the produced results. 
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Aside from the accuracy of the simulation, the accuracy of the data is also 

important.  The material and energy balances are not perfect, but the simulations will 

converge the balances exactly.  This produces discrepancies between values in the 

simulation and the pilot plant measurements.  The CO2 absorption/stripping rate was 

determined by the average of the CO2 rates absorbed into the liquid and the CO2 leaving 

the top of the stripper.  For simulation purposes in the absorber, the inlet gas rate and 

composition must be entered and these measurements were not very accurate with respect 

to the accepted CO2 material balance.  To solve this CO2 material balance issue, the CO2 

concentration of the inlet gas stream was taken to be correct and the gas rate was adjusted 

accordingly.  The gas rate was changed so that the outlet CO2 concentration would match 

pilot plant data when the rich loading was obtained.  A best effort was made to balance 

the errors to get the best possible representation of the pilot plant. 

Heat loss from the stripper was calculated by the heat loss equation, Equation 3.1, 

previously developed with distillation testing.  The stripper heat loss was divided into 5 

sections based on the temperature driving forces.  The distribution of the heat loss is 

unknown so crude assumptions were made.  Forty percent of the heat loss was attributed 

to the reboiler and assigned to the bottom section in the simulation.  This crudely derived 

40% was based on the average temperatures and sizes of the two insulated structures.  

The remaining 60% of the heat loss was attributed to the stripper and distributed 

according to the temperature driving forces with the ambient conditions.  Larger portions 

of the energy loss were assigned to the top and middle sections since these sections have 

an increased surface area due to the liquid distributors, as shown in Figure 4.3.  About 

50% more heat loss was assigned to these two areas with increased surface areas. 

Heat loss from the absorber was estimated very crudely to be 75% of the heat lost 

from the stripper, or 45% of the stripper and reboiler combined.    The absorber, unlike 
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the stripper and reboiler, is not insulated but also has much lower temperatures.  The heat 

loss was also distributed at 5 points in the absorber with heavier weighting at the top, 

bottom and middle points.  The top, bottom and middle of the absorber have more surface 

area in the actual column due to the liquid distribution and redistribution sections at the 

top and middle of the absorber and the sump at the bottom of the absorber. Again, these 

areas with higher surface area were designated about 50% more heat loss. 

Both the absorber and stripper diameters in Aspen are set at 4.27 meters instead of 

the 0.427 meters of the pilot plant.  This was done because convergence problems were 

encountered when trying to scale down from Freguia’s original industrial sized columns.  

The flow rates are input as 100 times the measurements of the pilot plant to account for 

the increased diameter.  The heat loss introduced into the system is also scaled 100 times 

larger than observed in the pilot plant.  Pressure drop at each simulated operating 

condition was input into the model for both the absorber and stripper. 

The Aspen model, regardless of the actual packing in the pilot plant, was run with 

CMR #2.  This is a randomly dumped metal packing.  It has a surface area of 144 m2/m3 

which is very similar to IMTP #40 (145 m2/m3 area).  These two packings typically have 

similar performances.  While matching the inlet conditions of the absorber or stripper, the 

total height of the packing was varied until the outlet conditions of the pilot plant were 

obtained. 

4.7.2 Absorber Simulations 

The absorber runs used the flue gas temperature, pressure, and composition from 

the pilot plant measurements.  The flue gas flow rate was adjusted to match the CO2 

material balance.  The lean solution used the temperature, pressure, composition and flow 

rate obtained from measurements.  The lean flow rate had to be input in mass units since 
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Aspen calculated a density for the lean solution that was about 94% of the density 

measured in the pilot plant.  

Two runs with Flexipac 1Y and two runs with IMTP #40 were simulated.  The 

resultant packing heights in terms of CMR #2 are seen in Table 4.6.  Important values 

obtained from the pilot plant and entered into the simulations can be seen Table 4.7. 

Table 4.6. Absorber packing height required to match pilot CO2 removal 

Table 4.7. Detailed data from the absorber simulations 

19 20 28 36
Lean Loading (mol/mol) 0.274 0.271 0.287 0.284
Rich Loading (mol/mol) 0.495 0.538 0.413 0.425
Liquid Temp (C) 38.5 37.5 40.2 39.9
Liquid Rate (kg/s) 0.50 0.41 1.45 0.76
Gas Temp (C) 30.7 26.3 47.9 52.5
Gas Rate (kg/s) 0.150 0.159 0.271 0.137
CO2 in Gas (%) 11.6 11.9 11.6 12.3
H2O in Gas (%) 1.3 1.2 1.7 1.3
L/G (kg/kg) 3.3 2.6 5.4 5.5
Heat Loss (MJ/hr) 54.4 54.4 55.9 55.9
Packing Height (m of CMR#2) 11.2 19.4 6.9 6.2
CO2 Removal (%) 95.2 86.2 86.8 95.0

Run Number

 

The Flexipac 1Y Aspen results did not match extremely well to the pilot plant.  

The packing height in Table 4.7 is reported in meters of CMR #2.  According to the mass 

transfer results presented in Figure 4.7 and 4.9, one meter of Flexipac 1Y is roughly 

equivalent to approximately 1.5 to 2 meters of CMR #2, assuming CMR #2 is equivalent 

to IMTP #40.  The height of packing in the pilot plant is 6.1 meters.  Therefore, about 

Packing Height Packing Height
Sample (CMR #2 meters) Sample (CMR #2 meters)

19 11.2 28 6.9
20 19.4 36 6.2

Flexipac 1Y IMTP #40
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9.2-12.2 meters of CMR #2 packing should be required to simulate the absorption 

performance of the pilot plant with Flexipac 1Y.  Run 19 required an acceptable packing 

height, but run 20 required much more packing to simulate the performance of the pilot 

plant.  Aspen is predicting some rich end and temperature bulge pinches in the absorber 

which increase the height of packing required to perform the separation. 

The IMTP #40 runs were fairly accurately modeled by Aspen.  IMTP #40 should 

perform very similar to CMR #2 so heights of packing should be nearly equivalent for the 

two packings.  Samples 28 and 36 required packing heights of 6.9 and 6.2 meters, 

respectively.  This is in good agreement with the 6.1 meters of packing height that was 

actually used in the absorber. 

The temperature profiles in the absorber were also compared to the computed 

absorber temperature profiles from Aspen.  These profiles can be seen in Figures 4.16, 

4.17, 4.18, and 4.19.  In the figures, the temperature profiles from the Aspen simulations 

have been normalized back to 6.1 meters of packing. 
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Figure 4.16. Run 19, Flexipac 1Y – Pilot plant and Aspen absorber temperature profile 
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Figure 4.17. Run 20, Flexipac 1Y – Pilot plant and Aspen absorber temperature profile 
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Figure 4.18. Run 28, IMTP #40 – Pilot plant and Aspen absorber temperature profile 
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Figure 4.19. Run 36, IMTP #40 – Pilot plant and Aspen absorber temperature profile 

The inaccurate temperature profiles calculated by Aspen account for the 

difference in packing height required for the separation.  These temperature profile 

differences could be due to errors in the measurements of the pilot plant, error in the 

parameters entered into Aspen, or an error in the code predicting the reaction rates. 
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4.7.3 Stripper Simulations 

Stripper simulations were performed similar to the absorber simulations.  The 

stripper feed temperature, pressure, composition and mass flow rate were input into the 

model.  The reflux coming off the bottom of the condenser also had to be heated before 

returning to the column to emulate the pilot plant.  This heating is due to the recycle loop 

of the reflux pump which maintains level in the liquid accumulator.  This design is shown 

in Figure 2.3.  Temperature sensor TT222 records the temperature after the reflux pump 

so this value was used in the simulations.  The stripper height was again varied until the 

outlet conditions matched those of the pilot plant.  Runs 43 and 48 were modeled to 

match the water reflux rate while slightly varying the measured reboiler duty.  For these 2 

cases, the reflux and the packing height were both adjusted until the pilot plant 

performance was sufficiently mimicked.  It is important to remember that the rate-based 

Fortran code written by Freguia (2002) does not apply to the stripper.  The stripper uses 

only equilibrium reactions in its calculations. 

Only three stripper conditions were run through the Aspen model.  One 

simulation was performed for each packing when the stripper was at normal pressure 

(162 kPa), and one simulation was performed with the Flexipac 1Y packing while at 

vacuum conditions (69 kPa).  The required heights to reproduce the pilot plant 

performance can be seen in Table 4.8. 

Table 4.8. Aspen stripper packing height required to match pilot plant performance 

Packing Height Packing Height
Sample (CMR #2 meters) Sample (CMR #2 meters)

43 4.0 8 3.7
48 1.6

Flexipac 1Y IMTP #40
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 Recalling that Flexipac 1Y achieves about 1.5-2 times as much mass transfer as 

IMTP #40, which is similar to CMR #2, Aspen should predict about 9.2-12.2 meters of 

CMR #2 required to reproduce the Flexipac 1Y results.  About 6.1 meters of CMR #2 

should be required to mimic the IMTP #40.  Aspen is severely under predicting the height 

of packing to achieve this separation.  This is because Aspen does not use a kinetic 

subroutine.  Without a proper subroutine for the kinetics in the stripper, Aspen 

simulations will not accurately be able to predict pilot plant packing heights for the 

stripper. 
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Chapter 5:  Conclusions 

The pilot plant showed the ability to collect accurate data throughout the 

campaign.  The CO2 material balance converged within 6.5% for the “absorber liquid 1” 

and “stripper CO2 flow” calculations.  The heat balance of the system also converged 

fairly well.  The calculated heat duty and the measured heat duty only differed by 6.9%.  

The accuracy of the CO2 material balance and the heat balance give confidence in the 

data obtained from the pilot plant. 

The data does have some limitations, mainly because of the operation of the plant.  

These limitations prevented the pilot plant from mimicking an industrial CO2 

absorption/stripping system.  Although a 10˚C temperature approach was targeted, the 

stripper temperature approach ranged from 12-47˚C.  This was due to an undersized 

stripper feed heater. 

The other main limitation of the data is with respect to the flue gas entering the 

bottom of the absorber.  The gas was not saturated and the temperature was poorly 

controlled.  The inlet gas was usually cooler than desired and since it was unsaturated, it 

caused evaporative cooling when it saturated at the bottom of the absorber.  Industrial 

temperature profiles may shift and the mass transfer performances could be different than 

what was observed in the pilot plant. 

The cool feed entering the stripper required a large fraction of the reboiler duty to 

be devoted to heating the solution.  This large sensible heat component prevent the heat 

of desorption from being accurately measured for various CO2 loadings.  Effectively this 

data yield little information of how the stripper should be optimized with respect to CO2 

loading. 
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Measured heat duties for the pilot plant ranged from 369 to 1690 MJ/hr.  When 

the heat duty was normalized by the CO2 capture rate, one vacuum condition had a heat 

requirement fairly similar to the higher pressure conditions.  Vacuum stripping was 

conducted at 69 kPa while the other runs were conducted at a stripper pressure of 162 

kPa.  This suggests that vacuum stripping may be a viable alternative for the CO2 

absorption/stripping process.  No operational problems were encountered for vacuum 

stripping. 

The maximum temperature bulge in the absorber ranged from 2 to 45°C for the 48 

runs of the MEA baseline campaign.  In the majority of runs with Flexipac 1Y in the 

absorber, the maximum temperature bulge was observed at the top of the absorber.  Runs 

with IMTP #40 generally showed the maximum temperature bulge at the bottom of the 

absorber.  This difference is due to the increased performance of Flexipac 1Y.  Runs with 

the Flexipac 1Y had smaller L/G ratios and produced richer rich solutions.  Runs with 

L/G ratios less than 5 kg/kg usually produced maximum temperature bulges at the top 

while ratios greater than 6 kg/kg usually located the bulges at the bottom of the absorber. 

The absorber mass transfer analysis suggests that Flexipac 1Y performs 1.5-2 

times better than IMTP #40.  This results in lower liquid rates and richer rich loadings for 

the Flexipac 1Y. 

No lean end pinches were encounter in the absorber.  A couple rich end pinches 

were observed.  Absorber mass transfer performance and mass transfer coefficients 

correlated linearly with the solution loading since CO2 loading is related to the free MEA 

concentration which dominates the kinetics.  Higher CO2 loadings resulted in lower mass 

transfer coefficients. 

In addition, the mass transfer coefficients in the absorber showed similar trends 

but were lower than mass transfer coefficients obtained by Dang (2000).  Mass transfer 
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coefficients obtained from Flexipac 1Y were of similar in magnitude to the 

piperazine/potassium carbonate solvent, but operated at much lower CO2 partial 

pressures. 

Mass transfer performance for the stripper also decreased linearly with increasing 

rich loading.  The first four runs of the campaign seem to show inconsistent mass transfer 

performance with respect to the majority of the runs.  For many cases, especially runs 

with Flexipac 1Y, mass transfer coefficients could not be calculated.  Calculations 

showed that these runs were absorbing CO2 in the top of the stripper. 

Four absorber runs from the pilot plant were simulated in Aspen using the Fortran 

code developed by Freguia (2002).  The code did a fair job of simulating the performance 

of the absorber in the two cases with the IMTP #40 packing.  However, one of the two 

absorber case simulations with Flexipac 1Y required significantly more packing to match 

pilot plant performance.  The Aspen temperature profiles for both Flexipac 1Y cases were 

lower than what was observed in the pilot plant. 

Three runs were also simulated for the stripper.  Since the stripper uses only 

equilibrium reactions, Aspen significantly over predicted the performance of the stripper 

for all three cases.  A rate based Fortran code is required before pilot plant runs can be 

successfully simulated using Aspen. 
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Chapter 6:  Recommendations 

The two large operational problems from this pilot plant campaign were the feed 

temperature entering the stripper and the flue gas entering the bottom of the absorber.  

Both of these needs have been addressed since the completion of this campaign. 

A cross exchanger has been added to use the stripper lean solution to heat the 

stripper feed.  The previous coolers and heaters around the stripper now serve as a trim 

heater and a trim cooler downstream of the cross exchanger. 

A small reboiler has been added to the system to address the temperature and 

saturation problems of the inlet flue gas stream.  The reboiler draws some water from the 

condenser and injects steam into the flue gas stream downstream of the Vaisala CO2 

analyzers.  This assures saturation and the flue gas temperature can be effectively 

controlled by changing the steam injection rate. 

Ionic conductivity, in addition to density, should be used to control the CO2 

loading.  A pH meter may be useful in getting a real time reading of the rich CO2 loading. 

The current Aspen model, using a rate based Fortran code for absorber kinetics, 

shows some limitations when pinching occurs.  These limitations should be analyzed and 

fixed.  No rate based code is available to address the stripper, preventing an accurate 

required packing height from being obtained in Aspen.  A stripper rate based routine 

should be coded in the future. 
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Appendix A:  Raw Data and Comments from the MEA Campaign 

Table A.1. Raw data from the MEA campaign 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ABS LEAN FLOW ABS LEAN DEN ABS LEAN TEMP ABS LEAN CND ABS RICH FLOW ABS RICH DEN ABS RICH TEMP ABS RICH CND GAS Flow GAS Flow GAS In GAS Out Cool GAS

Column Packing FT403 FT403 TT403 AI403 FT200 FT200 TT200 AI401 FT900 FT900 TT404 TT400 TT412
Date/Time Sample (Absorber/Stripper) (GPM) (LB/FT3) (F) (mS/cm) (GPM) (LB/FT3) (F) (mS/cm) (ACFM) (ACFM) (F) (F) (F)

3/15/05 20:10 1 Flexipac 1Y / IMTP #40 4.99 65.00 103.72 24.57 4.98 67.80 120.36 56.61 249.86 242.33 75.43 83.05 74.73
3/15/05 21:10 2 Flexipac 1Y / IMTP #40 4.92 64.94 105.08 19.52 4.97 67.59 120.95 56.06 250.37 243.30 78.92 81.11 73.00
3/16/05 2:15 3 Flexipac 1Y / IMTP #40 3.47 64.78 102.56 28.98 3.40 68.44 109.06 53.35 249.88 242.56 79.41 88.36 79.08
3/16/05 3:15 4 Flexipac 1Y / IMTP #40 3.49 64.78 102.73 29.21 3.43 68.13 110.32 52.37 249.34 242.52 78.60 81.63 72.86

3/16/05 10:15 5 Flexipac 1Y / IMTP #40 7.80 65.01 103.44 30.69 7.61 69.02 125.28 72.45 500.30 484.61 123.98 144.60 140.97
3/16/05 11:15 6 Flexipac 1Y / IMTP #40 7.76 65.03 103.95 31.48 7.64 68.94 128.55 73.72 500.11 485.70 124.71 144.24 141.27
3/18/05 8:35 7 Flexipac 1Y / IMTP #40 9.99 64.99 102.17 30.02 9.61 69.02 103.14 42.76 500.20 486.00 112.44 138.79 56.77
3/18/05 9:35 8 Flexipac 1Y / IMTP #40 9.95 64.91 102.03 30.10 9.64 68.97 104.17 43.01 499.54 485.19 118.60 138.45 56.79

3/18/05 16:00 9 Flexipac 1Y / IMTP #40 7.80 64.63 103.08 30.37 7.36 69.53 98.74 41.58 499.69 485.30 124.65 144.83 60.98
3/18/05 17:00 10 Flexipac 1Y / IMTP #40 7.73 64.59 103.70 30.31 7.35 69.54 99.30 41.55 500.42 485.91 131.04 145.71 61.55
3/18/05 17:30 11 Flexipac 1Y / IMTP #40 6.87 64.59 103.53 30.46 6.30 69.60 98.10 40.06 500.57 486.05 129.34 145.05 61.76
3/18/05 18:30 12 Flexipac 1Y / IMTP #40 6.80 64.54 103.33 29.93 6.17 69.76 94.28 38.75 500.00 485.42 122.50 144.10 59.99
3/22/05 1:15 13 Flexipac 1Y / IMTP #40 15.00 66.84 103.84 39.44 14.64 69.02 112.21 47.34 449.75 436.51 117.77 127.08 59.25
3/22/05 2:15 14 Flexipac 1Y / IMTP #40 15.03 66.90 103.99 39.46 14.66 69.04 111.68 47.18 450.27 437.29 116.40 125.67 58.82
3/22/05 6:30 15 Flexipac 1Y / IMTP #40 21.19 67.30 104.03 39.74 21.09 68.67 122.71 53.35 389.11 377.77 101.99 95.98 55.76

3/22/05 10:10 16 Flexipac 1Y / IMTP #40 21.26 67.27 104.51 39.38 21.06 68.66 125.19 57.88 359.52 348.01 123.14 97.24 56.76
3/22/05 11:30 17 Flexipac 1Y / IMTP #40 21.24 67.45 104.54 40.02 20.90 68.66 122.47 56.23 351.02 340.65 106.26 97.81 57.71
3/23/05 17:00 18 Flexipac 1Y / IMTP #40 7.51 66.16 101.67 26.31 7.37 69.04 110.72 51.46 200.28 194.22 89.46 117.02 55.10
3/23/05 18:00 19 Flexipac 1Y / IMTP #40 7.50 66.24 101.23 26.53 7.37 68.88 111.35 51.39 199.96 194.21 87.31 108.78 53.07
3/23/05 20:55 20 Flexipac 1Y / IMTP #40 6.12 66.23 99.49 25.28 6.09 69.58 100.60 46.15 199.99 194.10 79.37 125.00 50.90
3/23/05 21:55 21 Flexipac 1Y / IMTP #40 6.07 66.28 98.67 25.36 5.78 69.63 99.05 45.76 200.07 194.18 75.62 121.36 50.80
3/24/05 3:00 22 Flexipac 1Y / IMTP #40 5.39 66.32 103.08 25.18 5.11 69.85 95.50 41.13 199.91 194.08 68.14 128.82 48.61
3/24/05 4:15 23 Flexipac 1Y / IMTP #40 5.39 66.26 103.06 24.76 5.13 69.90 95.04 40.97 199.78 193.67 67.74 127.96 48.70
3/24/05 7:45 24 Flexipac 1Y / IMTP #40 10.43 66.22 103.97 24.26 9.61 69.10 106.06 44.04 317.03 308.70 77.24 125.63 52.60

4/6/05 16:20 25 IMTP #40 / Flexipac 1Y 27.54 66.26 103.92 24.79 27.58 67.32 123.56 47.81 399.78 387.82 130.94 98.94 65.47
4/6/05 17:30 26 IMTP #40 / Flexipac 1Y 27.44 66.23 103.63 27.86 27.59 67.22 122.10 45.71 399.91 388.88 131.83 98.45 65.73
4/7/05 1:00 27 IMTP #40 / Flexipac 1Y 21.73 66.33 104.28 30.03 21.65 67.62 125.67 55.36 400.16 388.44 129.30 96.83 60.09
4/7/05 2:05 28 IMTP #40 / Flexipac 1Y 21.64 66.37 103.92 30.17 21.74 67.65 123.49 52.03 399.90 388.46 118.27 96.93 60.31
4/7/05 5:30 29 IMTP #40 / Flexipac 1Y 14.51 66.35 103.51 32.68 14.36 68.20 117.42 57.44 400.23 389.03 123.79 107.35 60.22
4/7/05 6:30 30 IMTP #40 / Flexipac 1Y 14.50 66.33 104.14 32.73 14.36 68.26 117.62 57.60 399.58 387.77 124.77 110.45 60.71
4/7/05 10:45 31 IMTP #40 / Flexipac 1Y 10.72 66.28 104.96 34.49 10.58 67.79 124.89 63.12 201.00 194.94 120.65 95.08 53.81
4/7/05 11:45 32 IMTP #40 / Flexipac 1Y 10.76 66.25 105.27 35.18 10.56 67.81 125.51 64.69 199.64 193.54 115.81 96.73 54.41
4/7/05 17:00 33 IMTP #40 / Flexipac 1Y 11.28 66.32 103.98 37.71 11.06 67.79 122.18 65.94 200.15 193.98 129.16 100.20 57.24
4/7/05 18:00 34 IMTP #40 / Flexipac 1Y 11.23 66.30 104.00 37.73 11.07 67.76 122.50 65.78 200.42 194.18 126.34 100.01 56.64
4/8/05 2:05 35 IMTP #40 / Flexipac 1Y 11.30 66.28 103.74 34.36 11.14 67.67 123.85 58.50 202.63 196.82 126.84 92.94 52.40
4/8/05 3:10 36 IMTP #40 / Flexipac 1Y 11.31 66.34 103.82 35.60 11.19 67.77 125.29 61.46 206.04 199.80 126.48 93.91 51.76
4/8/05 11:00 37 IMTP #40 / Flexipac 1Y 13.00 66.30 104.50 38.95 13.00 67.55 123.10 63.09 200.00 194.08 130.00 99.60 54.10
4/8/05 12:00 38 IMTP #40 / Flexipac 1Y 14.30 66.29 104.10 38.54 14.20 67.52 123.30 64.32 200.00 194.29 129.50 98.50 55.10

4/11/05 11:30 39 IMTP #40 / Flexipac 1Y 21.99 65.61 104.34 24.69 22.00 66.98 128.51 45.30 400.80 389.10 131.43 98.38 59.94
4/11/05 12:30 40 IMTP #40 / Flexipac 1Y 21.94 65.63 104.18 25.08 21.95 67.04 128.65 46.59 399.87 387.84 133.32 98.78 61.21
4/11/05 14:30 41 IMTP #40 / Flexipac 1Y 14.98 65.70 104.35 25.73 14.84 67.90 123.85 50.80 399.62 387.79 126.23 117.61 65.69
4/11/05 15:30 42 IMTP #40 / Flexipac 1Y 15.02 65.66 104.83 25.64 14.78 67.85 124.84 50.49 398.59 386.89 126.69 119.86 66.85
4/12/05 1:30 43 IMTP #40 / Flexipac 1Y 10.39 65.66 104.04 26.28 10.05 68.83 111.57 46.46 399.67 387.94 128.32 135.16 70.09
4/12/05 2:30 44 IMTP #40 / Flexipac 1Y 10.42 65.66 104.07 26.36 10.01 68.84 111.79 46.41 400.28 388.66 124.86 136.53 71.39

4/13/05 10:00 45 IMTP #40 / Flexipac 1Y 16.10 66.34 104.63 31.98 15.91 67.76 131.51 53.62 300.63 291.57 129.55 100.86 60.32
4/13/05 11:00 46 IMTP #40 / Flexipac 1Y 16.02 66.35 104.86 31.91 15.88 67.69 130.89 52.28 300.05 291.25 129.90 101.63 60.70
4/13/05 14:45 47 IMTP #40 / Flexipac 1Y 7.96 66.30 104.39 31.89 7.59 69.39 114.03 49.77 299.94 290.38 138.61 136.72 63.73
4/13/05 15:45 48 IMTP #40 / Flexipac 1Y 7.96 66.34 104.48 32.32 7.64 69.38 113.38 49.22 300.11 290.96 132.71 134.75 64.06  
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Table A.2. Raw data from the MEA campaign 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
GAS Press Pressure Drp Pressure Drp Bed Temp Bed Temp Bed Temp Bed Temp Bed Temp Bed Temp Bed Temp CO2 In CO2 Mid CO2 out CO2 Out CO2 In CO2 Out CO2 In

PT900 PDT450 PDT451 TT4078 TT4077 TT4076 TT4075 TT4074 TT4073 TT4071 AI400 AI406 AI900 AI404 AI400 AI404 AI400
Date/Time Sample (PSIG) (in H2O) (in H2O) (F) (F) (F) (F) (F) (F) (F) % % % % % % %

3/15/05 20:10 1 0.21 0.31 0.32 75.55 171.66 173.17 176.92 168.45 175.57 126.44 12.50 0.29 -0.01 0.08 12.21 0.09 17.42
3/15/05 21:10 2 0.20 0.30 0.29 74.25 115.19 170.76 174.94 166.76 174.04 126.98 11.63 0.22 -0.01 0.06 11.41 0.07 16.34
3/16/05 2:15 3 0.20 0.21 0.26 70.69 167.03 168.04 173.34 165.23 172.41 117.13 12.09 0.16 0.07 0.08 11.86 0.11 16.95
3/16/05 3:15 4 0.20 0.21 0.25 71.06 163.05 165.55 171.44 162.99 170.94 116.97 11.24 0.13 0.06 0.06 11.02 0.07 15.82

3/16/05 10:15 5 0.08 2.05 2.43 137.96 158.89 142.37 141.29 131.64 132.09 134.00 12.30 11.05 2.76 5.02 12.72 5.20 18.10
3/16/05 11:15 6 0.07 1.94 2.32 137.67 161.70 145.86 144.37 134.59 134.46 134.95 11.20 10.48 2.47 4.75 11.65 4.94 16.67
3/18/05 8:35 7 0.58 2.25 2.66 126.58 172.58 165.79 163.22 152.30 146.18 110.14 11.77 5.40 0.44 0.65 11.46 0.79 16.42
3/18/05 9:35 8 0.56 2.21 2.59 125.03 172.99 167.58 165.63 155.02 149.17 111.90 11.82 4.84 0.31 0.50 11.60 0.64 16.60

3/18/05 16:00 9 0.48 1.67 2.10 138.12 165.08 149.17 143.60 132.49 126.94 102.52 11.69 8.71 1.53 1.70 11.64 1.82 16.65
3/18/05 17:00 10 0.49 1.71 2.15 139.31 164.80 148.94 143.17 132.53 126.51 102.72 11.71 8.72 1.61 1.77 11.71 1.88 16.76
3/18/05 17:30 11 0.46 1.60 2.00 140.15 157.61 139.35 134.23 125.35 119.62 98.20 11.70 9.24 2.64 3.06 11.73 3.12 16.77
3/18/05 18:30 12 0.45 1.59 1.96 139.00 155.76 135.98 130.79 121.26 116.70 96.46 11.83 9.81 3.08 3.37 11.79 3.42 16.86
3/22/05 1:15 13 0.56 3.79 5.83 108.79 165.96 157.40 156.58 150.55 146.42 114.67 12.16 8.36 4.18 4.83 11.91 4.85 17.02
3/22/05 2:15 14 0.57 3.83 5.96 107.17 164.71 156.52 156.09 150.29 145.93 114.14 11.90 8.47 4.30 4.99 11.64 5.01 16.66
3/22/05 6:30 15 0.58 5.58 5.55 94.03 109.69 120.51 128.85 127.66 140.69 125.32 12.25 6.23 2.13 2.13 11.78 2.14 16.85

3/22/05 10:10 16 0.87 4.18 16.49 95.63 105.23 110.60 125.35 126.97 137.30 128.85 13.73 6.40 0.86 0.88 13.01 0.92 18.49
3/22/05 11:30 17 0.65 3.81 11.10 96.56 104.66 107.75 118.73 119.61 127.44 124.82 12.45 4.64 0.73 0.82 11.94 0.87 17.07
3/23/05 17:00 18 0.20 0.64 0.76 101.76 173.72 170.71 170.86 166.42 162.67 114.73 12.37 3.96 0.94 0.71 12.25 0.81 17.47
3/23/05 18:00 19 0.20 0.64 0.67 94.78 172.69 170.84 171.92 167.55 165.13 116.02 11.74 2.78 0.71 0.62 11.61 0.70 16.62
3/23/05 20:55 20 0.18 0.52 0.17 108.73 170.08 158.00 152.14 146.93 142.40 105.99 12.10 8.28 2.35 1.67 11.91 1.78 17.02
3/23/05 21:55 21 0.17 0.51 -0.01 107.28 169.05 155.60 149.34 143.81 139.71 105.13 12.14 8.63 2.60 1.85 11.91 1.95 17.02
3/24/05 3:00 22 0.16 0.47 -0.83 117.30 162.22 143.90 136.96 130.20 127.61 99.08 12.10 9.97 4.45 3.76 11.80 3.86 16.88
3/24/05 4:15 23 0.16 0.47 -0.83 118.09 161.82 142.86 135.54 128.48 125.72 98.64 12.70 10.50 4.81 3.85 12.40 3.95 17.67
3/24/05 7:45 24 0.44 1.54 12.42 110.74 170.52 166.21 163.84 161.52 154.97 110.67 11.07 5.09 1.59 1.03 10.57 1.18 15.21

4/6/05 16:20 25 0.56 2.49 1.10 100.84 106.92 110.70 111.40 113.61 120.53 124.48 12.23 3.52 0.78 0.97 12.11 0.99 17.30
4/6/05 17:30 26 0.56 2.65 1.18 100.75 105.99 109.31 110.08 112.39 118.60 122.72 11.16 3.12 0.70 0.87 11.12 0.89 15.96
4/7/05 1:00 27 0.58 2.96 0.84 96.94 111.31 117.97 118.25 121.85 132.51 127.08 11.97 4.52 1.48 1.79 11.84 1.77 16.93
4/7/05 2:05 28 0.56 2.84 0.79 96.32 110.82 117.07 117.19 120.12 130.20 125.85 11.78 4.44 1.50 1.79 11.55 1.77 16.54
4/7/05 5:30 29 0.60 2.56 1.95 105.25 154.50 154.35 153.81 154.78 151.75 119.54 11.48 6.42 2.82 3.66 11.29 3.57 16.18
4/7/05 6:30 30 0.61 2.53 2.03 108.40 156.77 155.96 155.15 155.77 152.00 119.56 12.19 6.96 2.99 4.07 11.95 3.97 17.08
4/7/05 10:45 31 0.33 0.45 0.27 89.72 110.87 118.05 115.85 122.96 141.27 126.85 12.13 3.59 0.08 0.65 12.20 0.68 17.41
4/7/05 11:45 32 0.31 0.44 0.25 91.78 113.98 122.49 120.22 127.42 144.52 126.30 12.35 4.39 0.10 0.83 12.39 0.86 17.66
4/7/05 17:00 33 0.20 0.58 0.37 98.89 125.59 132.65 129.62 135.40 143.81 122.86 12.17 7.29 0.31 2.76 12.50 2.78 17.81
4/7/05 18:00 34 0.20 0.58 0.37 99.06 125.63 132.45 129.76 135.43 143.98 122.61 12.32 7.20 0.28 2.73 12.62 2.75 17.97
4/8/05 2:05 35 -0.01 0.47 0.30 90.29 106.65 112.81 110.82 115.24 131.31 126.24 11.01 2.84 0.03 0.48 11.58 0.54 16.57
4/8/05 3:10 36 0.12 0.48 0.32 91.11 109.63 117.49 114.95 119.74 135.76 126.94 11.86 3.83 0.04 0.73 12.27 0.77 17.51
4/8/05 11:00 37 0.34 -0.09 97.10 110.10 117.20 114.90 117.60 126.50 125.20 11.88 4.49 4.49 0.54 11.97 0.58 17.10
4/8/05 12:00 38 0.47 0.28 96.00 109.00 114.90 112.90 115.60 124.60 124.20 10.88 4.61 4.61 0.56 11.52 0.62 16.50

4/11/05 11:30 39 0.53 2.46 1.18 95.83 108.17 113.45 114.70 118.05 129.07 130.52 11.86 3.22 0.05 0.79 11.81 0.82 16.89
4/11/05 12:30 40 0.54 2.54 1.08 96.56 108.84 114.29 115.54 118.87 130.37 130.80 12.24 3.44 0.05 0.88 12.18 0.90 17.39
4/11/05 14:30 41 0.50 2.49 2.00 115.38 166.56 165.67 164.76 164.79 160.48 124.81 12.05 4.96 0.12 1.76 11.98 1.81 17.11
4/11/05 15:30 42 0.46 2.50 2.06 118.09 167.31 166.45 165.57 165.46 161.11 125.03 11.88 4.80 0.11 1.65 11.88 1.73 16.98
4/12/05 1:30 43 0.48 2.12 2.08 134.96 160.30 156.05 153.40 151.24 143.18 112.01 11.89 7.27 0.27 3.72 11.87 3.75 16.96
4/12/05 2:30 44 0.49 2.13 2.07 136.65 161.11 156.82 153.82 151.70 143.64 112.50 11.80 7.16 0.26 3.59 11.74 3.63 16.80

4/13/05 10:00 45 0.44 1.27 0.69 96.60 110.36 117.24 118.71 123.57 142.33 134.97 12.17 3.14 0.03 0.67 12.20 0.71 17.42
4/13/05 11:00 46 0.41 1.13 0.64 97.25 109.41 115.25 116.18 119.79 135.42 134.49 11.78 2.70 0.03 0.52 11.86 0.57 16.95
4/13/05 14:45 47 0.29 1.02 1.01 136.73 160.22 154.85 152.18 148.63 142.84 112.35 12.64 8.15 0.25 4.22 12.94 4.30 18.41
4/13/05 15:45 48 0.23 1.06 1.05 134.81 158.67 153.68 151.15 147.64 141.77 111.40 12.03 7.84 0.24 4.07 12.36 4.17 17.63  
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Table A.3. Raw data from the MEA campaign 

36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51
CO2 Out FTIR Column Level Acc Level Column Level Reboiler Level Reboiler Duty Column Pres PrsDrp (low) PrsDrp (high) STR Reflux STR Return STR Return STR Return
AI404 CO2 Conc LC201 LC203 LT206 LT204 QIC202 PC215 PDT250 PDT251 FT203 FT201 FT201 FT201

Date/Time Sample % % (in) (in) (inches) (in) (MMBTU/hr) (psia) (inH20) (inH20) (gpm) (gpm) (F) (LB/FT3)
3/15/05 20:10 1 0.14 10.490 9.00 10.50 9.70 0.512 23.50 -0.14 -0.38 0.33 4.95 116.89 217.94
3/15/05 21:10 2 0.11 10.494 9.00 10.50 9.61 0.513 23.50 -0.15 -0.41 0.33 4.91 116.95 218.92
3/16/05 2:15 3 0.16 10.519 9.00 10.51 9.69 0.388 23.50 -0.24 -0.49 0.23 3.40 119.91 215.76
3/16/05 3:15 4 0.10 10.536 9.00 10.50 9.68 0.437 23.50 -0.21 -0.46 0.31 3.38 120.33 220.23

3/16/05 10:15 5 7.68 10.544 9.00 10.50 9.36 0.820 23.50 0.24 -0.01 0.44 7.57 109.47 209.00
3/16/05 11:15 6 7.31 10.501 9.00 10.49 9.61 0.805 23.50 0.24 -0.04 0.45 7.46 109.67 209.26
3/18/05 8:35 7 1.20 10.468 9.00 10.50 8.42 1.130 23.50 0.79 0.51 0.46 9.67 108.86 205.71
3/18/05 9:35 8 0.97 10.521 9.00 10.50 8.42 1.117 23.50 0.79 0.51 0.49 9.68 108.93 205.92

3/18/05 16:00 9 2.73 10.509 9.00 10.51 8.77 1.040 23.50 0.64 0.39 0.63 7.44 110.17 214.55
3/18/05 17:00 10 2.82 10.482 9.00 10.50 8.81 0.999 23.50 0.57 0.31 0.59 7.39 109.92 213.62
3/18/05 17:30 11 4.66 10.463 9.00 10.45 8.88 0.966 23.49 0.48 0.25 0.70 6.34 109.88 218.06
3/18/05 18:30 12 5.10 10.503 9.00 10.50 9.41 0.800 23.50 0.23 0.02 0.47 6.35 110.00 212.62
3/22/05 1:15 13 7.18 9.979 9.00 10.00 7.28 0.945 23.50 0.23 -0.03 0.06 14.69 105.45 156.56
3/22/05 2:15 14 7.41 10.020 9.00 10.00 6.91 0.936 23.50 0.20 -0.07 0.06 14.69 105.48 155.50
3/22/05 6:30 15 3.21 10.014 9.00 10.00 5.67 1.246 23.51 0.40 0.14 0.06 21.12 104.88 154.21

3/22/05 10:10 16 1.40 10.235 9.00 10.24 5.97 1.214 23.49 0.40 0.09 0.07 20.85 104.99 156.50
3/22/05 11:30 17 1.31 10.165 9.00 10.16 6.33 1.179 23.52 0.34 0.01 0.05 20.87 104.95 154.71
3/23/05 17:00 18 1.23 10.220 9.00 10.20 8.57 0.469 23.50 -0.08 -0.35 0.08 7.38 106.93 65.75
3/23/05 18:00 19 1.06 10.183 9.00 10.20 8.70 0.474 23.50 -0.07 -0.32 0.08 7.40 107.00 65.90
3/23/05 20:55 20 2.68 10.213 9.00 10.21 8.95 0.390 23.50 -0.13 -0.40 0.10 5.98 106.90 65.85
3/23/05 21:55 21 2.93 10.242 9.00 10.21 9.01 0.385 23.50 -0.13 -0.40 0.10 5.95 106.97 65.93
3/24/05 3:00 22 5.74 10.183 9.00 10.20 9.19 0.350 23.50 -0.15 -0.43 0.09 5.23 115.99 65.81
3/24/05 4:15 23 5.87 10.165 9.00 10.20 9.19 0.350 23.50 -0.16 -0.44 0.09 5.19 115.81 65.75
3/24/05 7:45 24 1.77 10.166 9.00 10.18 7.88 0.710 23.50 0.07 -0.20 0.06 9.65 109.03 65.90

4/6/05 16:20 25 1.50 1.18 12.185 10.00 12.19 10.64 1.601 23.50 5.96 11.31 0.06 27.49 103.80 65.91
4/6/05 17:30 26 1.35 0.92 12.249 10.00 12.25 10.61 1.599 23.49 5.96 11.94 0.05 27.54 103.92 65.86
4/7/05 1:00 27 2.65 1.80 10.112 10.00 10.10 9.27 1.210 23.50 5.96 7.47 0.08 21.65 104.33 66.00
4/7/05 2:05 28 2.66 1.74 10.103 10.00 10.11 9.22 1.248 23.51 5.96 8.25 0.07 21.67 104.49 65.98
4/7/05 5:30 29 5.32 3.14 10.132 10.00 10.10 9.95 0.870 23.50 2.23 2.03 0.06 14.41 105.78 66.00
4/7/05 6:30 30 5.91 3.44 10.080 10.00 10.10 10.19 0.870 23.50 2.42 2.21 0.06 14.30 106.57 65.94

4/7/05 10:45 31 1.03 0.85 10.073 10.00 10.10 10.49 0.534 23.50 0.09 -0.19 0.08 10.60 106.46 65.87
4/7/05 11:45 32 1.31 0.97 10.070 10.00 10.10 10.47 0.520 23.50 0.09 -0.22 0.06 10.62 106.55 65.84
4/7/05 17:00 33 4.16 2.44 10.100 10.00 10.10 10.35 0.525 23.50 0.09 -0.17 0.07 11.13 104.90 65.92
4/7/05 18:00 34 4.12 2.66 10.082 10.00 10.09 10.36 0.525 23.50 0.08 -0.17 0.04 11.15 105.03 65.87
4/8/05 2:05 35 0.81 0.73 10.110 10.00 10.11 10.56 0.525 23.50 0.11 -0.14 0.07 11.22 105.63 65.92
4/8/05 3:10 36 1.16 0.97 10.122 10.00 10.09 10.57 0.530 23.50 0.13 -0.13 0.07 11.23 105.47 65.94

4/8/05 11:00 37 0.87 1.04 10.100 10.00 10.60 0.565 23.45 0.20 0.00 0.00 13.00 105.90 65.88
4/8/05 12:00 38 0.94 1.13 10.100 10.00 10.50 0.671 23.49 0.40 0.10 0.10 14.20 105.80 65.86

4/11/05 11:30 39 1.24 0.98 11.495 10.20 11.49 10.93 1.419 23.49 5.96 6.28 0.25 21.88 104.56 65.25
4/11/05 12:30 40 1.36 1.12 11.496 10.20 11.49 10.81 1.398 23.50 5.96 6.59 0.22 21.83 104.53 65.28
4/11/05 14:30 41 2.72 1.64 11.518 10.20 11.51 10.89 1.030 23.50 2.63 2.39 0.19 14.75 106.06 65.30
4/11/05 15:30 42 2.60 1.58 11.535 10.20 11.50 11.09 1.030 23.50 2.71 2.47 0.22 14.78 105.84 65.27
4/12/05 1:30 43 5.58 3.20 11.511 10.20 11.50 11.77 0.717 23.50 0.42 0.14 0.11 10.01 106.42 65.31
4/12/05 2:30 44 5.40 2.90 11.518 10.20 11.50 11.79 0.715 23.50 0.42 0.15 0.11 10.02 106.49 65.33

4/13/05 10:00 45 1.07 0.45 10.517 10.20 10.49 4.85 1.584 10.00 5.96 15.23 1.79 15.90 105.76 65.95
4/13/05 11:00 46 0.86 0.73 10.493 10.20 10.50 4.99 1.591 10.00 5.96 15.84 1.84 15.81 105.87 65.94
4/13/05 14:45 47 6.38 2.74 10.497 10.20 10.51 6.18 0.699 10.00 1.50 1.27 0.76 7.70 105.90 66.02
4/13/05 15:45 48 6.19 2.60 10.467 10.20 10.49 6.49 0.734 10.00 1.66 1.44 0.86 7.50 105.90 66.02  
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Table A.4. Raw data from the MEA campaign 

52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67
Top Temp Top MID Temp Top BOT Temp Bot TOP Temp Bot MID Temp Bot Temp Cond Ret Vapor Inlet Bot Liq to Reb VAP to Conden Org. Out (Cond) CW Inlet CW Outlet CW Flow

T20710 T2079 T2078 T2074 T2073 T2071 T203 T208 T219 T216 T225 T224 T226 FT205
Date/Time Sample (F) (F) (F) (F) (F) (F) (F) (F) (F) (F) (F) (F) (F) (gpm)

3/15/05 20:10 1 217.94 228.65 236.5 236.36 237.6 241.36 262.01 243.98 243.43 197.13 51.63 46.64 47.76 203.53
3/15/05 21:10 2 218.92 229.75 236.5 236.53 237.6 241.33 262.43 244.07 243.46 197.42 51.54 46.66 47.88 203.38
3/16/05 2:15 3 215.76 223.28 235.6 235.83 237.2 241.42 261.10 243.87 243.76 193.63 50.00 45.48 46.84 203.44
3/16/05 3:15 4 220.23 228.57 236.3 237.15 238.0 241.52 260.98 243.95 243.80 198.84 50.01 46.00 46.50 203.62
3/16/05 10:15 5 209.00 224.73 235.4 235.89 237.9 241.77 269.14 245.42 243.60 191.16 53.27 47.03 49.15 203.66
3/16/05 11:15 6 209.26 223.68 235.4 235.69 237.9 241.82 269.78 245.68 243.63 191.67 53.34 46.90 49.20 203.70
3/18/05 8:35 7 205.71 227.58 236.2 237.07 238.6 241.67 284.79 245.78 243.51 189.30 56.66 51.56 53.45 157.63
3/18/05 9:35 8 205.92 227.71 236.7 236.95 238.5 241.69 284.56 245.93 243.48 190.79 57.94 52.07 54.32 157.77
3/18/05 16:00 9 214.55 227.92 237.5 237.96 239.1 242.14 286.76 246.88 243.89 201.40 68.77 51.93 54.81 157.71
3/18/05 17:00 10 213.62 227.34 237.8 237.78 239.0 242.21 285.22 246.81 243.97 201.35 64.74 51.66 55.21 157.70
3/18/05 17:30 11 218.06 229.92 237.8 238.32 239.2 242.26 284.54 246.83 244.01 204.42 71.06 51.19 54.99 157.66
3/18/05 18:30 12 212.62 227.04 237.6 237.36 238.7 242.14 278.94 246.45 244.08 200.74 58.74 50.77 53.85 157.71
3/22/05 1:15 13 156.56 167.98 171.5 170.85 176.3 235.25 273.61 243.94 236.42 139.34 55.81 51.60 51.58 159.82
3/22/05 2:15 14 155.50 167.29 171.2 170.06 173.2 234.78 272.73 243.83 235.92 137.78 55.95 52.31 51.63 159.63
3/22/05 6:30 15 154.21 167.75 172.3 171.12 173.4 232.97 282.15 243.84 233.13 134.82 56.97 53.94 54.21 159.93
3/22/05 10:10 16 156.50 168.77 173.4 172.31 174.7 232.71 281.32 243.67 233.32 137.60 58.21 54.39 54.29 159.88
3/22/05 11:30 17 154.71 167.40 172.6 171.44 172.9 230.73 281.26 243.59 231.18 135.91 58.14 54.52 53.84 159.80
3/23/05 17:00 18 184.78 194.47 207.3 208.24 221.4 239.12 260.66 243.15 240.64 168.08 54.70 48.84 48.91 157.82
3/23/05 18:00 19 184.41 195.42 202.9 203.05 217.3 238.80 260.43 243.14 240.27 165.51 53.87 48.35 48.39 157.48
3/23/05 20:55 20 191.46 197.94 206.6 207.48 214.3 238.95 259.66 243.07 240.78 171.37 52.07 47.46 47.50 157.64
3/23/05 21:55 21 190.89 197.91 203.4 204.34 207.6 238.45 259.49 242.79 240.56 169.74 51.89 47.34 47.37 157.63
3/24/05 3:00 22 188.18 194.61 204.0 206.08 203.7 238.51 258.74 242.62 240.62 165.39 50.58 46.79 46.74 157.32
3/24/05 4:15 23 188.22 194.60 205.7 207.64 205.8 238.78 259.13 242.90 241.00 166.16 50.84 47.19 47.24 157.50
3/24/05 7:45 24 164.80 179.06 192.8 194.38 222.6 239.13 264.62 244.31 240.58 146.00 53.30 49.46 48.48 157.58

4/6/05 16:20 25 156.18 191.20 200.0 203.22 211.4 239.14 279.53 242.51 239.12 138.15 62.29 58.33 58.32 170.78
4/6/05 17:30 26 156.10 194.06 205.3 210.08 225.2 239.22 279.87 242.64 239.52 138.19 61.80 57.74 57.69 170.69
4/7/05 1:00 27 162.17 190.07 209.1 214.08 218.9 237.20 282.28 247.63 238.62 143.21 58.40 54.87 54.86 170.76
4/7/05 2:05 28 160.45 188.27 206.1 212.14 217.2 237.74 282.74 247.86 238.82 141.89 58.36 55.08 54.90 170.76
4/7/05 5:30 29 163.28 183.63 210.3 216.19 218.9 236.54 275.19 249.97 237.39 140.98 55.44 51.77 51.76 170.55
4/7/05 6:30 30 163.00 185.47 215.5 220.69 222.7 238.23 275.66 249.94 237.71 140.64 55.04 51.37 51.58 170.36
4/7/05 10:45 31 182.18 193.81 196.2 196.69 209.5 234.00 276.04 257.07 236.68 157.74 55.17 50.08 50.36 170.31
4/7/05 11:45 32 183.01 192.31 195.8 195.25 205.6 233.21 280.53 261.25 236.36 160.22 55.44 50.02 50.20 170.25
4/7/05 17:00 33 177.83 184.71 188.9 187.95 188.7 232.51 293.69 276.15 235.03 156.15 56.02 49.99 50.33 170.11
4/7/05 18:00 34 178.25 185.40 189.2 188.72 189.4 231.21 294.48 276.40 235.26 156.93 55.95 49.91 50.39 170.27
4/8/05 2:05 35 182.08 195.55 199.1 199.11 211.4 232.61 270.05 252.58 236.90 159.55 54.30 49.71 50.32 167.66
4/8/05 3:10 36 182.49 192.71 196.0 196.08 202.9 232.79 274.55 255.99 236.44 160.98 53.67 49.16 49.78 167.29
4/8/05 11:00 37 176.80 186.90 189.6 189.40 190.4 224.50 275.50 235.90 161.50 55.50 50.30 50.70 168.20
4/8/05 12:00 38 173.70 183.10 186.5 185.70 187.1 219.40 272.90 235.40 159.50 55.50 50.10 50.60 167.70

4/11/05 11:30 39 196.62 226.56 233.7 234.58 235.8 241.02 300.33 246.66 241.90 177.57 59.13 54.36 54.99 198.92
4/11/05 12:30 40 192.32 224.80 233.2 234.14 235.2 240.84 300.05 247.39 241.81 174.12 59.01 54.07 55.90 198.24
4/11/05 14:30 41 190.36 219.75 231.0 232.59 233.4 240.05 282.91 244.25 241.06 173.05 58.07 52.39 53.66 167.43
4/11/05 15:30 42 193.84 220.71 232.6 233.30 233.9 239.83 281.36 244.01 241.11 177.29 57.42 51.48 52.99 170.24
4/12/05 1:30 43 176.62 207.94 225.1 226.47 232.0 241.03 265.23 243.93 241.07 160.26 53.87 49.70 50.00 198.31
4/12/05 2:30 44 178.78 210.10 225.7 226.08 232.3 240.91 265.69 243.84 241.07 163.04 53.79 49.82 50.41 198.36
4/13/05 10:00 45 190.51 193.44 196.1 196.65 197.7 200.39 284.39 207.69 201.93 176.02 100.83 55.35 66.47 167.64
4/13/05 11:00 46 190.86 193.20 196.4 196.64 197.6 200.41 276.72 207.59 201.88 177.03 100.32 55.77 66.78 170.83
4/13/05 14:45 47 185.65 190.41 194.9 194.57 195.5 197.62 248.68 200.92 199.67 172.77 75.18 50.54 54.71 197.69
4/13/05 15:45 48 186.34 190.73 194.9 194.94 195.7 197.76 249.90 201.24 199.79 172.66 76.20 50.56 55.16 197.65  
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Table A.5. Raw data from the MEA campaign 

68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84
Feed Temp Reflux Temp Steam Pressure Steam Flow Steam Temp ABS Press Pre-Heat Pre-Heat Stm Pre-Ht Duty ABS Lean Tmp ABS Rich  Tmp STR Feed CO2 Flow Ambient Stripper

TT210 TT222 PT202 FC202 T202 PT415 FC210 FT210 QT210 AI403_T AI401_T TT2077 FT216 Temp Feed Temp
Date/Time Sample (F) (F) (psia) (lb/hr) (F) inH2O % (lb/hr) (MMBTU/hr) (F) (F) (F) (SCFM) (F) (F)

3/15/05 20:10 1 210.53 134.22 131.63 529.05 347.53 5.95 55.00 269.00 0.3293 104.93 122.34 208.07 17.77 48 202.93
3/15/05 21:10 2 210.58 131.58 132.51 530.05 348.12 5.77 55.00 263.13 0.3246 105.51 123.24 208.47 12.73 47 203.03
3/16/05 2:15 3 211.64 149.66 132.12 399.98 347.72 6.02 #DIV/0! 196.89 0.2658 105.02 113.83 208.62 0.00 45 204.47
3/16/05 3:15 4 210.65 136.84 132.48 450.04 348.08 5.96 13.49 187.74 0.2559 105.21 114.83 207.50 0.00 45 200.86

3/16/05 10:15 5 202.41 117.06 124.91 856.12 342.96 0.31 100.00 355.04 0.3825 104.77 128.14 200.79 42.14 43 195.62
3/16/05 11:15 6 204.75 119.60 124.53 839.90 343.16 0.04 100.00 343.48 0.3769 105.23 130.63 203.63 40.29 46 198.35
3/18/05 8:35 7 169.17 91.67 122.87 1200.01 342.08 13.23 100.00 349.34 0.3798 103.44 103.80 168.25 49.50 55 164.36
3/18/05 9:35 8 170.50 95.89 122.82 1184.76 342.28 12.77 100.00 345.06 0.3777 103.03 104.64 169.37 48.12 60 165.42

3/18/05 16:00 9 183.86 111.93 122.35 1105.68 342.41 11.46 100.00 330.24 0.3698 103.97 97.90 183.65 43.47 76 177.38
3/18/05 17:00 10 184.54 114.30 123.02 1059.72 342.66 11.63 100.00 330.10 0.3697 104.69 98.29 184.00 42.91 75 178.20
3/18/05 17:30 11 195.46 113.34 123.34 1024.82 342.87 10.96 100.00 312.46 0.3596 104.60 96.14 193.68 40.30 74 184.74
3/18/05 18:30 12 194.72 118.50 124.28 842.26 343.47 10.73 100.00 323.09 0.3657 104.34 92.88 193.51 41.96 71 187.64
3/22/05 1:15 13 162.40 216.45 123.19 990.17 342.59 6.39 100.00 400.07 0.3979 104.23 110.41 162.24 41.30 62 162.47
3/22/05 2:15 14 161.88 212.96 122.97 979.86 342.47 6.42 100.00 402.78 0.3988 104.45 110.07 161.51 39.81 62 161.74
3/22/05 6:30 15 161.33 188.25 121.45 1319.39 341.04 5.22 100.00 457.33 0.4097 104.36 121.76 161.15 47.65 55 161.24

3/22/05 10:10 16 163.25 178.68 120.91 1284.39 341.29 3.16 100.00 447.77 0.4085 104.71 124.43 163.28 46.14 64 163.34
3/22/05 11:30 17 161.36 186.03 121.19 1247.39 341.42 2.82 100.00 448.94 0.4087 104.74 121.79 161.50 39.83 70 161.57
3/23/05 17:00 18 194.14 204.03 128.53 483.62 346.54 4.16 100.00 294.82 0.3467 102.81 111.17 193.29 24.36 71 193.43
3/23/05 18:00 19 193.29 205.34 128.66 489.42 346.40 3.99 100.00 290.28 0.3435 102.33 111.96 192.45 25.39 69 192.60
3/23/05 20:55 20 208.06 199.15 130.51 401.33 347.73 3.70 100.00 350.72 0.3790 100.65 100.77 206.62 24.50 67 206.48
3/23/05 21:55 21 207.96 192.10 130.39 396.28 347.44 3.62 100.00 352.42 0.3783 100.01 99.91 206.73 23.90 64 206.45
3/24/05 3:00 22 205.80 215.21 133.28 359.59 349.06 3.40 100.00 304.58 0.3520 104.68 94.05 204.31 22.76 55 204.52
3/24/05 4:15 23 206.44 209.33 133.39 359.44 349.12 3.40 100.00 315.69 0.3587 104.81 93.56 204.92 22.42 55 205.00
3/24/05 7:45 24 172.31 216.00 128.88 735.21 345.83 -2.05 100.00 347.19 0.3755 105.00 104.85 171.82 35.13 58 172.14

4/6/05 16:20 25 155.97 150.24 116.37 1694.08 337.65 12.01 100.00 497.40 0.4095 102.55 121.88 156.26 48.61 76 156.25
4/6/05 17:30 26 154.40 144.79 116.02 1691.29 337.41 11.79 100.00 505.92 0.4091 102.66 120.60 154.54 45.21 76 154.52
4/7/05 1:00 27 163.23 170.37 120.73 1281.21 340.56 11.87 100.00 453.76 0.4076 104.33 124.55 163.17 44.84 60 163.20
4/7/05 2:05 28 162.16 174.61 120.52 1323.89 340.24 11.68 100.00 455.81 0.4078 103.98 122.55 161.67 46.14 60 161.71
4/7/05 5:30 29 168.07 162.78 124.00 913.62 342.85 12.26 100.00 407.03 0.3984 103.57 117.70 168.18 37.81 58 168.16
4/7/05 6:30 30 168.18 167.87 123.85 914.59 342.78 12.34 100.00 401.34 0.3967 104.09 117.68 167.80 38.96 58 167.80

4/7/05 10:45 31 185.50 198.53 129.52 560.44 346.80 8.46 100.00 342.52 0.3733 104.75 124.97 184.90 20.66 73 185.02
4/7/05 11:45 32 186.09 203.28 128.91 547.44 346.61 7.83 100.00 337.37 0.3705 105.01 125.36 185.83 20.49 76 185.94
4/7/05 17:00 33 182.99 209.38 127.54 561.43 345.55 4.55 100.00 350.56 0.3765 103.78 121.37 183.13 20.10 79 183.30
4/7/05 18:00 34 183.92 213.38 128.24 561.74 345.97 4.42 100.00 332.89 0.3681 103.75 121.51 183.43 21.21 78 183.56
4/8/05 2:05 35 183.32 213.10 130.44 546.91 346.90 -4.58 100.00 350.88 0.3774 103.77 123.17 183.46 20.70 60 183.67
4/8/05 3:10 36 184.56 219.39 131.63 554.46 347.66 2.51 100.00 328.88 0.3660 103.80 124.41 184.39 23.33 59 184.63

4/8/05 11:00 37 178.60 231.20 129.80 613.10 346.60 11.11 100.00 390.50 0.3940 104.89 121.89 178.60 18.15 74 178.60
4/8/05 12:00 38 175.50 215.90 128.10 669.20 234.70 -2.18 100.00 393.50 0.3970 104.28 121.55 175.30 20.75 76 175.62

4/11/05 11:30 39 165.03 100.18 116.67 1535.06 338.26 11.35 100.00 434.23 0.4044 104.17 127.74 165.14 48.39 74 164.30
4/11/05 12:30 40 165.14 102.67 117.03 1513.03 338.49 11.42 100.00 432.41 0.4040 104.03 126.49 165.03 48.40 75 164.31
4/11/05 14:30 41 172.26 130.80 121.89 1091.09 341.78 9.16 100.00 369.96 0.3854 104.26 122.97 172.02 43.36 77 171.42
4/11/05 15:30 42 173.02 135.92 121.41 1089.63 341.65 7.79 100.00 365.07 0.3833 104.64 123.63 173.15 43.53 78 172.53
4/12/05 1:30 43 174.97 206.87 124.59 744.40 343.35 9.25 100.00 331.47 0.3715 104.20 111.16 175.48 41.03 55 175.85
4/12/05 2:30 44 175.26 211.66 124.36 742.20 343.24 9.40 100.00 316.11 0.3628 104.23 111.51 175.24 40.40 56 175.71

4/13/05 10:00 45 174.97 112.58 117.22 1684.25 338.34 10.26 100.00 303.20 0.3511 104.59 131.14 175.43 41.10 75 168.32
4/13/05 11:00 46 175.01 114.76 117.16 1679.68 338.32 9.62 100.00 315.60 0.3583 104.74 130.30 175.02 38.83 81 168.01
4/13/05 14:45 47 182.92 133.67 127.81 712.09 345.65 5.71 16.00 197.12 0.2637 104.31 112.99 183.17 27.76 85 178.13
4/13/05 15:45 48 181.61 139.97 127.09 749.45 345.17 3.97 16.00 167.59 0.2241 104.39 112.20 181.23 30.42 84 176.57
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Table A.6. Comments on Appendix A data 
Numbered 
Column of 

Appendix A 
Notes 

7 The lean conductivity began to malfunction towards the beginning of the campaign.  Instantaneous step changes of about 25% were observed. 
12 This gas flow for an annubar was calibrated using air.  Since the density of the flue gas was different from air, this measurement is not correct. 

13 This is a corrected gas flow accounting for the molecular weight of the flue gas.  The molecular weight of the flue gas was calculated assuming that Vaisala CO2 analyzers 
were calibrated using mass labeled calibration gases (approx. 12% CO2 in flue gas). 

14 The gas is not saturated at this temperature 

22 
This is not a reliable temperature since TT400 was usually at a higher temperature.  It is possible that the gas condensed at the top of the absorber when it came in contact with 
the absorber shell.  Dripping water vapor could wet the sensor and cause an evaporative cooling effect on the temperature sensor.  This temperature location is about 25 feet 
before TT400.  Uninsulated 8" piping is located between these two sensors. 

29 This is a raw measurement based on calibration gases being labeled by mass%.  This value is not correct since pressure and temperature corrections must be made for the 
Vaisala analyzers.  This instrument is ranged for 0-20% CO2. 

30 This is a raw measurement based on calibration gases being labeled by mass%.  This value is not correct.  This is a Horiba gas analyzer ranged 0-20%. 

31 This is a raw measurement based on calibration gases being labeled by mass%.  This value is not correct.  This is a Horiba gas analyzer ranged 0-5%.  This was used as a 
backup and was not always connected to the pilot plant.  Some of the measurements are the CO2 concentrations of air. 

32 This is a raw measurement based on calibration gases being labeled by mass%.  This value is not correct since pressure and temperature corrections must be made for the 
Vaisala analyzers.  This instrument is ranged for 0-5% CO2. 

33 Temperature and pressure corrections have been made according to the user manual.  This measurement is based on the calibration gases being labeled by mass% 
34 Temperature and pressure corrections have been made according to the user manual.  This measurement is based on the calibration gases being labeled by mass% 
35 Temperature and pressure corrections have been made according to the user manual.  This measurement is based on the calibration gases being labeled by mole% 
38 Temperature and pressure corrections have been made according to the user manual.  This measurement is based on the calibration gases being labeled by mole% 

39 This is an FTIR measurement of the CO2.  The measurement was only added after the packing change out.  The sample location was about 25 feed downstream of the absorber 
gas outlet. 

45 Pressure of the stripper and gas accumulation tank 
46 This is a low range pressure drop measurement that was maxed out when the pressure drop in the stripper was very high. 
47 This is a higher pressure drop measurement.  At low pressure drop it is not as accurate as PDT250. 

48 This is not the actual amount of liquid flowing through the reflux pump.  This is the amount of liquid returning to the stripper.  The majority of liquid flowing through the 
reflux pump goes back to the liquid accumulation tank. 

51 
Values for the first 17 runs are erroneous since the Delta V control system was recording the wrong parameter.  This is a lower quality Micro Motion than FT403 and FT200.  
An average offset of 0.34 lb/ft3 was observed between this flowmeter and FT403.  This correction was implemented to calculate the stripper lean loading.  For the first 17 
runs, this value was assumed to be identical to FT403. 

70 This is not the feed temperature to the stripper since the reflux stream combines downstream of this temperature sensor. 
71 This is often very hot due to the majority of the liquid recycling around the oversized reflux pump. 
79 Backup temperature measurements for the conductivity meters.  The temperature measurements at TT403 was used for calculations 
80 Backup temperature measurements for the conductivity meters.  The temperature measurements at TT200 was used for calculations 
81 This is not the feed temperature to the stripper since the reflux stream combines downstream of this temperature sensor. 
82 Standard temperature and pressure of 60F and 14.73 psia 
83 Collected from online data base.  National Climatic Data Center.  See references. 

84 The calculated stripper feed temperature based on the temperatures and flow rates from the absorber and reflux.  This also takes into account the heat capacities of the 2 
streams. 
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Appendix B:  Numerical Data from Figures 

Table B.1. Numerical Data – Figures 1.1, 1.2 

Global Land Global Land Global Land
Year Temp Anomalies Year Temp Anomalies Year Temp Anomalies Year CO2 Conc Year CO2 Conc
1880 -0.5303 1931 0.0796 1982 0.0073 1744 276.8 1959 315.98
1881 -0.4146 1932 0.1109 1983 0.2412 1764 276.7 1960 316.91
1882 -0.3945 1933 -0.2265 1984 -0.0384 1791 279.7 1961 317.65
1883 -0.5394 1934 0.0678 1985 -0.059 1816 283.8 1962 318.45
1884 -0.6123 1935 -0.0542 1986 0.0915 1839 283.1 1963 318.99
1885 -0.4879 1936 -0.0304 1987 0.1808 1843 287.4 1964 319.52
1886 -0.415 1937 0.0646 1988 0.4714 1847 286.8 1965 320.03
1887 -0.3869 1938 0.246 1989 0.1845 1854 288.2 1966 321.37
1888 -0.4243 1939 0.1859 1990 0.517 1869 289.3 1967 322.18
1889 -0.3277 1940 0.1177 1991 0.3927 1874 289.5 1968 323.05
1890 -0.3788 1941 0.1365 1992 0.1153 1878 290.3 1969 324.62
1891 -0.4757 1942 0.0853 1993 0.1477 1887 292.3 1970 325.68
1892 -0.4371 1943 0.124 1994 0.3388 1899 295.8 1971 326.32
1893 -0.4574 1944 0.2394 1995 0.5994 1903 294.8 1972 327.46
1894 -0.3397 1945 -0.0886 1996 0.2117 1905 296.9 1973 329.68
1895 -0.3449 1946 0.0032 1997 0.5645 1909 299.2 1974 330.25
1896 -0.243 1947 0.0869 1998 0.8314 1915 300.5 1975 331.15
1897 -0.2898 1948 0.057 1999 0.6847 1921 301.6 1976 332.15
1898 -0.3108 1949 -0.0832 2000 0.5155 1927 305.5 1977 333.9
1899 -0.1341 1950 -0.3654 2001 0.7472 1935 306.6 1978 335.5
1900 -0.0963 1951 -0.0821 2002 0.8497 1943 307.9 1979 336.85
1901 0.0229 1952 -0.1011 2003 0.7711 1953 312.7 1980 338.69
1902 -0.174 1953 0.156 2004 0.7296 1981 339.93
1903 -0.3064 1954 -0.1732 2005 0.9887 1982 341.13
1904 -0.2784 1955 -0.1546 1983 342.78
1905 -0.2928 1956 -0.4402 1984 344.42
1906 -0.0779 1957 -0.0549 1985 345.9
1907 -0.4905 1958 0.0421 1986 347.15
1908 -0.3365 1959 -0.0092 1987 348.93
1909 -0.2735 1960 -0.1275 1988 351.48
1910 -0.2683 1961 0.0333 1989 352.91
1911 -0.377 1962 0.0459 1990 354.19
1912 -0.3637 1963 0.1809 1991 355.59
1913 -0.1927 1964 -0.2769 1992 356.37
1914 0.0698 1965 -0.1357 1993 357.04
1915 0.0185 1966 -0.1138 1994 358.88
1916 -0.2924 1967 -0.0282 1995 360.88
1917 -0.4436 1968 -0.2003 1996 362.64
1918 -0.3114 1969 -0.1783 1997 363.76
1919 -0.2156 1970 -0.0047 1998 366.63
1920 -0.1593 1971 -0.076 1999 368.31
1921 0.0643 1972 -0.2151 2000 369.48
1922 -0.1051 1973 0.1754 2001 371.02
1923 -0.0738 1974 -0.2442 2002 373.1
1924 -0.1201 1975 0.0069 2003 375.64
1925 0.0255 1976 -0.3612 2004 377.38
1926 0.122 1977 0.0857
1927 -0.0518 1978 -0.0123
1928 0.0205 1979 0.0172
1929 -0.2997 1980 0.1981
1930 0.0394 1981 0.4148

Figure 1.1
Figure 1.2
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Table B.2. Numerical Data – Figure 1.3 

Year (BC) CO2 Conc Year (BC) CO2 Conc Year (BC) CO2 Conc Year (BC) CO2 Conc Year (BC) CO2 Conc Year (BC) CO2 Conc Year (BC) CO2 Conc Year (BC) CO2 Conc
344 284.7 107000 245.7 134360 202.5 202280 247.7 230570 247.4 271010 226.4 316980 265 407020 281.2
1636 272.8 108260 251.3 134660 195.9 203150 244.4 231100 243.1 271910 231.4 317760 271.8 407020 283.7
1835 268.1 109460 256.8 134750 201.1 203440 231.9 231650 239.2 272450 230.4 318380 272.7 408830 276.3
4222 262.2 110580 266.3 135390 194.4 203720 232.2 232130 245.7 273220 231 319390 273.2 412090 285.5
5329 254.6 111470 261.4 135700 193.4 204120 228.7 232470 245.9 275300 234.9 320110 282.4 413440 286.9
6115 259.6 112080 274.6 135990 194.2 204670 226.3 232780 247.4 275930 220.4 320580 289.2 415160 277.6
8125 261.6 112740 273.3 136230 190.2 205030 229.4 233210 252.9 276600 217.2 320830 288.4
9015 263.7 114180 262.5 137450 192.3 205410 231.4 234240 259.8 277540 207.7 321490 298.7
9328 244.8 115520 267.6 137850 196.5 205990 238.2 234850 263.2 278360 206 322190 278.2
9721 238.3 116400 273.8 139260 195.6 206180 237.2 235830 279 279200 206.7 322990 285.8

11407 236.2 117280 272 139310 196.5 206800 230 236200 280.3 280300 212.7 323530 278.7
11991 225.3 118000 265.2 140360 190.4 207070 240.5 236940 263.8 281490 213.2 324240 270.5
15697 182.2 118650 277.7 143440 197 207420 242.2 237250 252.4 283300 217.1 325120 255.7
17990 189.2 119960 272.2 147160 203 208020 244.6 237550 249.9 284220 224.4 326100 241.9
20979 191.6 120610 276.5 148310 191.9 208230 243.9 237870 236.7 285100 231 327270 239.7
24305 188.5 121820 268.7 148430 188.9 208830 247.3 238200 230.4 285850 236.2 328210 234.2
25064 191.7 121860 266.6 149860 200.6 209010 252 238580 219.4 286490 239 330290 250.2
29449 205.4 122310 266.3 152470 189 209480 246.9 240070 214.7 287430 236 331630 200.7
31886 209.1 122570 279.8 153300 185.5 209930 239.5 241650 200.2 288570 240.2 333290 205.2
37882 209.1 122730 273 153710 187.5 210280 257.4 242220 213.9 289770 240.7 334970 204.9
42768 189.3 122880 277.2 158500 204.4 211010 243.4 242870 195.4 290480 250.2 336280 211.9
45026 188.4 123750 273.8 159040 196.5 212150 251.2 243480 196.7 291000 248.6 338170 220.4
46231 210.1 124030 267.1 161000 191.6 213040 241.4 244090 195.4 291680 244.9 341000 221.2
47416 215.7 124480 262.5 161520 190.1 213590 240.3 245450 199 292620 225.9 342740 216.2
49176 190.4 124810 262.6 162340 186.7 213880 242.7 246090 201.9 293850 227.9 344110 209.5
55070 221.8 125450 275.4 163280 183.8 214460 247.5 246980 204 294380 226.2 345610 209.2
55801 210.4 125810 275.6 164300 196.5 215010 251.7 248460 203.9 295130 233.2 348770 193
61689 195.4 126300 274.1 167870 197.9 215270 251.2 249520 209.7 296050 237.9 350410 186.2
63703 191.4 126400 287.1 170600 197.8 215580 245.3 250180 205.7 297020 239 352370 185.8
64885 195 126650 286.8 172620 196 215680 245.4 250960 208.9 297880 241.9 354840 201.2
70851 227.4 127010 282.7 173440 190.3 216340 240.5 251880 214.7 298650 251.7 357690 206.4
73362 229.2 127410 264.1 174030 189.4 217680 214.1 253230 228.2 299500 256.8 360770 201.9
76997 217.1 127760 263.4 174270 190.1 217680 212.2 254050 199.9 300460 257.2 362500 200
78061 221.8 128110 257.9 176550 207.7 218040 216.1 254500 211.7 301340 246.9 364220 214.7
80860 231 128170 259 178780 213.2 218180 216.2 255250 188.7 301960 272.7 366120 224.6
82931 241.1 128990 264.6 179620 217.7 218760 203.7 255790 187.2 302590 251.7 367560 229.7
83729 236.4 129660 245 180450 198.1 218760 207.2 256480 194.2 303310 245.2 371020 227
84325 228.1 129790 240.4 181360 199.8 219060 208.9 257230 198.9 303310 244.7 372560 240
85182 214.2 130070 228.9 183070 203.5 219610 205.7 257960 184.7 305130 255.9 374760 239.1
86053 217 130820 223.5 185200 210.7 220960 203.4 258760 190.4 306100 249.2 376200 246.9
87365 208 131340 224 187340 231.4 221450 215.7 259600 193.9 308040 257.2 377630 245.9
89693 224.3 131370 220.3 189060 231.5 222630 236.9 260410 194.2 308040 256.3 381510 258.1
90462 228.4 131640 210.6 189590 220.3 223300 234.5 261210 198.4 308930 260.4 382910 264.7
93351 232.1 132210 208.9 190630 218 223510 233.1 262050 193.2 309780 260.3 384580 259.3
97844 225.9 132360 203.7 193130 226.5 223890 224.5 262840 202.2 310670 260.6 388590 255.2
98835 230.9 133010 204.6 193630 220.1 224710 232.4 263710 204.5 311490 266.3 390450 250.2
99831 236.9 133170 200.4 195570 226.4 225390 233.9 264490 211 312380 264 392630 266.3
101370 228.2 133270 198 196440 241.2 225840 241.7 265440 215.4 313140 266.2 394720 274.7
103220 236.9 133690 198.1 197030 242.6 228700 245.2 266680 223.7 313940 270.2 396560 277.1
104210 230.7 133980 201.8 200210 251 229380 252.1 268680 231.4 314680 271.9 398390 278
106310 238.2 134100 200.7 201190 239.1 229990 241.4 270280 228 315450 275.2 403850 279.7

Figure 1.3
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Table B.3. Numerical Data – Figures 1.4, 1.5 

Year Petroleum Natural Gas Coal Hydroelectric Nuclear Other Year Petroleum Coal Natural Gas
1980 140.56 57.745 75.162 18.882 7.9928 3.1481 1980 8.7569 6.4656 3.0907
1981 132.43 58.622 75.578 19.264 8.9966 3.3012 1981 8.4326 6.5831 3.0349
1982 126.45 58.546 78.343 19.745 10.031 3.4542 1982 8.2207 6.7057 3.0355
1983 125.89 59.213 78.34 20.77 11.308 3.7424 1983 8.0839 6.8981 3.1157
1984 129.32 65.183 82.699 21.286 13.71 3.8767 1984 8.2416 7.2915 3.3966
1985 127.89 67.757 86.727 21.533 16.141 3.91 1985 8.2684 7.6486 3.5132
1986 133.32 68.919 88.916 22.027 17.142 3.978 1986 8.5075 7.7436 3.5453
1987 134.5 72.254 90.819 22.04 18.615 4.0403 1987 8.6382 7.9891 3.7247
1988 139.86 75.758 92.781 22.687 20.285 4.1879 1988 8.8274 8.2459 3.9188
1989 142.07 78.328 94.35 22.738 20.827 4.5291 1989 8.9756 8.2403 4.1017
1990 143.86 80.052 95.936 23.615 21.478 4.1734 1990 9.0049 8.2645 4.1328
1991 143.38 80.91 91.037 24.129 22.349 4.2747 1991 9.0518 7.9758 4.2737
1992 144.02 81.137 90.673 24.013 22.451 4.557 1992 9.0804 7.9042 4.2588
1993 144.05 82.728 88.818 25.299 23.22 4.5641 1993 9.109 8 4.3741
1994 146.34 83.536 91.024 25.525 23.639 4.7832 1994 9.2032 8.0962 4.367
1995 149.7 84.662 93.77 26.778 24.541 5.0007 1995 9.3167 8.2454 4.4724
1996 153.4 88.561 93.82 27.258 25.438 5.162 1996 9.5115 8.3315 4.6779
1997 157.69 88.866 97.242 27.556 25.199 5.2082 1997 9.7227 8.5271 4.6623
1998 160.72 90.673 95.882 27.565 25.664 5.2066 1998 9.7837 8.3462 4.7095
1999 158.52 92.73 95.403 28.081 26.485 5.4482 1999 9.9769 8.3845 4.8135
2000 164.99 96.421 96.326 28.54 27.097 5.6977 2000 10.108 8.76 4.9813
2001 164.17 98.894 102.4 27.904 27.862 5.5846 2001 10.208 8.9072 5.0251
2002 161.96 100.72 102.26 28.111 28.175 6.017 2002 10.291 8.9783 5.1952
2003 167.93 104.14 105.54 28.68 27.98 6.3415 2003 10.514 9.3028 5.3455

Figure 1.5Figure 1.4
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Table B.4. Numerical Data – Figures 2.2, 2.4, 3.1 

Flow Rate Temp Approach Vol HCl pH Density Lean Loading Density Rich Loading
0.32 22.5 0 10 1.0412 1.0902
0.31 22.5 17.75 8.96 1.0406 40.1 1.087 86.59
0.22 21.8 30.25 7.9 1.0374 35.86 1.0976 93.59
0.22 23.9 47.95 7.2 1.0374 38.29 1.0929 95.58
0.49 26.7 58.5 6.52 1.0414 39 1.1112 110.93
0.49 25.2 71.9 6.1 1.0418 43.48 1.1109 109.4
0.63 44 77.7 5.34 1.0407 41.07 1.1054 103.97
0.63 43.4 78.7 4.74 1.0394 38.13 1.1048 101.19
0.49 36.9 79.15 2.28 1.0353 33.04 1.1126 111.25
0.49 36.5 79.2 2.08 1.0348 31.58 1.113
0.43 32.9 1.0346 35.16 1.1136 108.53
0.43 31.4 1.0338 29.71 1.1154 102.72
0.95 41.1 1.0707 61.99 1.1077 109.95
0.95 41.2 1.0716 71.94 1.1078 108.92
1.34 39.9 1.0782 78.27 1.105 105.95
1.34 38.9 1.0777 1.1054 109.65
1.34 38.7 1.0806 80 1.1046 104.94
0.47 26.2 1.0593 56.28 1.1075 113.63
0.47 26.5 1.0606 63.54 1.1051 107.56
0.39 19.1 1.0601 57.97 1.1139 112.98
0.38 18.9 1.0606 62.99 1.1144
0.34 20.1 1.0622 60.88 1.1171 113.76
0.34 20 1.0614 65.8 1.1178 118.32
0.66 38 1.0609 56.3 1.1074 108.46

1.74 46 1.0615 68.01 1.0833 83.26
1.73 47.2 1.0609 70.88 1.0814 88.22
1.37 41.9 1.0627 61.74 1.0888 88.43
1.37 42.8 1.0631 60.6 1.0886 76.36
0.92 38.5 1.0628 63.14 1.0958 97.5
0.91 38.8 1.0625 63.85 1.0969 96.27
0.68 28.7 1.062 60.39 1.0913 86.97
0.68 28 1.0615 1.0918
0.71 28.7 1.0625 1.0905
0.71 28.7 1.0622 59.89 1.0902 91.4
0.71 29.6 1.0619 63.42 1.0891 97.11
0.71 28.8 1.0627 61.38 1.0912 85.6
0.82 31.8 1.0622 64.86 1.087 98.75
0.9 33.2 1.062 67.55 1.0865 88.92
1.39 43.1 1.0511 52.06 1.0793 75.84
1.38 43.1 1.0515 48.87 1.0803 78.92
0.95 38.7 1.0526 47.41 1.0928 85.88
0.95 38.1 1.0521 1.0923 83.33
0.66 36.2 1.0519 45.06 1.1045
0.66 36.3 1.0519 51.16 1.1046 98.85
1.02 18.7 1.063 56.28 1.0929 83.47
1.01 18.8 1.063 66.43 1.0915 83.35
0.5 12 1.0622 1.1141
0.5 12.9 1.0628 1.1136

Figure 2.2 Figure 2.4 Figure 3.1
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Table B.5. Numerical Data – Figures 3.2, 3.3, 3.5 

Run Abs Liq 1 Abs Liq 2 Abs Gas 1 Abs Gas 2 Str Flow Abs Liq 1 Str Flow Calculated Measured
1 62.45 64.01 91.4 130.44 56.2 62.45 56.2 535 540
2 59.76 59.74 85.22 122.1 40.27 59.76 40.27 535 542
3 52.21 54.63 88.06 125.89 0 52.21 0 425 410
4 48.58 50.62 82.14 117.9 0 48.58 0 476 461
5 134.39 142.99 108.68 154.72 133.3 134.39 133.3 800 866
6 134.15 140.58 96.72 138.41 127.46 134.15 127.46 788 849
7 157.14 169.61 155.82 223.18 156.59 157.14 156.59 1042 1192
8 160.25 170.63 157.63 225.63 152.23 160.25 152.23 1052 1179
9 143.93 158.53 140.81 201.52 137.51 143.93 137.51 960 1097
10 145.77 158.66 139.82 200.03 135.73 145.77 135.73 938 1054
11 124.45 142.27 124.07 177.48 127.49 124.45 127.49 921 1019
12 125.76 145.52 122.22 174.79 132.73 125.76 132.73 782 844
13 133.31 145.51 95.52 136.51 130.64 133.31 130.64 876 997
14 130.17 142.72 90.35 129.3 125.95 130.17 125.95 871 987
15 141.59 148.51 113.11 161.76 150.73 141.59 150.73 1102 1314
16 144.35 154.35 126.58 179.95 145.95 144.35 145.95 1075 1280
17 120.34 133.16 115.24 164.67 125.99 120.34 125.99 1018 1244
18 89.67 94.99 67.84 96.79 77.05 89.67 77.05 467 495
19 82.69 87.7 64.89 92.87 80.33 82.69 80.33 464 501
20 84.17 86.59 61.64 88.09 77.5 84.17 77.5 403 411
21 76.11 85.83 61.16 87.41 75.62 76.11 75.62 393 406
22 68.45 77.75 50.39 72.05 71.99 68.45 71.99 376 369
23 71.14 79.95 53.58 76.39 70.91 71.14 70.91 375 369
24 103.58 127.3 92.37 132.88 111.14 103.58 111.14 651 749

25 154.14 157.64 125.7 179.47 153.77 154.14 153.77 1499 1690
26 146.36 147.32 115.64 165.91 143 146.36 143 1509 1687
27 142.76 148.73 115.35 164.92 141.83 142.76 141.83 1190 1277
28 142.28 144 114.08 163.32 145.95 142.28 145.95 1210 1317
29 119.23 125.41 91.12 130.63 119.6 119.23 119.6 837 918
30 124.49 130.52 94.19 134.6 123.25 124.49 123.25 847 918
31 76.72 82.08 65.39 93.33 65.34 76.72 65.34 540 564
32 78.17 84.9 65.5 93.4 64.82 78.17 64.82 521 548
33 76.1 82.96 54.79 78.08 63.58 76.1 63.58 539 554
34 76.54 82.24 55.92 79.65 67.09 76.54 67.09 533 554
35 75.23 80.89 61.09 87.46 65.49 75.23 65.49 565 554
36 79.28 84.22 65.36 93.25 73.81 79.28 73.81 569 559
37 81.93 84.09 63.6 90.87 57.41 81.93 57.41 591 596
38 87.33 91.83 59.16 84.71 65.64 87.33 65.64 701 708
39 158.03 161.9 124.04 177.36 153.07 158.03 153.07 1366 1497
40 161.44 165.48 126.71 180.85 153.1 161.44 153.1 1347 1475
41 150.87 157.66 116.3 166.17 137.16 150.87 137.16 975 1087
42 148.79 157.7 115.31 164.83 137.7 148.79 137.7 980 1087
43 132.2 143.46 94.29 134.79 129.79 132.2 129.79 725 756
44 131.45 144.28 94.92 135.77 127.8 131.45 127.8 725 754
45 117.82 126.12 96.82 138.18 130 117.82 130 1564 1671
46 112.23 119.17 94.65 135.3 122.82 112.23 122.82 1577 1679
47 95.92 108.44 73.34 104.29 87.83 95.92 87.83 726 738
48 95.1 106.03 69.96 99.77 96.23 95.1 96.23 791 775

Figure 3.2 Figure 3.3 Figure 3.5
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Table B.6. Numerical Data – Figures 4.1, 4.2, 4.4 

Flexipac 1Y Flexipac 1Y Observed Linear
Temp App IMTP #40 Flexipac 1Y Vacuum Temp App IMTP #40 Flexipac 1Y Vacuum Location Temp Temp

22.5 406 22.5 286.38 -0.4572 45.93
22.5 407 22.5 299.49 2.2007 63.565
21.8 273 21.8 230.33 3.1151 65.863
23.9 325 23.9 294.02 4.4714 69.209
26.7 728 26.7 239.34 5.5535 69.665
25.2 714 25.2 240.13 6.7727 74.423
44 1063 44 298.2 8.0315 52.821

43.4 1053 43.4 296.57
36.9 982 36.9 306.92 8.0315 52.821
36.5 938 36.5 293.18 7.7724 52.821
32.9 903 32.9 315.3 4.7244 49.375
31.4 725 31.4 246.79 3.048 49.375
41.1 877 41.1 292.36 0 45.93
41.2 868 41.2 298.29 -0.4572 45.93
39.9 1192 39.9 358.82
38.9 1164 38.9 352.95
38.7 1133 38.7 404.84
26.2 378 26.2 199.66
26.5 383 26.5 206.84
19.1 292 19.1 159.04
18.9 285 18.9 165.3
20.1 242 20.1 151.58
20 242 20 149.62
38 623 38 255.48

46 1578 46 450.92
47.2 1574 47.2 478.81
41.9 1154 41.9 356.86
42.8 1195 42.8 364.72
38.5 795 38.5 292.86
38.8 795 38.8 282.22
28.7 452 28.7 279.78
28 438 28 269.67

28.7 447 28.7 281.34
28.7 446 28.7 273.19
29.6 432 29.6 270.33
28.8 437 28.8 251.22
31.8 485 31.8 306.33
33.2 599 33.2 344.38
43.1 1382 43.1 390.79
43.1 1361 43.1 380.72
38.7 974 38.7 297.69
38.1 975 38.1 299.4
36.2 629 36.2 211.22
36.3 627 36.3 212.83
18.7 1584 18.7 562.48
18.8 1596 18.8 597.53
12 659 12 315.68

12.9 695 12.9 319.78

Figure 4.2 Figure 4.4Figure 4.1
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Table B.7. Numerical Data – Figures 4.5, 4.6, 4.7 

Average Average
L/G Flexipac 1Y IMTP #40 Rich Loading Flexipac 1Y IMTP #40 Avg Loading Flexipac 1Y IMTP #40 Flexipac 1Y IMTP #40
2.3 6.8 0.420 6.8 0.33391 3.6512
2.2 5.5 0.405 5.5 0.34067 2.6807
1.6 6.8 0.457 6.8 0.34317 1.883
1.6 6.8 0.433 6.8 0.4167 1.6029
2.1 6.8 0.525 6.8 0.38562 2.0028
2.1 6.8 0.523 6.8 0.40584 1.6332
2.3 4.5 0.496 4.5 0.41777 1.0752
2.4 4.5 0.493 4.5 0.39044 2.471
1.9 6.8 0.532 6.8
1.9 6.8 0.533 6.8 0.32911 2.7287
1.7 6.8 0.537 6.8 0.34919 2.1649
1.6 6.8 0.546 6.8 0.36748 1.3969
4.1 6.8 0.507 6.8 0.35332 1.4226
4.1 6.8 0.508 6.8 0.35173 0.87832
6.5 2.2 0.493 2.2 0.35103 1.6078
7.2 2.2 0.496 2.2 0.34213 1.597
7.3 2.2 0.491 2.2 0.29865 2.9422
4.4 6.8 0.506 6.8 0.33261 2.2241
4.4 6.8 0.495 6.8 0.36144 1.6477
3.5 6.8 0.538 6.8
3.5 6.8 0.540 6.8 0.379 2.125
3.1 6.8 0.554 6.8 0.344 1.861
3.1 6.8 0.557 6.8
3.7 6.8 0.506 6.8

8.5 2.2 0.386 2.2
8.5 2.2 0.376 2.2
6.7 2.2 0.413 2.2
6.6 2.2 0.412 2.2
4.4 6.8 0.448 6.8
4.4 6.8 0.453 6.8
6.6 2.2 0.426 2.2
6.6 2.2 0.428 2.2
7.1 2.2 0.422 2.2
7 2.2 0.420 2.2

7.1 2.2 0.415 2.2
6.9 2.2 0.425 2.2
8.1 2.2 0.404 2.2
9.2 2.2 0.402 2.2
6.8 2.2 0.367 2.2
6.8 2.2 0.371 2.2
4.6 6.8 0.433 6.8
4.6 6.8 0.430 6.8
3.2 4.5 0.491 4.5
3.2 4.5 0.492 4.5
6.7 2.2 0.433 2.2
6.7 2.2 0.426 2.2
3.4 4.5 0.539 4.5
3.4 4.5 0.537 4.5

Figure 4.5 Figure 4.6
Figure 4.7
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Table B.8. Numerical Data – Figures 4.8, 4.9 

Average Average Average Average
Avg Loading Flexipac 1Y IMTP #40 Flexipac 1Y IMTP #40 Avg Loading Flexipac 1Y IMTP #40 Flexipac 1Y IMTP #40

0.33391 1.8984 0.35225 1.5891
0.34067 1.4286 0.33391 2.3748
0.34317 1.0135 0.34067 1.6777
0.4167 0.82051 0.34317 1.1968

0.38562 1.2416 0.4167 1.0214
0.40584 1.0258 0.38562 1.2708
0.41777 0.68006 0.40584 0.97827
0.39044 1.3685 0.41777 0.65235

0.39044 1.5564
0.32911 1.9054
0.34919 1.5629 0.32911 1.8598
0.36748 1.0703 0.34919 1.4664
0.35332 1.2405 0.36748 0.94157
0.35173 0.76289 0.35332 0.96093
0.35103 1.3933 0.35173 0.59816
0.34213 1.349 0.35103 1.0867
0.29865 2.1278 0.34213 1.0844
0.33261 1.7012 0.29865 2.0083
0.36144 1.3303 0.33261 1.5

0.36144 1.0871
0.37926 1.1846
0.34367 1.4443

0.376 1.369
0.344 1.259

Figure 4.8 Figure 4.9
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Table B.9. Numerical Data – Figures 4.10, 4.11 

Average Average Average Average
Avg Loading Flexipac 1Y IMTP #40 Flexipac 1Y IMTP #40 Avg Loading Flexipac 1Y IMTP #40 Flexipac 1Y IMTP #40 Dang (60C)

0.35225 0.84968 0.33391 1.8984
0.33391 1.2348 0.34067 1.4286
0.34067 0.89411 0.34317 1.0135
0.34317 0.64419 0.4167 0.82051
0.4167 0.52283 0.38562 1.2416

0.38562 0.78776 0.40584 1.0258
0.40584 0.61445 0.41777 0.68006
0.41777 0.41262 0.39044 1.3685
0.39044 0.86202

0.32911 1.9054
0.32911 1.2986 0.34919 1.5629
0.34919 1.0586 0.36748 1.0703
0.36748 0.72144 0.35332 1.2405
0.35332 0.83794 0.35173 0.76289
0.35173 0.51955 0.35103 1.3933
0.35103 0.94168 0.34213 1.349
0.34213 0.91598 0.29865 2.1278
0.29865 1.4524 0.33261 1.7012
0.33261 1.1473 0.36144 1.3303
0.36144 0.87766

0.37926 1.1846
0.376 0.758 0.34367 1.4443
0.344 0.977 0.29 2.42

0.53 0.44

Figure 4.11Figure 4.10
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Table B.10. Numerical Data – Figures 4.12, 4.13 

Average Average Partial
Avg Loading Flexipac 1Y IMTP #40 Flexipac 1Y IMTP #40 Dang (60C) Pressure K/Pz Top K/Pz Bottom K/Pz Overall MEA Overall Dang Cullinane

0.35225 0.84968 1396.1 1.9663
0.33391 1.2348 4322.6 1.271
0.34067 0.89411 2407.3 1.2444
0.34317 0.64419 710.2 1.185
0.4167 0.52283 674 0.758
0.38562 0.78776 45.823 4.3323
0.40584 0.61445 12266 0.13093
0.41777 0.41262 5 3.502
0.39044 0.86202 49.8 3.188

185.4 2.809
0.32911 1.2986 508.8 2.338
0.34919 1.0586 1292.1 1.766
0.36748 0.72144 3446.6 1.113
0.35332 0.83794 9918.1 0.52
0.35173 0.51955 27458 0.192
0.35103 0.94168 66936 0.072
0.34213 0.91598
0.29865 1.4524
0.33261 1.1473
0.36144 0.87766

0.376 0.758
0.344 0.977
0.29 2.42
0.53 0.44

Figure 4.13Figure 4.12

 

1230



 112

Table B.11. Numerical Data – Figures 4.14, 4.15, 4.16, 4.17, 4.18, 4.19 

Liquid CO2 Pilot Aspen Pilot Aspen Pilot Aspen Pilot Aspen
Rich Loading Flexipac 1Y IMTP #40 Holdup Removal Location Plant Liquid Location Plant Liquid Location Plant Liquid Location Plant Liquid

0.42009 9.8001 0.01 79.915 -0.46 46.68 -0.46 41.105 -0.46 52.138 -0.46 52.747
0.40451 - 0.02 80.57 2.19 73.96 2.19 61.335 2.19 54.553 2.19 57.642
0.45654 2.6232 0.03 81.19 3.11 75.3 3.11 63.852 3.11 48.956 3.11 48.743
0.4335 2.9322 0.04 81.789 4.48 77.73 4.48 66.745 4.48 47.327 4.48 46.082

0.52454 2.2876 0.06 82.932 5.55 77.13 5.55 69.998 5.55 47.261 5.55 47.495
0.52297 2.2443 0.08 83.985 6.77 78.16 6.77 76.711 6.77 43.79 6.77 43.129
0.49598 5.8199 0.1 84.942 8.05 42.7 8.05 51.664 8.05 36.075 8.05 34.394
0.49285 6.4084 0.12 85.867 0 44.9 0 33.25 0 50.3 0 49.7
0.53196 1.9375 0.14 86.634 0.55 51.2 0.55 38.981 0.55 53.8 0.55 53.1
0.53325 1.9829 0.16 86.758 0.85 55.3 0.85 42.463 0.85 55.4 0.85 54
0.53678 1.4658 0.18 86.783 1.16 58.6 1.16 45.104 1.16 56.2 1.16 53.9
0.54562 1.6272 0.2 86.787 1.46 61.2 1.46 47.189 1.46 56.2 1.46 53
0.50683 - 0.25 86.776 1.77 63.3 1.77 48.843 1.77 55.7 1.77 51.6
0.50796 - 0.3 86.761 2.07 65.7 2.07 51.243 2.07 55.324 2.07 50.944
0.4933 - 0.35 86.751 2.37 67.4 2.37 53.06 2.37 54.135 2.37 49.234
0.496 - 0.4 86.747 2.68 68.8 2.68 54.693 2.68 52.646 2.68 47.418
0.4915 - 2.98 69.7 2.98 56.134 2.98 50.976 2.98 45.628
0.5063 - 4.98 70 4.98 57.266 4.98 49.237 4.98 43.954

0.49451 - 5.28 71.2 5.28 59.968 5.28 48.423 5.28 44.18
0.53784 1.8383 5.59 71.5 5.59 62.097 5.59 46.997 5.59 43.142
0.54027 1.6382 5.89 71.3 5.89 64.101 5.89 45.635 5.89 42.184
0.55415 1.3835 6.2 70.2 6.2 65.761 6.2 44.373 6.2 41.325
0.55731 1.3372 6.5 67.5 6.5 66.495 6.5 43.229 6.5 40.571
0.50564 - 6.81 64.9 6.81 68.106 6.81 42.601 6.81 40.671

7.11 59.5 7.11 67.445 7.11 41.764 7.11 40.22
0.38642 - 7.42 51.9 7.42 63.115 7.42 41.015 7.42 39.815
0.37647 - 7.77 43.5 7.77 52.098 7.77 40.35 7.77 39.458
0.41339 -
0.4124 -

0.44809 -
0.4534 -

0.42552 -
0.42781 -
0.42205 -
0.41995 -
0.41491 -
0.42494 -
0.40401 -
0.4019 -

0.36666 -
0.37113 -
0.43313 -
0.43024 -
0.49127 -
0.49221 -
0.43336 10.616
0.42628 10.866
0.5387 2.0987

0.53687 2.1824

Figure 4.18 Figure 4.19
Figure 4.14

Figure 4.15 Figure 4.16 Figure 4.17

 

1231



 113

Appendix C:  Pilot Plant Schematic and Measurement Locations 

 

Figure C.1. Pilot plant schematic – Absorber view 
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Figure C.2. Pilot plant schematic – Gas view 
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Figure C.3. Pilot plant schematic – Stripper view 

1234



 116

Appendix D:  Standard Operating Procedures 

D.1 MEA TITRATION 
1. Tare a 100 mL beaker on a scale. 
2. Add approximately 10 mL of sample to the beaker and record the mass. 
3. Using a magnetic stir bar, stir the sample on a stirrer. 
4. Fill one buret with certified 2N (±0.005) HCl. 
5. Record the starting volume of HCl in the HCl buret. 
6. Slowly add HCl to the solution until the sample reaches a pH of 3.0. 
7. Record the final volume of HCl in the HCl buret. 
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D.2 VAISALA AND HORIBA CO2 ANALYZER CALIBRATION 

D.2.1 Inlet (Vaisala) 
1. Remove Vaisala probe from 8” PVC duct (1-1/8 inch nut) 
2. Insert into CO2 calibration chamber 
3. Switch the calibration gas to flow to the INLET on the sample panel 
4. Turn on desired calibration gas and check to see that the flow does not exceed the 

limits of the rotameter (the ball should be at approximately ½ to 2/3 of the way up 
5. Run at least a zero and high range gas, a mid range gas is also preferable 
6. See below for calibration gas operation 

 

D.2.2 Outlet (Vaisala and Horiba) 
1. Remove Vaisala probe from 8” stainless line (1-1/8 inch nut) 
2. Remove the ¼ inch tube for the Horiba from the 8” line (9/16 inch nut) 
3. Unscrew the plugs from the CO2 calibration chambers and insert the probe and ¼ 

line 
4. Replace the holes in the column with the two plugs 
5. Switch the calibration flow to the OUTLET on the sample panel 
6. Be sure that the sample pump is turned on and that the cover is open (the sample 

pump will overheat if the cover is kept closed) 
7. Turn on desired calibration gas and check to see that the flow does not exceed the 

limits of the rotameter (the ball should be at approximately ½ to 2/3 of the way up 
8. Run at least a zero and high range gas, a mid range gas is also preferable 
9. See below for calibration gas operation 

 

D.2.3 Horiba Middle 
1. Disconnect the line going on the INLET of the 3-way valve for the calibration 

gases 
2. Remove the cap from the ¼ inch line connect to the Horiba valve (bottom valve 

on the gas sampling side – left) and connect to the INLET of the 3-way valve 
3. Turn on the Horiba sample valve 
4. The calibration gases should flow directly to the Horiba analyzer 
5. Make sure that the flow does not exceed the range of the rotameter 

 

D.2.4 Calibration Gas Operation 
1. Open the main valve on the gas cylinder of the desired calibration gas 
2. Be sure that the valve is backed off on the low pressure side of the regulator 
3. Open the gate valve on the bottom of the sample panel for the desired calibration 

gas 
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4. The zero gas is obtained by opening the valve for the nitrogen, located behind the 
operator in the 12 o’clock position 

5. Gradually tighten the low pressure valve on the regulator until you see flow in the 
rotameter (1/2 – 2/3 of the way up the rotameter) 

6. Additional adjustments can be made by adjusting the knob on the rotameter 
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D.3 SAMPLE COLLECTION 

D.3.1 Preparation of sample vials 
1. Label vials to be used.  There are 5 sample points. 
2. Tare scale with vial (without cap). 
3. Add 30 mL of cold DI water to vials using the automatic pipette.  DI water can be 

obtained from one of the 2 gallon jugs which are stored in the refrigerator in the 
back lab. 

4. Record final weight of water into TOC logbook. 
5. Tare scale with scale empty. 
6. Record total weight of vial, cap, and water into TOC log book. 
7. Repeat until all 5 vials are filled and weights recorded. 
8. Put all 5 vials in the refrigerator until ready to be used. 
9. Keep approximately 2 sets of 5 vials in the refrigerator at all times.  This will 

make sure that one of the sets is chilled when needed. 

D.3.2 Collecting Sample 
1. Connect sample bombs to sample bomb hoses and open valves to allow flow.  All 

hoses and bombs are color coded.  Color coded legend can be seen at the end of 
the SOP.  Three connections are on the ground level (1st level) near the pumps (2 
on the east side, 1 on the west).  The other two bombs are connected to hoses 
coming directly off the columns.  These connections are on the 2nd platform of 
the plant, on the absorber and stripper scaffolds around the columns. 

2. After a few seconds, verify that the flow is passing through the bombs.  The 
bombs should heat up slightly from the warm sample. 

3. Close the valves, shutting off the downstream flow first, and remove the sample 
bombs. 

4. Make sure to bring something to hold the sample bombs.  Some of them will get 
very hot. 

5. Make sure that the sample bombs are not leaking.  Sometimes the valves will not 
close correctly and leak. 

6. Take the sample bombs to the back table of the back lab and also get the chilled 
water sample vials from the refrigerator. 

D.3.3 Injecting Sample 
1. Verify that the drain flask connected to the sample extraction device is empty.  

This is located under the back table of the back lab. 
2. Connect the nitrogen connection to the sample extraction device. 
3. Verify that the nitrogen valve on the nitrogen connector is closed.  Make sure the 

nitrogen valve is open at their sources (under the counter). 
4. Open the drain valve. 
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5. Slowly and carefully open the nitrogen valve on the water/nitrogen connection.  
Once the initial burst of nitrogen passes, the flow will be more controlled. 

6. Allow nitrogen to flow through the extraction device for a couple seconds and 
then close the nitrogen valve. 

7. Close the drain valve.  If you forget to do this, the sample will drain out the 
bottom and be lost. 

8. Connect one of the sample bombs to the sample extraction device. 
9. Connect the air release valve to the top of the sample bomb. 
10. Using a 10 mL syringe, extract ≈ 10 mL of sample through the diaphragm. 
11. Loosen the cap of the vial which corresponds to the particular sample point.  Do 

not take cap off though.  Just loosen enough to allow air to escape. 
12. Slowly inject the sample into the vial. 
13. Tighten the cap of the vial. 
14. Tare the scale while empty. 
15. Record the weight of the vial (now containing vial, cap, sample, and water) into 

the TOC logbook next to the previous sample preparation entries for that 
particular vial.  Be sure to record date and time of sample on vial and in TOC 
logbook. 

16. Remove the air release valve from the sample bomb and remove the sample bomb 
from the extraction device. 

17. Repeat this procedure for all 5 of the sample bombs and sample vials.  Remember 
to clean using nitrogen between each sample. 

18. After this procedure has been done for all 5 sample bombs, give the go ahead to 
the plant operator to change the operating conditions. 
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D.4 TOTAL ORGANIC CARBON ANALYZER OPERATION 

D.4.1 Preparation of Standards 
1. Sodium carbonate was heated in an oven at 225°C for an hour and then let cool in 

a glass desiccator. 
2. 3.50 g of reagent grade sodium hydrogen carbonate and 4.41 g of sodium 

carbonate were dissolved in zero water in a 1 liter measuring flask.  Zero (carbon-
free) water was added to bring the total volume of the solution to the marked line. 

3. The obtained standard solution contains 1000 mg C/liter, equivalent to 1000 ppm. 
4. The 1000 ppm standard is to be stored in an air tight glass jar in the refrigerator. 
5. Shelf life should not exceed one month. 

D.4.2 Calibration 
1. Prior to calibration, the zero baseline of the Shimadzu TOC-5050A Total Organic 

Carbon Analyzer was reset each day. 
2. The water and phosphoric acid levels were checked to be adequate. 
3. The IC solution was regenerated. 
4. One hundred milliliters of 100, 200, 300 and 400 ppm standards were obtained 

from the 1000 ppm standard by using an auto pipette. 
5. The four solutions were poured into the calibration vials and covered with 

parafilm to prevent and CO2 transfer. 
6. The concentrations of the calibration standards were input into the calibration 

subroutine. 
7. Four water washes between samples, an injection volume of 8 μL, a minimum of 

two sample, a maximum of four samples, and a coefficient of variance of 2.0% 
were also input into the calibration program. 

8. A calibration curve was generated by the TOC analyzer. 

D.4.3 Analyzing Samples 
1. Prior to use, the zero baseline of the Shimadzu TOC-5050A Total Organic Carbon 

Analyzer was reset each day. 
2. The water and phosphoric acid levels were checked to be adequate. 
3. The IC solution was regenerated. 
4. Ten samples from the pilot plant were diluted and analyzed at a time.  Since there 

are 5 sample points, two sample runs can be analyzed in the same TOC analyzer 
setup. 

5. Sample solutions obtained from the pilot plant via the sample collection routine 
were used in creating more dilute solutions for the TOC analysis.  Typical 
dilutions range from 1.2-2.0 g solution per 40 g of zero water to achieve carbon 
concentrations in the 200 ppm range.  The range of the dilution depends on the 
CO2 loading of the solution. 
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6. Once the diluted solutions were prepared, the capped vials were slowly inverted 
back and forth about 10 times to insure the solutions were uniform. 

7. Approximately 10 mL of the solution were poured into the TOC vials and placed 
in the automatic sampler.  Each vial was capped with parafilm to prevent any CO2 
loss to the surroundings. 

8. Fifty mL of a 200 ppm standard were created from the 1000 ppm standard. 
9. Three TOC vials were filled with the 200 ppm standard which was used as an 

internal standard.  Again, these samples were covered with parafilm to prevent 
any CO2 loss. 

10. One standard was placed before the 10 pilot plant samples.  One was placed after 
the 10 samples.  One standard was placed between the 5th and 6th samples. 

11. The auto sampling procedure was run after inputting the location of the 13 
samples and the correct calibration curve to use. 

12. The inorganic carbon concentrations were obtained from the printout of the TOC 
analyzer. 

13. Before another set of runs can be tested, the water and phosphoric acid levels 
must be checked and the IC solution must be regenerated. 
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Appendix E:  Freguia FORTRAN Code 
C********************************************************************** 
C----------------------------------------------------------------------- 
C 
c KINETIC SUBROUTINE WRITTEN BY STEFANO FREGUIA, 
C THE UNIVERSITY OF TEXAS AT AUSTIN, 2002 
C FOR CALCULATION OF RATES FOR MEA-CO2 REACTION 
C 
      SUBROUTINE KIN4(NSTAGE, NCOMP,   NR,     NRL,     NRV, 
     2                   T,      TLIQ,    TVAP,   P,       PHFRAC, 
     3                   F,      X,       Y,      IDX,     NBOPST, 
     4                   KDIAG,  STOIC,   IHLBAS, HLDLIQ,  TIMLIQ, 
     5                   IHVBAS, HLDVAP,  TIMVAP, NINT,    INT, 
     6                   NREAL, REAL,    RATES,  RATEL,   RATEV, 
     7                   NINTB,  INTB,    NREALB, REALB,   NIWORK, 
     8                   IWORK,  NWORK,   WORK) 
C 
C      VARIABLES IN ARGUMENT LIST 
C 
C       VARIABLE  I/O  TYPE     DIMENSION     DESCRIPTION AND RANGE 
C       NSTAGE     I    I          -          STAGE NUMBER 
C       NCOMP      I    I          -          NUMBER OF COMPONENTS 
C       NR         I    I          -          TOTAL NUMBER OF KINETIC 
C                                             REACTIONS 
C       NRL        I    I          -          NUMBER OF LIQUID PHASE 
C                                             KINETIC REACTIONS 
C       NRV        I    I          -          NUMBER OF VAPOR PHASE 
C                                             KINETIC REACTIONS 
C       T          I    R          -          STAGE TEMPERATURE (K) 
C       TLIQ       I    R          -          LIQUID TEMPERATURE (K) 
C                                             * USED ONLY BY RATEFRAC ** 
C       TVAP       I    R          -          VAPOR TEMPERATURE (K) 
C                                             * USED ONLY BY RATEFRAC ** 
C       P          I    R          -          STAGE PRESSURE (N/SQ.M) 
C       VF         I    R          3          VAPOR FRACTION 
C       F          I    R          -          TOTAL FLOW ON STAGE 
C                                             (VAPOR+LIQUID) (KMOL/SEC) 
C       X          I    R         NCOMP,3     LIQUID MOLE FRACTION 
C       Y          I    R         NCOMP       VAPOR MOLE FRACTION 
C       IDX        I    I         NCOMP       COMPONENT INDEX VECTOR 
C       NBOPST     I    I          6          OPTION SET BEAD POINTER 
C       KDIAG      I    I          -          LOCAL DIAGNOSTIC LEVEL 
C       STOIC      I    R         NCOMP,NR    REACTION STOICHIOMETRY 
C       IHLBAS     I    I          -          BASIS FOR LIQUID 

C                                             HOLDUP SPECIFICATION 
C                                             1:VOLUME,2:MASS,3:MOLE 
C       HLDLIQ     I    R          -          LIQUID HOLDUP 
C                                             IHLBAS    UNITS 
C                                             1         CU.M. 
C                                             2         KG 
C                                             3         KMOL 
C       TIMLIQ     I    R          -          LIQUID RESIDENCE TIME 
C                                             (SEC) 
C       IHVBAS     I    I          -          BASIS FOR VAPOR 
C                                             HOLDUP SPECIFICATION 
C                                             1:VOLUME,2:MASS,3:MOLE 
C       HLDVAP     I    R          -          VAPOR HOLDUP 
C                                             IHVBAS    UNITS 
C                                             1         CU.M. 
C                                             2         KG 
C                                             3         KMOL 
C       TIMVAP     I    R          -          VAPOR RESIDENCE TIME (SEC) 
C       NINT       I    I          -          LENGTH OF INTEGER VECTOR 
C       INT       I/O   I         NINT        INTEGER VECTOR 
C       NREAL      I    I          -          LENGTH OF REAL VECTOR 
C       REAL      I/O   R         NREAL       REAL VECTOR 
C       RATES      O    R         NCOMP       COMPONENT REACTION RATES 
C                                             (KMOL/SEC) 
C       RATEL      O    R         NRL         INDIVIDUAL REACTION RATES 
C                                             IN THE LIQUID PHASE 
C                                             (KMOL/SEC) 
C                                             * USED ONLY BY RATEFRAC ** 
C       RATEV      O    R         NRV         INDIVIDUAL REACTION RATES 
C                                             IN THE VAPOR PHASE 
C                                             (KMOL/SEC) 
C                                             * USED ONLY BY RATEFRAC ** 
C       NINTB      I    I          -          LENGTH OF INTEGER VECTOR 
C                                             (FROM UOS BLOCK) 
C       INTB      I/O   I         NINTB       INTEGER VECTOR 
C                                             (FROM UOS BLOCK) 
C       NREALB     I    I          -          LENGTH OF REAL VECTOR 
C                                             (FROM UOS BLOCK) 
C       REALB     I/O   R         NREALB      REAL VECTOR 
C                                             (FROM UOS BLOCK) 
C       NIWORK     I    I          -          LENGTH OF INTEGER WORK 
C                                             VECTOR 
C       IWORK     I/O   I         NIWORK      INTEGER WORK VECTOR 
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C       NWORK      I    I          -          LENGTH OF REAL WORK VECTOR 
C       WORK      I/O   R         NWORK       REAL WORK VECTOR 
C 
C**********************************************************************
* 
C 
      IMPLICIT NONE 
C 
C     DECLARE VARIABLES USED IN DIMENSIONING 
C 
      INTEGER NCOMP, NR,    NRL,   NRV,   NINT, 
     +        NINTB, NREALB,NIWORK,NWORK, N_COMP 
C 
C     DECLARE PARAMETERS & VARIABLES USED IN PARAMETERS 
C 
C      INTEGER K_CO2,K_MEA, K_H2O, K_MEAH, K_MEACOO, K_HCO3, 
K_CO3, K_H3O 
C INTEGER K_OH, K_N2, K_O2 
C integer dms_kccidc, kvector(ncomp),i 
 
 
C     DECLARE ARGUMENTS 
C 
      INTEGER IDX(NCOMP),   NBOPST(6),    INT(NINT), 
     +        INTB(NINTB),  IWORK(NIWORK),NSTAGE, 
     +        KDIAG, IHLBAS,IHVBAS,NREAL, KPHI, 
     +        KER  
      REAL*8 X(NCOMP,3),   Y(NCOMP), 
     +       STOIC(NCOMP,NR),     RATES(NCOMP), 
     +       RATEL(NRL),   RATEV(NRV), 
     +       REALB(NREALB),WORK(NWORK),  B(1),  T, 
     +       TLIQ,  TVAP,  P,     PHFRAC(3),    F 
      REAL*8 HLDLIQ,TIMLIQ,HLDVAP,TIMVAP  
C 
C     DECLARE LOCAL VARIABLES 
C 
      INTEGER IMISS, L_GAMMA, J, KV, LMW,I,L_GAMMA1 
      REAL*8 REAL(NREAL),  RMISS 
      REAL*8 PHI(NCOMP) 
      REAL*8 DPHI(NCOMP) 
      REAL*8 GAMMA(NCOMP) 
 REAL*8 R1, R2, R3, R4, LNKEQ1, KEQ1,LNKEQ2, KEQ2, k1,k2 
      REAL*8 VMX, DVMX,VISC, delta, aco2,aco2s,ctot, dco2  
 real*8 dco2w,viscw,aw, atot, area, pi, Lm, Gm, Lf, Gf 
 real*8 g, rel, frl, wel, sigma, sigmac,SRFTEN, dens, mwl,mwv 
 real*8 XMW(NCOMP), FF,holdup, IS, A, gam, xmeat,henry, R, henrya 
 real*8 mend, pco2s,pco2,C,Vam,Vh20,Vstar,vco2,v,xco2,xmea,xwat 

 real*8 totmass,alpha,par1,par2,wfam ,visc2 
c 
C 
#include "ppexec_user.cmn" 
      EQUIVALENCE (RMISS, USER_RUMISS) 
      EQUIVALENCE (IMISS, USER_IUMISS) 
C 
C 
 
#include "dms_plex.cmn" 
C    
      EQUIVALENCE(B(1),IB(1)) 
C 
#include "dms_maxwrt.cmn" 
 
#include "dms_ipoff1.cmn" 
 
#include "dms_ipoff3.cmn" 
 
#include "ppbase_snbops.cmn" 
 
 
 
c Some extra passed parameters are needed in realb 
c 
c 
c 
c realb(1)=total packing area per unit volume, in 1/m 
c 
c realb(2)=column diameter, in m 
c 
c realb(3)=stage height, in m. Play with this if convergence is difficult 
c 
c realb(4)=packing surface tension, in dyne/cm 
c 
c realb(5)=liquid rate, changes during simulation  
c 
c realb(6)=adjustable parameter for rate constant 
c 
c realb(7)=adjustable parameter for wetted area 
 
 
c EXECUTABLE CODE 
 
 NBOPST(1)=SNBOPS_NBOPSS 
 NBOPST(2)=SNBOPS_NBHNRY 
 NBOPST(3)=SNBOPS_NBCHEM 
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 NBOPST(4)=SNBOPS_IXTRUE 
 NBOPST(5)=SNBOPS_NBFREE 
 NBOPST(6)=SNBOPS_IXSOLU 
 
 
c KV=1 
c call ppmon_voll (T, 
P,X,NCOMP,IDX,NBOPST,KDIAG,KV,VMX,DVMX,KER) 
c write(maxwrt_maxbuf(1),FMT='((G10.4))')VMX 
c call dms_wrttrm(1) 
 
 xco2=x(2,1)+x(7,1)+x(8,1)+x(9,1) 
     * +x(12,1) 
 xmea=x(3,1)+x(6,1)+x(7,1) 
 xwat=1.0-xco2-xmea 
 
c Density with Weiland correlation 
 
 Vam=61.09/(-(5.35162e-7)*tliq*tliq-(4.51417e-4)*tliq+1.19451) 
 Vh20=1000.0/55.556    ! Basically constant at 0-40 C 
 Vstar=-1.8218 
 Vco2=0.04747 
 V=xmea*Vam+xco2*Vco2+xwat*Vh20+xmea*xwat*Vstar 
 totmass=xmea*61.09+xwat*18.02+xco2*44.01 
 dens=totmass/V*1000.0 
 
 
c Get molecular weights of both phases 
 
 
C Molecular weights of components 
 
      LMW = IPOFF1_IPOFF1(306) 
      DO I = 1,NCOMP 
         XMW(I) = B(LMW+IDX(I)) 
      END DO 
 
c Molecular weights  
 
 mwl=0.0 
 mwv=0.0 
 do 1 i=1,ncomp 
 mwl=mwl+xmw(i)*x(i,1) 
 mwv=mwv+xmw(i)*y(i) 
c write(maxwrt_maxbuf(1),FMT='((I6,G10.4))')i,xmw(i) 
c call dms_wrttrm(1) 
1 continue 

 
c Molar density 
 
 ctot=dens/mwl      ! gmol/liter 
 
c write(maxwrt_maxbuf(1),FMT='((G10.4))')dens,visc 
c call dms_wrttrm(1) 
 
 
c call ppmon_viscl(T,P,X,NCOMP,IDX,NBOPST,KDIAG,VISC2,KER) 
c write(maxwrt_maxbuf(1),FMT='((G10.4))')VISC 
c call dms_wrttrm(1) 
 
c Viscosity with Weiland correlation 
 
 alpha=xco2/xmea   !It's a loading that includes heat stable salts 
 
 viscw=exp(-24.71+4209.0/tliq+0.04527*tliq-0.00003376*tliq*tliq) 
 
 wfam=xmea/(18.0/61.0+(1.0-18.0/61.0)*xmea) 
 
 par1=21.186*wfam*100.0+2373.0 
 par2=0.01015*wfam*100.0+0.0093*tliq-2.2589 
 
 visc=viscw*exp(par1*(alpha*par2+1.0)*wfam*100.0/(tliq*tliq))  !mPa*s 
 
 
 
C USE STOKES-EINSTEIN TO DETERMINE DCO2 (m^2/s) (from Pacheco) 
 
 dco2w=(2.35e-6)*exp(-2119.0/tliq) 
 
 
 dco2=dco2w*(viscw/visc)**0.545    
 
c write(maxwrt_maxbuf(1),FMT='((G10.4))')dco2 
c call dms_wrttrm(1) 
 
 
c RATE CONSTANTS: 
 
 
 k1=4.3152e13*dexp(-13249.0/1.987/tliq)*ctot*ctot ! mole/liter/s 
 
 k2=realb(6)*5858.51*ctot*ctot*dexp(-41177.38/8.31* 
     *(1.0/tliq-1.0/298.0)) 
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c Correction to match Dang's points: it corrects k2, Henry, and gamma 
 
      A=1.206e-5*dexp(4050.6/tliq) ! mole/liter/s 
 k2=k2*A 
 
C EQUILIBRIUM CONSTANTS: 
 
 LNKEQ1=98.566+1353.8/TLIQ-14.304*LOG(TLIQ) 
 KEQ1=DEXP(LNKEQ1) 
 LNKEQ2=231.98-9546.57/TLIQ-36.7816*LOG(TLIQ) 
 KEQ2=DEXP(LNKEQ2) 
 
 
C     calculate fugacity coefficient 
      KPHI=1 
 
C     fugacity coefficient of components in the mixture 
 
      CALL PPMON_FUGLY(T,P,X 
     +     ,Y,NCOMP,IDX,NBOPST,KDIAG,KPHI,PHI,DPHI,KER) 
c 
C     set offset to get activity coefficients 
C     (see vol5, p 11-11 and asp$sor search for 'GAMMAL') 
      L_GAMMA=IPOFF3_IPOFF3(24) 
      L_GAMMA1=IPOFF3_IPOFF3(29) 
 
C     calculate activities for plex data 
      DO J=1,NCOMP 
        GAMMA(J)=dexp(B(L_GAMMA+J)) 
      END DO 
  GAMMA(2)=dexp(B(L_GAMMA1+2)) 
 
C CALCULATE  ACO2 AND ACO2* 
 
 aco2=gamma(2)*x(2,1) 
c aco2=2.0*x(2,1) 
 
 aco2s=(k2/keq2*gamma(7)*x(7,1)*gamma(10)*x(10,1)/gamma(3)/gamma(1) 
     * /x(1,1)+k1/keq1*gamma(8)*x(8,1)/gamma(11))/ 
     * (k1*x(11,1)+k2*x(3,1))  
 
 
c THICKNESS OF BOUNDARY LAYER ACCORDING TO ASPEN 
 
 
c Use Onda's correlation for wet area  
 

 pi=3.14159 
 atot=realb(1)          ! 1/m 
 area=(pi/4.0)*realb(2)*realb(2)    !m^2 
 
 FF=F 
 holdup=hldliq 
 if((F.lt.1.0).or.(F.gt.1.01))then 
 realb(5)=FF 
c atot=atot/10000.0 
 else 
 FF=realb(5) 
 endif 
 
 
c phfrac(1)=0.5 
 Lm=FF*(1.0-phfrac(1))*MWL 
 
 Gm=FF*phfrac(1)*MWV 
 
c dens=ctot*mwl 
 
 Lf=Lm/area 
 Gf=Gm/area 
 g=9.81   ! m/s^2 
 
c Reynold's number 
      rel=Lf/atot/visc*1.0e3 
 
c Fraud's number 
 frl=Lf*Lf*atot/((dens**2.0)*g) 
 
c Get surface tension of mixture 
 call ppmon_srftny (t,p,x,y,ncomp,idx,nbopst,kdiag, 
     *       srften,ker) 
 sigma=srften    !N/m 
 
c Weber number 
 wel=Lf*Lf/atot/dens/sigma 
 
 sigmac=realb(4)  ! dyne/cm (surface tension of packing) 
 sigmac=sigmac*1.0e-3     !N/m 
 
 aw=atot*(1-exp(-1.45*((sigmac/sigma)**0.75)*(rel**0.1) 
     *  *(frl**(-0.05))*(wel**0.2)))      !1/m 
 
c aw=atot 
 aw=realb(7)*aw 
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 delta=holdup/(aw*area*realb(3)) 
 
c Ionic strength calculation 
 
c IS=0.5*ctot*(x(6,1)+x(7,1)+x(8,1)+4.0*x(9,1)+x(10,1)+ 
c     * x(11,1)) 
c     +x(12,1)) 
 
 
c CO2 activity coefficient based on Dang's data 
 
c A=realb(6) 
c C=realb(7) 
 
c gam=1.0+(A-C*tliq)*IS 
c gam=1.0+A*IS 
 gam=gamma(2) 
c gam=2.0 
 
c mend=henryaspen/henry %%%% corrects activities 
 
 
 xmeat=x(3,1)+x(6,1)+x(7,1) 
 R=exp((5076.0/tliq-16.699)*xmeat) 
 henry=R*exp(-2625.0/tliq+12.2)*ctot 
 henrya=exp(159.186-8477.711/tliq-21.957*log(tliq)+5.781E-3*tliq) 
 
 pco2=henrya*aco2 
 pco2s=henrya*aco2s  
c mend=henrya/henry 
c if((realb(7)).gt.1.0)then 
c aco2=0.287/henry 
c aco2s=realb(6)/henry 
c endif 
 
 R1=2.0/delta*k1*x(11,1)*sqrt(dco2*ctot/gam)/ 
     * sqrt(k2*x(3,1)+k1*x(11,1))*aco2 
 
 R2=2.0/delta*k1*x(11,1)*sqrt(dco2*ctot/gam)/ 
     * sqrt(k2*x(3,1)+k1*x(11,1))*aco2s 
 
 R3=2.0/delta*k2*x(3,1)*sqrt(dco2*ctot/gam)/ 
     * sqrt(k2*x(3,1)+k1*x(11,1))*aco2 
 
 R4=2.0/delta*k2*x(3,1)*sqrt(dco2*ctot/gam)/ 
     * sqrt(k2*x(3,1)+k1*x(11,1))*aco2s 

 
  
 RATEL(1)=R1*holdup 
 RATEL(2)=R2*holdup 
 RATEL(3)=R3*holdup 
 RATEL(4)=R4*holdup 
 
 pco2s=gamma(7)*x(7,1)*gamma(10)*x(10,1)/gamma(1)/x(1,1)/ 
     * gamma(2)/x(2,1)/gamma(3)/x(3,1)/keq2 
 
c write(maxwrt_maxbuf(1),FMT='(1I2,5(G15.5))')nstage,ctot, 
c     *  x(7,1),F,phfrac(1) 
cc    * (1.0/vmx), visc,visc2 
c     * x(9,1), x(10,1), x(12,1) 
c     * y(1),y(2),realb(7) 
c     * (1.0/tliq-1/333.15),tliq 
c     * (ratel(3)-ratel(4)),(ratel(1)-ratel(2)) 
c call dms_wrttrm(1) 
 
 
 RATES(3)=-ratel(3)+ratel(4) 
 RATES(1)=-ratel(3)+ratel(4) 
 RATES(2)=-ratel(1)+ratel(2)-ratel(3)+ratel(4) 
 RATES(11)=-ratel(1)+ratel(2) 
 RATES(7)=ratel(3)-ratel(4) 
 RATES(8)=ratel(1)-ratel(2) 
c RATES(7)=0.0 
 RATES(10)=ratel(3)-ratel(4) 
c RATES(9)=0.0 
c RATES(4)=0.0 
c RATES(5)=0.0 
c do 1 i=1,11 
c write(maxwrt_maxbuf(1),FMT='(11(G10.4,4X))')x(1,1), 
c     *x(2,1),x(3,1),x(4,1), 
c     *x(5,1) 
c     *,x(6,1),x(7,1),x(8,1),x(9,1),x(10,1),x(11,1) 
c call dms_wrttrm(3) 
c1 continue 
     
5     RETURN 
      END
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 This work evaluates stripper performance for CO2 capture using seven potential 

solvent formulations and seven stripper configurations. Equilibrium and rate models were 

developed in Aspen Custom Modeler (ACM). The temperature approach on the hot side 

of the cross exchanger was varied between 5 – 10oC.   

The results show that operating the cross exchanger at a 5oC approach results in 

12% energy savings for a 7m MEA rich solution of 0.563 mol/mol Alk and 90% CO2 

removal. For solvents with ∆Habs < 60 kJ/gmol CO2, stripping at 30 kPa is more attractive 

than stripping at 160 kPa. Normal pressure (160 kPa) favors solvents with high heats of 

desorption. The best solvent and process configuration, matrix with MDEA/PZ, offers 

22% and 15% energy savings over the baseline and improved baseline, respectively, with 

stripping and compression to 10 MPa. The energy requirement for stripping and 
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compression to 10 MPa is about 20 % of the power output from a 500 MW power plant 

with 90% CO2 removal. 

Rate model results show that a ‘short and fat’ stripper requires 7 to 15% less 

equivalent work than a ‘tall and skinny’ one. The optimum stripper design could be one 

that operates between 50% and 80% flood at the bottom. Stripping at 30 kPa and 160 kPa 

require 230 s and 115 s of effective packing volume to get an equivalent work 4% greater 

than the minimum. Stripping at 30 kPa with ∆T = 5oC was controlled by mass transfer 

with reaction in the boundary layer and diffusion (88% resistance at the rich end and 71% 

resistance at the lean end) and mass transfer with equilibrium reactions (84% resistance at 

the rich end and 74% resistance at the lean end) at 160 kPa.  

The model was validated with data obtained from pilot plant experiments at the 

University of Texas with 5m K+/2.5m PZ and 6.4m K+/1.6m PZ under normal pressure 

and vacuum conditions using Flexipac AQ Style 20 structured packing. Foaming was 

experienced during tests. The effective packing height was 5.09m for 5m K+/2.5m PZ and 

6.47m for 6.4m K+/1.6m PZ. 
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Chapter 1 : Introduction 
 

 

 

 

This chapter introduces the problem of CO2 emissions from fossil fuel 

combustion. Coal-fired power plants are large point sources of CO2 emissions in the 

United States and as such prime targets to reducing CO2 emissions. Aqueous 

absorption/stripping is an important technological option for CO2 capture from 

combustion gas. The problems associated with the implementation of this technology in 

coal-fired power plants are outlined and solutions suggested. The research problem is 

presented and the objectives and scope of this work are outlined. 

1.1. Global Warming 

The United States relies on fossil fuels for more than 85% of its energy needs. Future 

energy consumption projections suggest that the consumption of fossil fuels will be a 

significant portion of the energy mix for the next thirty years.  Figure 1-1 shows the 

projected energy consumption from different sources through 2030. The combustion of 
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fossil fuels has increased the atmospheric concentrations of greenhouse gases (primarily 

CO2). The earth’s surface temperature increased by 0.6 " 0.2 oC in the 20th century. This 

phenomenon is termed “global warming”.  

Figure 1-1: United States Projected Energy Consumption (2004 – 2030) (USEIA 
2006) 

 

Models referenced by the Intergovernmental Panel on Climatic Change (IPCC) 

suggest that the surface temperatures of the earth might increase by 1.5 – 5.8oC between 

1990 and 2100 if this trend is not curbed. If this situation is not addressed, rising sea 

levels and changes in the amount and pattern of precipitation will be experienced. This 

could lead to floods, droughts, heat waves, hurricanes and tornados with dire effects on 
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the quality of human life and severe economic and financial losses. Combating global 

warming and climatic change becomes necessary. In the United States in 2004, CO2 

accounted for 84.6% of the total greenhouse gas emissions, the balance being methane, 

CH4 (7.9%), nitrous oxide, N2O (5.5%) and halogenated compounds (2%). Fossil fuel 

combustion accounted for 94% of the CO2 emissions in the United States in 2004 

(USEPA 2006).   

Figure 1-2: 2004 U.S. CO2 emissions by sector (USEPA 2006) 
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Figure 1-2 shows the U.S. CO2 emissions by sector in 2004. Coal-fired power 

plants and transportation contributed significantly to the overall emissions in 2004. Since 

the emissions by transportation are small point sources from vehicles and jet planes 

reducing emissions by transportation can only be achieved by the use of improved 

efficiency internal combustion engines. Coal-fired plants because of their number and 

large sizes are prime targets for reducing CO2 emissions. The focus of this work is 

therefore CO2 capture from coal-fired power plants. 

 1.2. CO2 sequestration from a coal-fired power plant 

CO2 sequestration consists of two major activities. The first, capture, involves the 

separation of CO2 from large point sources such as power plants, iron and steel plants and 

cement manufacturing plants while the second, storage, involves the injection of the 

captured CO2 into geological or oceanic reservoirs for large timescales, typically 

hundreds of years. Power plants by virtue of their large sizes and significant emissions of 

CO2 are prime candidates for CO2 capture.  

The system for CO2 sequestration is shown in Figure 1-3.  In a coal-fired power 

plant, coal is burned in air in a boiler producing hot gases and heat. The heat converts 

water in tubes lining the boiler walls into steam. The steam is used to run the turbines that 

generate electricity while the hot flue gases go through a particulate removal system, 

mainly an electrostatic precipitator (ESP) or bag house to remove the fly ash 

(particulates), a flue gas desulfurization (FGD) system to remove SO2. The flue gases are 
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then sent to the absorption/stripping system for CO2 capture. The concentrated CO2 from 

the capture unit is then compressed and sent to disposal.  

 

Figure 1-3: System for CO2 Sequestration 
 

Low-pressure (LP) steam withdrawn from the boiler is condensed in the reboiler 

in the stripping operation.  This reduces the amount of steam that can be used in the low 

pressure turbine to generate electricity. Electric power is also used to drive the blowers, 

pumps and compressors in the process and this reduces the net power production from the 

plant.  
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1.3. Absorption/Stripping for CO2 Capture 

Aqueous absorption/stripping is one of the post-combustion methods for CO2 

capture that can be retrofitted to the tail end of a power plant and can be incorporated into 

new ones. This process has been widely used in natural gas processing and in syngas and 

ammonia production (Sartori, Ho et al. 1985; Weiland, Chakravarty et al. 1985; 

Goldstein, Brown et al. 1986; Vickery, Campbell et al. 1988; Bosch 1989; Veldman and 

Ball 1991; Sandall, Rinker et al. 1993). Figure 1-4 shows a typical flow diagram of the 

process. The system consists of two columns, the absorber, in which the CO2 is absorbed 

into an amine solution via fast chemical reaction and a stripper where the amine is 

regenerated and then sent back to the absorber for further absorption. Prior to CO2 

removal, particulates, sulfur dioxide and NOx are removed from the flue gas. The flue gas 

from the power plant is typically cooled before the absorber from 150oC to 55oC, its 

adiabatic saturation temperature, or to 40oC if cooling water is used. A blower is used to 

drive the flue gas into the base of the first column, the absorber, in which the CO2 reacts 

with the lean amine solution flowing from the top. The treated gas exits at the top of the 

tower. Typical target CO2 removal efficiency is 90% though efficiencies ranging from 

70% to 99% could be achieved in a well-designed absorber (Oyenekan and Rochelle 

2006).  

The exiting liquid, the rich solution, is then pumped through a cross heat 

exchanger and heated to a higher temperature by the lean solution from the stripper. If the 

sum of the equilibrium partial pressure of CO2 and water in the rich solution is higher 
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than the operating pressure of the stripper, flashing occurs at the stripper inlet, desorbing 

some of the CO2. Further desorption occurs within the contactor (a series of trays or 

height of packing) by normal mass transfer and some desorption occurs in the reboiler. 

Water vapor generated in the reboiler provides the latent and sensible heat 

required for desorption of CO2 and represents the diluent gas needed to keep the partial 

pressure of CO2 in the gas phase low enough for stripping to take place. Gaseous CO2 

and water vapor exit the top of the stripper where water is condensed. The condensed 

water is then sent to the top stage of the stripper. The lean solution, the solution exiting 

the stripper at the bottom, is sent through a cross heat exchanger, a filter and cooled 

before it is sent to the absorber for further absorption. 

Figure 1-4: Typical absorber/stripper configuration 
 

Flue Gas
PCO2 = 12,000 Pa

Treated Gas

PCO2 = 1,200 Pa

Absorber
T = 40–60oC
PT = 1 atm

Reboiler

Concentrated CO2

Rich Solvent Lean Solvent

Stripper
100–120oC

PCO2* ~ 300 Pa

PCO2* ~ 3000 Pa

∆H = 80-100 kJ/mol CO2

Flue Gas
PCO2 = 12,000 Pa

Treated Gas

PCO2 = 1,200 Pa

Absorber
T = 40–60oC
PT = 1 atm

Reboiler

Concentrated CO2

Rich Solvent Lean Solvent

Stripper
100–120oC

PCO2* ~ 300 Pa

PCO2* ~ 3000 Pa

∆H = 80-100 kJ/mol CO2

Treated Gas

PCO2 = 1,200 Pa

Absorber
T = 40–60oC
PT = 1 atm

Reboiler

Concentrated CO2

Rich Solvent Lean Solvent

Stripper
100–120oC

PCO2* ~ 300 Pa

PCO2* ~ 3000 Pa

∆H = 80-100 kJ/mol CO2

1280



 8

Even though high removal efficiencies can be obtained using absorption/stripping, 

the costs of implementation are high. If applied to a coal-fired power plant, this may 

reduce the power output by 20-30% (Rochelle 2003). For the technology to be 

commercially and economically viable, the high capital cost (columns, pumps, 

exchangers and initial solvent) and operating cost (reboiler duty, pump circulation rate, 

solvent make-up) should be reduced. However this must be done without compromising 

the system performance. This is accomplished by good solvent selection and the use of 

new process configurations. Since there exists limited public information on stripper 

design and operation, modeling becomes a very useful tool in the design of stripping 

columns and solving operational problems. 

1.3.1.  Solvent Selection for CO2 Capture 
 

The industrial state-of-the-art solvent is 7m (30-wt%) monoethanolamine (MEA). 

This solvent is demonstrated technology (Rochelle 2003). MEA is economic relative to 

other amines and possesses good reaction rates with CO2. Practical problems with this 

technology include high-energy requirement for stripping, amine degradation, and 

corrosion and high capital costs.  

Alternative solvents to monoethanolamine are being proposed. Desirable 

properties of these solvents include lower energy consumption, equivalent or better mass 

transfer rates with CO2 and less degradation and corrosion than MEA. The important 

alternative solvents are promoted K2CO3 (Cullinane, Oyenekan et al.; Cullinane 2002; 

Cullinane and Rochelle 2004; Cullinane 2005), promoted MEA (Dang 2000; Okoye 
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2005), promoted tertiary amines (Bishnoi 2000; Aroonwilas and Veawab 2006; Idem, 

Wilson et al. 2006) and mildly hindered amines (Mitsubishi Heavy Industries). Fluor has 

developed an improved MEA process (MEA with some corrosion inhibitors). Mitsubishi 

Heavy Industries (MHI) and Kansai Electric Power Co. Inc. have developed the solvent 

KS-1 (Mimura, Simayoshi et al. 1997; Yagi, Mimura et al. 2006).  

There are also other solvent screening and development activities around the 

world. The Research Institute of Innovation Technology for the Earth (RITE) have 

developed some solvents (Shimizu, Onoda et al. 2006) and Svendsen and co-workers 

(Ma'mum, Svendsen et al.; Hoff, Mejdell et al. 2006) have screened other solvents. 

Amino acid salts have been tested for gas absorption/ membrane hybrid applications at 

TNO, Netherlands (Feron and ten Asbroek; Versteeg, Kumar et al. 2002). The potential 

use of ionic liquids for CO2 capture has also been evaluated (Bates, Mayton et al. 2002; 

Dixon, Muldoon et al. 2005).  

1.3.2. Stripper modeling 

 Absorption / stripping with aqueous amines is an important technological option 

for CO2 capture from combustion gas.  Quantitative models based on our understanding 

of the vapor-liquid equilibrium and mass transfer rates can provide optimal design of 

economic processes. Optimal stripper design is critical because the stripping energy 

requirement accounts for 80% of the operating cost. The energy requirement for CO2 

capture and storage includes contributions for stripping, pumping of liquids and 

compression of the gas to the final pressure. These activities represent parasitic losses to 
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the power plant as the steam condensed in the reboiler and energy required to run 

blowers, pumps and compressors are taken from the power plant. Modeling will provide 

a detailed understanding of the stripper operation and mass transfer with chemical 

reaction at stripper conditions.  

Table 1-1 summarizes previous studies that involve stripper modeling for both gas 

purification and CO2 capture. A number of studies include absorption/stripping (Suenson, 

Georgakis et al. 1985; Escobillana, Saez et al. 1991; Alatiqi, Sabri et al. 1994; Desideri 

and Paolucci 1999; Freguia and Rochelle 2003; Aroonwilas 2004; Alie, Backham et al. 

2005; Jassim and Rochelle 2006), others include only the stripper (Tobiesen, Svendsen et 

al. 2005; Oyenekan and Rochelle 2006; Oyenekan and Rochelle 2006). There are three 

approaches used in addressing mass transfer in strippers - the equilibrium approach such 

as that employed by previous authors (Oyenekan and Rochelle 2006; Oyenekan and 

Rochelle 2006), mass transfer with equilibrium reaction (Weiland, Rawal et al. 1982; 

Freguia and Rochelle 2003; Tobiesen, Svendsen et al. 2005; Tobiesen and Svendsen 

2006), and mass transfer with diffusion and reaction in the liquid boundary layer as used 

in this work.  

1.3.3.  Research Needs 
 

Most studies in absorption/stripping operations have been focused on absorption. 

There are very few studies of stripping operations. There is a need for more information 

in the open literature on stripping operations. This will help in the fundamental design of 

stripping columns and aid in solving operational problems encountered in stripping.  
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Most strippers are constructed based on experience; as such stripper design is an art 

rather than a science. Since the stripping operation usually determines the economics of 

absorption/stripping operations, minimizing the energy requirement for stripping is vital.  

In a power plant, the steam used to run the reboiler will be extracted from the power 

plant. This constitutes an energy loss to the power plant. For CO2 sequestration, the CO2 

will be compressed to the desired pressure for final use or storage. This presents 

opportunities in energy integration with the power plant.  

Stripper modeling is required to quantify the performance of different solvents and 

process configurations under different operating conditions. This will provide some 

guidance to those engaged in solvent development, process design and development. 

Rate-based modeling allows for insight into the fundamental mechanisms of mass 

transfer and could help predict the operation of a constant diameter column as well as aid 

in the design of columns with variable diameter at constant percent flood. 

An understanding of stripping operations, particularly for CO2 capture, is lacking. An 

understanding of the stripping operation will help in the development of energy saving 

concepts and reduce the energy penalty to the power plant. This will also help in the 

design of large-scale commercial systems. This work focuses on quantifying the 

performance of different classes of solvents and process configurations for CO2 capture. 
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Table 1-1: Previous stripper modeling studies 

Reference Solvent Platform/Application Method  Conclusions 
(Weiland, Rawal et al. 
1982) 

Aqueous  MEA In-house simulator. First 
model to predict stripper 
operation from 
equilibrium data and 
physicochemical 
properties. Used to 
verify pilot plant data. 

Equilibrium 
reaction. 

Stripping operations are 
liquid phase controlled at the 
rich end and gas phase 
controlled at the lean end. 

(Escobillana, Saez et 
al. 1991) 

Aqueous MEA  In-house simulator. 
Used to verify pilot 
plant data. Applied to 
sieve trays. 

Equilibrium 
reactions. 

An adjustable parameter, 
equivalent mean bubble 
diameter used to fit model to 
pilot plant data. Temperature 
drops at extreme point in 
column fit pilot plant data. 

(Desideri and Paolucci 
1999) 

30 wt% MEA Aspen Plus. 
Performance of a CO2 
removal and 
liquefaction system. 

Equilibrium 
reactions. 

Increasing the liquid to gas 
ratio reduced the heat duty 
per ton of recovered CO2. 

(Freguia 2002; Freguia 
and Rochelle 2003) 

30 wt% MEA Aspen Plus. Studied the 
effect of changing 
operating variables on 
stripper performance 

Equilibrium 
reactions. 

10% reduction in steam 
consumption over the base 
case, which was commercial 
plant data. 

(Alie, Backham et al. 
2004)  

30 wt% MEA Aspen RateFrac. 
Studied effect of CO2 
concentrations in flue 
gas. Developed 
procedure for solving 

Equilibrium 
reactions. 

Solution of decoupled 
flowsheet served as starting 
point for convergence of 
entire flowsheet. Minimum 
reboiler duty was at a lean 
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the process flowsheet. loading of 0.25 mol CO2/mol 
MEA. 

(Aroonwilas 2004) 30 wt% MEA In-house mechanistic 
mass transfer and 
hydrodynamic model. 
Split flow configuration.

Equilibrium 
reactions.  

Using the split flow scheme 
can reduce reboiler duty. 

(Tobiesen and 
Svendsen 2004; 
Tobiesen, Svendsen et 
al. 2005; Tobiesen, 
Mejdell et al. 2006; 
Tobiesen and Svendsen 
2006) 

30 wt% MEA Fortran 90 model. 
Studied effect of adding 
an organic compound 
and varying parameters 
on energy requirements. 

Equilibrium 
reactions. 

Desorption process is 
sensitive to reboiler 
temperature. Addition of 
organic compound reduced 
stripper temperatures but 
increased reboiler duty. 

(Oyenekan and 
Rochelle 2005; 
Oyenekan and 
Rochelle 2006; 
Oyenekan and 
Rochelle 2006) 

30 wt% MEA, 5m 
K+/2.5m PZ, Generic 
Solvents 

Aspen Custom Modeler 
(ACM). Simple, 
vacuum and 
multipressure strippers 
were evaluated. 

Equilibrium 
stage model.  

Vacuum stripper attractive 
for solvents with low ∆Habs, 
Optimum generic solvent has 
∆Habs  20 kcal/gmol CO2. 

(Jassim and Rochelle 
2006) 
 
(Fisher, Beitler et al. 
2005) 
 
 

30 wt% MEA Aspen Plus (Freguia 
2002; Freguia and 
Rochelle 2003)). 
Evaluated Simple and 
multipressure 
configurations with 
vapor recompression. 

Equilibrium 
reactions. 

Multipressure required 3-11% 
less equivalent work than 
simple stripping. Economics 
showed multipressure 
reduced CO2 capture costs by 
9.8%  over  the simple case. 
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1.3.4. Objectives and Scope 
 

This work accomplishes the following scientific and practical objectives: 

1. Compare the energy performance of different solvents for absorption/stripping 

in CO2 capture applications. 

2. Propose and quantify the performance of innovative stripper configurations. 

3. Propose optimum operating stripper pressure for different solvents and 

process configurations. 

4. Quantify mass transfer phenomenon at stripper conditions. 

5. Validate the stripper model with data from a pilot plant. 

 

The scope of this work is to develop rigorous stripper models for different classes 

of solvents in Aspen Custom Modeler (ACM). The vapor-liquid equilibria in the model 

were regressed from a variety of sources (Mitsubishi Heavy Industries; Posey, Tapperson 

et al. 1996; Suzuki, Iwaki et al. 1999; Freguia 2002; Cullinane 2005). Approximate 

representations of mass transfer with chemical reaction in the liquid boundary layer and 

diffusion are used in the model. The model accounts for gas and liquid mass transfer 

resistances as well as flash and reboiler mass transfer. Equilibrium models are used to 

evaluate the performance of different process configurations. 

 Objective 1 is satisfied by developing an equilibrium model in Aspen Custom 

Modeler (ACM) and carrying out simulations at normal pressure (160 kPa) with 7m 

monoethanolamine (MEA) and four classes of alternative solvents. These classes of 
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solvents have different properties and as such the results also help to characterize generic 

solvents. 

Objective 2 is satisfied with simulating different solvents and process 

configurations based on the analyses of the results from objective 1. Analyzing the results 

of objectives 1 and 2 satisfies objective 3. Developing a rate-based model for the solvents 

satisfies objectives 4.  

Analyzing results from a pilot plant at The University of Texas and refining the 

model with the data collected satisfies objective 5.  

1.3.5. Dissertation Outline 
 

Chapter 2 summarizes the different solvents used for CO2 capture and outlines 

advantages and disadvantages of the baseline solvent, 7m monoethanolamine (MEA). 

The baseline configuration is described and results of equilibrium model simulations of 

7m MEA with a simple stripper (160 kPa), vacuum stripper (30 kPa), and multipressure 

stripper (280/212/160 kPa) are presented. Ways of reducing energy requirements are 

identified and methods presented. 

Chapter 3 presents the equilibrium model developed in Aspen Custom Modeler 

and presents model results for four innovative process configurations (matrix, internal 

exchange, multipressure with split feed, and flashing feed) and seven representative 

solvent formulations.  
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Chapter 4 gives details of the rate-based model and presents the model results 

stripping with 5m K+/2.5m PZ equipped with IMTP #40 random packing. The mass 

transfer phenomenon at stripper conditions is quantified. 

Chapter 5 presents results from pilot plant tests with 5m K+/2.5m PZ and 6.4m 

K+/1.6m PZ with the absorber and stripper equipped with Flexipac AQ Style 20 

structured packing. The ACM model was validated with results from the pilot plant tests. 

 Chapter 6 presents conclusions from this work and recommendations for future 

work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1289



 17

 

 

 

 

Chapter 2 : Baseline Analysis and Modeling Results 
 

 

 

 

This chapter summarizes the different solvents used for CO2 capture and outlines 

advantages and disadvantages of the baseline solvent, 7m monoethanolamine (MEA). 

The baseline configuration is described and results of equilibrium model simulations of 

7m MEA with a simple stripper (160 kPa), vacuum stripper (30 kPa), and multipressure 

stripper (280/212/160 kPa) are presented. Ways of reducing energy requirements are 

identified and methods presented.  

2.1. Solvents for CO2 Capture 

 Solvents used for CO2 capture can be divided into two categories – physical and 

chemical solvents. Physical solvents such as Selexol and Rectisol are typically used to 

remove high pressure CO2 (Rochelle, Bishnoi et al. 2001; Kirk Othmer Encyclopedia of 

Chemical Technology 2004; Cullinane 2005). Natural gas and coal-fired power plant flue 

gases contain low concentrations of CO2, typically 3-6 mol % and 10-15 mol % 
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respectively at atmospheric pressure.  The chemical solvents used are aqueous solutions 

of potassium carbonate, K2CO3, promoted potassium carbonate, and aqueous 

alkanolamines. The aqueous alkanolamines fall into four categories: primary amines (e.g. 

monoethanolamine, MEA), secondary amines (e.g. diethanolamine, DEA and piperazine, 

PZ), tertiary amines (e.g. methyl diethanolamine, MDEA) and hindered amines (e.g. 2-

amino-2-methyl-1-propanol, AMP).  

The main solvent properties to be exploited in reducing the energy requirements for 

absorption/stripping are; (a) the heat of absorption (∆Habs) (b) the capacity of the solvent 

and (c) the rates of reaction of the solvent with CO2. 

The heat of absorption is a quantification of the heat evolved when CO2 reacts with the 

solvent in the absorber. This is the minimum amount of energy that has to be put into the 

reboiler in order to reverse the reaction in the stripper. On the other hand, a greater heat 

of absorption will reduce the stripping vapor rate with a greater temperature in the 

stripper. 

The capacity of the solvent is a quantification of the amount of CO2 a unit of solvent can 

absorb or desorb within a range of partial pressures. High capacity is a desirable 

characteristic of solvents because it reduces the sensible heat requirements with 

temperature swing desorption. 

Solvents with fast rates of reaction with CO2 are desirable because they yield richer 

solutions in the absorber, which are easily stripped thereby reducing the energy 

requirement for stripping. With a fixed solvent rate, the amount of packing used can be 

1291



 19

significantly reduced if a fast reacting solvent is used in place of a slow reacting solvent. 

This will reduce the absorber size, thereby reducing the capital cost of the process.  

2.2. 7m (30 wt %) Monoethanolamine (MEA) 

The industrial state-of-the-art solvent for CO2 capture is 7m (30 wt%) 

monoethanolamine. The current MEA system has been used for CO2 removal from 

natural gas streams. To be applicable to CO2 capture, some evolutional improvements are 

required.  

The advantages of the MEA solvent technology are: 

1. It is demonstrated technology with some semi-commercial plants around the 

world.  

2. The solvent has reasonable rates of absorption/desorption but requires a 

significant amount of packing.  

3. It possesses a high solution capacity and high alkalinity so it can readily react with 

acid components such as CO2.  

4. It can be reclaimed easily relative to other amines.  

 

The disadvantages of this solvent technology are: 

1. It has a high stripping energy requirement (Rochelle, Goff et al. 2002; Cullinane 

2005). Since the steam used to run the reboiler is obtained from the power plant, 

this reduces the net output of the plant. 
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2. Significant solvent vapor losses are experienced because of the high vapor 

pressure of the amine. This can be overcome with a water wash section at the top 

of the column (Rochelle, Bishnoi et al. 2001). 

3. The loaded amine causes carbon steel equipment corrosion and as such stainless 

steel will have to be used or corrosion inhibitors added to the solvent (Rochelle, 

Bishnoi et al. 2001). 

4. The amine suffers from both oxidative and thermal degradation. This requires 

make-up solvent and introduces an additional cost component for solvent make-up 

(Rochelle, Bishnoi et al. 2001; Goff and Rochelle 2004; Sexton and Rochelle 

2006). 

Evolutional improvement of this technology should retain the advantages of the 

MEA and minimize or eliminate the disadvantages. This work is focused on reducing the 

energy requirements for the absorption/stripping and compression processes to minimize 

the parasitic losses to the power plant. 

Before improvements can be made to this technology, an understanding of the 

current state of the technology is required. This is achieved by carrying out simulations to 

study the effect of different parameters on the capture process and identify areas of 

improvement. 

2.3. Stripper Configurations 

This section describes three stripper configurations; simple, vacuum and 

multipressure. The current industrial baseline configuration is a simple reboiled stripper 
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operating at 160 kPa with 7m MEA. Vacuum strippers could be attractive for some other 

solvent formulations and could help reduce the degradation of the amine and possible 

corrosion of equipment. The use of low-pressure steam could be advantageous in 

reducing energy requirements under vacuum operation. A third configuration, the 

multipressure stripper, integrates the stripping and compression operations and makes use 

of the latent heat of the water vapor stream at the rich end. There is a shift in energy from 

heat to work.  

2.3.1. Simple Stripper.  In the baseline configuration, the simple reboiled stripper is run 

at 160 kPa. Pressure drop across the stripper was neglected since it might not be critical 

for this configuration.  The vapor leaving the top of the stripper is cooled and the 

condensed water is refluxed.  The CO2 is compressed in five stages (intercooled to 313K) 

to 1000 kPa. The reboiler runs at 110 to 120oC in this configuration. Five compression 

stages were selected for all configurations. Stripping at 160 kPa has the following 

features: 

1. Less steam should be required to strip the CO2. The ratio of the equilibrium partial 

pressures of CO2 and water vapor is proportional to temperature. Hence increasing 

the stripper temperature (and pressure) makes the CO2 easier to strip. 

    CO2

H2O

P * = f(T)
P *

                              ( 2-1) 

2. The reactions with CO2 are very fast, approaching the instantaneous regime. 
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3. Moderate pressure steam is used to run the reboiler. This steam has a high work 

value and constitutes a greater loss to the power plant than if low-pressure steam 

were used. 

2.3.2. Vacuum Stripper. This configuration is identical to the simple stripper. The 

stripper is operated at 30 kPa and the reboiler runs at 60 to 80oC. The CO2 is compressed 

in five intercooled stages to 1000 kPa.   

Vacuum stripping has the following features: 

1. Lower temperature (less valuable) steam is used to run the reboiler so more 

electricity     

can be extracted before the steam is used in the stripper. In some cases, waste heat 

may be used in the reboiler. 

2. Additional compression is required for the CO2. 

3. The mass transfer is not as fast as that of the simple stripper because the lower    

      temperature results in slower kinetics. 

   4. Lower stripper temperature will reduce amine degradation and corrosion. 

 

2.3.3. Multipressure Stripper. In this configuration (Figure 2-1), the stripper is divided 

into three sections, each operating at a different pressure.  The CO2 compressor is 

integrated with the stripper. The vapor from a lower pressure stage is compressed and 

subsequently used as stripping vapor in a higher-pressure section. Water vapor condenses 

with the increased pressure and the latent heat of water is recovered. This leads to a lower 
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reboiler duty and the CO2 is produced at a greater pressure than with the simple (isobaric) 

stripper. However the compression work is greater than that of the simple stripper 

because some water vapor is compressed with the CO2. The pressure levels are 160 kPa, 

212 kPa and 280 kPa from the bottom to the top of the stripper. The vapor exiting the 

stripper is cooled and water is refluxed. The CO2 is further compressed in three stages 

(intercooled to 313K) to 1000 kPa. Therefore, the five compression stages include two 

integrated with the stripper and three downstream of the stripper. 
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Figure 2-1: Multipressure Stripper for 7m MEA
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Multipressure stripping has the following features: 

1. The latent heat of water is recovered at the rich end. 

2. It makes use of the high temperature preheat in the high pressure flash thereby 

rewarding a closer approach temperature in the cross exchanger. 

3. CO2 can be recovered at a greater concentration and pressure. This leads to less 

compression work downstream of the stripper. 

4. This configuration should be best with high ∆Habs solvents such as 7m MEA. 

 2.4. Model development 

An equilibrium stripper model for aqueous solvents developed in Aspen Custom 

Modeler (ACM) was used to evaluate the different process configurations and solvents. 

The stripper consisted of a flash region, ten segments with 40% Murphree efficiency 

assigned to CO2, and a reboiler with 100% CO2 efficiency. The flash region in the 

column was quantified in terms of actual section performance. In the multipressure 

configuration, four sections are at 160 kPa, four at 212 kPa, and two at 280 kPa.   

2.4.1. Modeling Assumptions. 
 

(a) The sections are well mixed in the liquid and vapor phases. 

(b) The reboiler is in vapor/liquid equilibrium. 

(c) There is negligible vaporization of the amine. 

(d) The pressure drop across the column is negligible.  

The CO2 vapor pressure under stripper conditions for 7m MEA is represented by the 

empirical expression in Table 2-1. The adjustable constants in Table 2-1 were obtained 
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by regressing points obtained from equilibrium flashes in AspenPlus using the Electrolyte 

Non Random Two Liquid (E-NRTL) model developed by Freguia (Freguia 2002) from 

data of Jou et al. (Jou, Mather et al. 1995). The heat of desorption was calculated by 

differentiating the VLE expression with respect to 1/T. 

  The equilibrium CO2 loading (γ) in 7m MEA at 40oC is shown in Table 2-2. The 

equilibrium CO2 loading is defined as mol CO2/ mol Alk. 

The mol Alk is given by: 

mol Alk = [mol K+ + 2* mol PZ + mol MEA + mol MDEA + mol KS-1]              (2-2) 

Thus for 7m MEA, mol Alk = mol MEA        (2-3) 

 

Table 2-1: VLE expression for 7m MEA  

T
f

T
e

T
d

T
cba*Pln 22

2

CO2
γγγγ +++++=  

 ) f(
T

2e
T

2dc
R
∆H 2

γ
γγ

+++=−   

 

a 35.11 

b -45.04 

c -14281 

d -546277 

e -3400441 

f 32670.01 
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Table 2-2:  Equilibrium CO2  loading (mol / mol Alk) at 40oC 

P (kPa) CO2 loading  

(mol/mol Alk) 

 Regression Freguia 
(2002) 

0.125 0.373 0.400 

0.5 0.442 0.455 

0.75 0.463 0.466 

5 0.563 0.545 

7.5 0.586 0.565 

10 0.602 0.590 

 

The heat of vaporization of water, partial pressure of water, and the molar heat capacities 

for the CO2, water were calculated with equations from the DIPPR database (American 

Institute of Chemical Engineers 2004). The molar heat capacities for the CO2 and amine 

were assumed to be equal and set to that of one mole of water.  

The partial pressure of CO2 and water in each section was calculated by:  

 1 1( * )n n n nmvP E P P P− −= − +  ( 2-4) 

A Murphree efficiency (Emv) of 40% and 100% was assigned to CO2 and water. The 

model assumed that temperature equilibrium is achieved in each section. 

The model inputs were the rich loading and liquid rate, the temperature approach on the 

hot side of the cross exchanger (difference between the temperature of the rich stripper 

feed and the lean solution leaving the bottom of the stripper), and column pressure. Initial 
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guesses of the lean loading, section temperatures, partial pressures, and loading were 

provided. The model solves equations for calculating VLE and for material and energy 

balances (Table 2-3). The constants in Table 2-3 and the detailed model equations are 

presented in Appendix A. It calculates temperature and composition profiles, reboiler 

duty, and equivalent work.  

Table 2-3: Main equations in the equilibrium model  

Material balance over a segment 
lij-1   +  (Vij+1  * yi,j+1)    =  lij  +  (Vij *  yij)   
 
Negligible vaporization of amine  
lij-1 = lij   i = amine, j = segment 
 
Equilibrium expressions 
CO2: 

( ) 
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The constants A,B,C,D and E in the PH2O equation are obtained from the DIPPR database. 
 
Summation Equations 

∑=
i

ijy0.1     where i = component in vapor phase and j = segment 

 
Enthalpy Equations (Energy balance) 
 
Vj+[yh2o,j+1*(Hvap + (CpH2O,j+1  * Tj+1 – Tref))] + yco2,j+1 * ((∆Hj+1/1000) + (Cpco2,j+1* (Tj+1 – 
Tref))) + (Lj-1*CpL,j-1 * (Tj-1 – Tref)) + Qj + Qcomp,j = Vj+[yh2o,j*(Hvap + (CpH2O,j  * Tj – Tref))] 
+ yco2,j * ((∆Hj/1000) + (Cpco2,j* (Tj – Tref))) + (Lj*CpL,j * (Tj – Tref)) 
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Total pressure on a segment  
PCO2  +  PH2O  = PT 
 
Internal work of compression    

polyeff

1
P
P

nn1TRG

W

nn1
1

1jT,

jT,

1j1j

j,comp
















−











=
+

++

 

 
Qcomp,j= Wcomp,j    where j = segment 
 
nn1 = (k/(k-1)) * polyeff 
 
k = cp/cv = 1.4 
 
polyeff = 0.75 
 
 

The total energy required by the stripper is given as total equivalent work: 

 reb
eq comp

reb

(T 10) 313W 0.75Q W
(T 10)

 + −
= + + 

 (2-5) 

The work lost by extracting steam from a turbine is the first term on the right hand 

side of (2-5). The condensing temperature of the steam is assumed to be 10K higher than 

the reboiler fluid. The turbine assumes condensing steam at 313K and has been assigned 

an effective Carnot efficiency of 75%. This is the cooling water temperature assumed to 

be 303K with a 10oC approach. The second term on the right hand side of (2.5) is the 

compressor work. Wcomp constitutes the isentropic work of compression to 1000 kPa of 

the gas exiting the top of the stripper. An efficiency of 75% was assumed for the 

compressor. Five stages of compression were used with intercooling to 313K between 
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stages. The multipressure configuration has two internal, and three external stages of 

compression. 

The capacity of the solution is given by: 

( ) 







=








OHkg

Alkmol - γ
OHkg

COmol
capacity

2
leanrich

2

2 γ                                    (2-6) 

2.5. Results and Discussion 

2.5.1. Predicted Stripper performance. The optimization of the lean loading in a simple 

stripper using 7m MEA with a rich loading of 0.563 mol CO2/mol Alk and ∆T = 10oC is 

shown in Figure 2-2. The minimum equivalent work (26.3 kJ/gmol CO2) occurs at a CO2 

loading of 0.306 mol CO2/mol Alk with a reboiler duty of 126.7 kJ/gmol CO2.  The 

reboiler temperature at the optimized lean loading is 110.3oC. The lean loading required 

to minimize reboiler duty (0.288 mol CO2/ mol Alk) does not coincide with that required 

to minimize equivalent work. The equilibrium partial pressure of CO2 in the rich solution 

leaving the absorber at 40oC was set at 5 kPa. The lean equilibrium partial pressure 

leaving the stripper bottom is 0.0308 kPa at 40oC corresponding to 99.3% CO2 removal. 

This implies that > 90% removal can be achieved with the equivalent work minimized. 

Even though the reboiler duty is changing, equivalent work is flat in the lean loading 

region of 0.3 –0.4 mol CO2/mol Alk. This is because the temperature is also changing and 

the combined effects of the reboiler duty and the temperature affect the equivalent work. 
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Figure 2-2: Optimization of the lean loading for minimum equivalent work with 7m 
MEA (rich ldg = 0.563 mol CO2/mol Alk, 160 kPa stripper, ∆T= 10oC,Pfinal = 1000 
kPa) 

The optimization of the lean loading in a simple stripper using 7m MEA with a 

rich loading of 0.563 mol CO2/mol Alk and ∆T = 5oC is shown in Figure 2-3. The 

minimum equivalent work (23.6 kJ/gmol CO2) occurs at a CO2 loading of 0.459 mol 

CO2/mol Alk with a reboiler duty of 125.3 kJ/gmol CO2.  The reboiler temperature at the 

optimized lean loading is 97.9oC. The lean loading required to minimize reboiler duty 

(0.351 mol CO2/ mol Alk) does not coincide with that required to minimize equivalent 
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work. The equilibrium partial pressure of CO2 in the rich solution leaving the absorber at 

40oC was set at 5 kPa.  
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Figure 2-3: Optimization of the lean loading for minimum equivalent work with 7m 
MEA (rich ldg = 0.563 mol CO2/mol Alk, 160 kPa stripper, ∆T= 5oC, Pfinal = 1000 
kPa) 

The lean equilibrium partial pressure leaving the stripper bottom is 0.683 kPa at 

40oC corresponding to 86% CO2 removal. This implies that 90% removal cannot be 

achieved with the equivalent work minimized. 

The equivalent work in Figure 2-3 decreases in the region where the reboiler duty 

is flat. This is as a result of the decreasing reboiler temperature in that region.  
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Figure 2-4: Optimization of the lean loading for minimum equivalent work with 7m 
MEA (rich ldg = 0.563 mol CO2/mol Alk, 160 kPa stripper) 

 

Figure 2-2 and Figure 2-3 show the lean loading that minimizes reboiler duty is 

different for the 160 kPa stripper operating 10oC and 5oC approach. The lean loading that 

minimizes reboiler duty shifts to the right with the 5oC approach. This is as a result of 

different sensible heat and steam generation requirements for the two cases. The loading 

at which the two heat contributions intersect minimizes reboiler duty (Figure 2-4). 

Table 2-4 shows the predicted performance of a 160 kPa stripper for 7m MEA 

with a 5oC and 10oC approach on the hot side of the cross exchanger. The results for the 
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10oC approach cases correspond to lean loadings that minimize total equivalent work. 

The optimized cases for the 10oC cases are greater than 90% removal. This will increase 

the capacity of the solvent for absorption.  

  

Table 2-4: Predicted performance of 160 kPa stripper to achieve ≥ 90% removal                
(Pfinal = 1000 kPa) using 7m MEA. 

Rich 
PCO2* 

@ 40oC 

Lean 
PCO2* 

@ 40oC 

Rich 
loading 

Lean 
loading 

Operating 
Capacity 

∆T Q Total 
Weq 

CO2 
removal

kPa mol CO2/mol Alk mol CO2/kg H2O oC kJ/gmol CO2 % 
1.25 0.027 0.489 0.300 1.323 10 156.9 31.0 97.8 
2.5 0.028 0.526 0.302 1.568 10 139.4 28.3 98.9 
5.0 0.031 0.563 0.306 1.799 10 126.7 26.3 99.3 
7.5 0.220 0.584 0.401 1.281 10 127.6 25.3 97.1 
10.0 0.416 0.602 0.433 1.183 10 126.6 24.5 95.8 
1.25 0.115 0.489 0.369 0.84 5 151.1 29.2 90.8 
2.5 0.25 0.526 0.407 0.833 5 135.0 26.2 90 
5.0 0.5 0.563 0.442 0.847 5 122.6 23.7 90 
7.5 0.75 0.584 0.463 0.847 5 116.3 22.3 90 
10.0 1.00 0.602 0.478 0.868 5 112.6 21.5 90 

 

The results for the 5oC approach cases correspond to lean loadings to achieve 

90% change in equilibrium partial pressures from the rich to the lean ends. The lean 

loadings that minimize total equivalent work resulted in less than 90% change in 

equilibrium partial pressures (90% removal). The criterion for the optimization was to 

achieve 90% or greater change in the equilibrium partial pressure of CO2 in the rich and 

lean streams.  
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The savings in total equivalent work are at the expense of operating capacity. The 

results predict a 56% capacity increase with a rich equilibrium partial pressure of 1.25 

kPa at 40oC using a 10oC cross exchanger approach than with 5oC approach. 
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Figure 2-5: Total equivalent work with 7m MEA (160 kPa stripper, ∆T= 10oC, Pfinal 
= 1000 kPa) 

 

 At a rich equilibrium partial pressure of 5 kPa, the capacity increase with a 10oC 

approach in the cross exchanger is 112% greater than with a 5oC approach. This means 

that the solvent rate is about twice the amount with a 5oC approach than with a 10oC 

approach. This will affect the size of the cross exchanger and the pumps used for solvent 
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circulation and impact the cost of the process. The maximum capacity of the solvent 

seems to occur at about a rich partial pressure of 5 kPa at 40oC. 

Table 2-5 shows the predicted performance of 7m MEA with the simple (160 

kPa), vacuum (30 kPa) and multipressure (highest pressure = 280 kPa) strippers with a 

5oC approach in the cross exchanger with a rich loading of 0.563 mol CO2/ mol Alk and a 

lean loading of 0.442 mol CO2/ mol Alk.  

The reboiler duty for the 160 kPa stripper is 122 kJ/gmol CO2 while that for the 

30 kPa stripper is 152.5 kJ/gmol CO2. Even though the reboiler duty increases with 

vacuum operation, the work value of the steam is significantly less because the steam 

temperature is reduced (65oC under vacuum and 100oC at 160 kPa). The work of 

compression downstream of the stripper operation is more with the vacuum stripper. If 

the multipressure configuration is employed, the reboiler duty is 101.8 kJ/gmol CO2, a 

17% reduction relative to the 160 kPa stripper. 

Table 2-5: Predicted performance of stripper configurations  (rich loading = 0.563 
mol CO2/ mol Alk, lean loading = 0.442 mol CO2/ mol Alk ∆T= 5oC,Abs. rich T = 
40oC,Pfinal = 1000 kPa) 

Configuration Q Wcomp 
(from P to 1000 

kPa) 

Total 
Weq 

Treb nCO2/nH2O 
in stripper 
overhead 

 kJ/gmol CO2 oC  
Simple (160 

kPa) 
122.6 6.9 23.7 100 1.361 

Vacuum (30 
kPa) 

152.5 15.1 26.6 65 0.808 

Multipressure 
(280/160) 

101.8 8.3 22.2 100 2.459 
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         Even though the work of compression downstream of the stripper is less, the 

internal work of compression is significant giving a greater total compression work. The 

multipressure configuration leads to a shift of heat to work relative to the 160 kPa 

stripper. The disruption to the power plant is less but the electrical work to run the 

compressors is more.  

The total equivalent work to 1000 kPa for the different configurations shows that 

the multipressure configuration is the most attractive of the three configurations. The 

total equivalent work of the multipressure configuration is 6% less than the simple and 

17% less than the vacuum configuration. This is because the multipressure configuration 

makes use of the latent heat of water vapor at the rich end of the stripper to perform more 

stripping of CO2. As such there is more CO2 in the stripper overhead stream in the 

multipressure configuration relative to the simple and vacuum strippers. The condition of 

the stripper feed determines the mechanism of stripping and affects column profiles. 

McCabe-Thiele diagrams for the three configurations were constructed to give insight 

into different phenomena. 

 Figure 2-6 shows the McCabe-Thiele plot for a simple stripper using 7m MEA. 

The rich feed is a superheated liquid with a CO2 loading of 0.563 mol/mol Alk and a 

temperature of 95oC. The liquid flashes to 89oC at the stripper inlet. Its CO2 loading 

decreases to 0.517 mol/mol Alk by the time it leaves the first section. The liquid 

temperature increases steadily to the reboiler.  
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Figure 2-6:McCabe-Thiele plot for a simple stripper (rich loading = 0.563 mol CO2/ 
mol Alk, lean loading = 0.442 mol CO2/mol Alk, Q = 122.6 kJ/gmol CO2, Total Weq = 
23.7 kJ/gmol CO2, ∆T=5oC, abs rich T = 40oC, Pfinal = 1000 kPa)  
 

The driving force (PCO2*-PCO2) suggests a pinch at the rich end. The pinch 

experienced may be as a result of large contacting capability inherent in the model. Very 

little change in loading occurs over seven sections, so the column could provide almost 
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equivalent performance with three sections rather than ten. Desorption occurs mainly in 

the flash segment and in the reboiler. 

 
The McCabe-Thiele plot for a vacuum stripper (30 kPa) using 7m MEA is shown 

in Figure 2-7. 

 

Figure 2-7:McCabe-Thiele plot for a vacuum stripper (rich loading = 0.563 mol 
CO2/ mol Alk, lean loading = 0.442 mol CO2/mol Alk, Q = 152.5 kJ/gmol CO2, Total 
Weq = 26.6 kJ/gmol CO2, ∆T=5oC, abs rich T = 40oC, Pfinal = 1000 kPa)  
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The rich feed is a superheated liquid with a CO2 loading of 0.563 mol/mol Alk 

and a temperature of 60oC. On entering the column, the liquid flashes to 56oC and the 

CO2 loading decreases to 0.540 mol/ mol Alk. 

There is an apparent pinch at the rich end of the column over three sections and 

subsequently an evenly distributed driving force towards the lean end of the column. A 

significant amount of stripping occurs in the reboiler as a result of the 100% CO2 

efficiency assigned to the reboiler.  

Figure 2-8 shows the McCabe-Thiele plot for a multipressure stripper 

(280/212/160 kPa) using 7m MEA. The pressure levels decrease from the top (rich end) 

to the bottom (lean end). The rich feed is a superheated liquid with a CO2 loading of 

0.563 mol/mol Alk and a temperature of 95oC. After some CO2 desorption in the 280 kPa 

section, the large flow of subcooled liquid condenses water at the rich end of the 212 kPa 

and 160 kPa sections and CO2 absorption occurs at the top of the 212 kPa section. 

 The CO2 loading increases to 0.562 mol/mol Alk at the top of the 212 kPa 

section from 0.553 mol/mol Alk at the bottom of the 280 kPa. The stripper is pinched at 

rich ends of the 212 kPa and 160 kPa sections. Within a given pressure section, the 

temperature increases down the column. The temperature drop between pressure sections 

is as a result of flashing that accompanies the drop in pressure. This baseline analysis 

show that for the 7m monoethanolamine  (MEA), operating the cross exchanger with a 

5oC temperature approach on the hot side reduces the equivalent work by between 6 and 

12% as the rich equilibrium partial pressure increases from 1.25 kPa to 10 kPa at 40oC 
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when compared to a 10oC approach. Of the three configurations presented in this chapter, 

the multipressure configuration requires the least equivalent work. It provides 6.3% 

energy savings over the simple (160 kPa) stripper and 16.5% energy savings over the 

vacuum configuration when stripping from a rich loading of 0.563 mol CO2/mol Alk to a 

lean loading of 0.442 mol CO2/mol Alk with a 5oC approach on the hot side of the cross 

exchanger. 

Figure 2-8:McCabe-Thiele plot for a multipressure (280/212/160 kPa) stripper (rich 
loading = 0.563 mol CO2/ mol Alk, lean loading = 0.442 mol CO2/mol Alk, Q = 101.8 
kJ/gmol CO2, Total Weq = 22.2 kJ/gmol CO2, ∆T=5oC, abs rich T = 40oC, Pfinal = 
1000 kPa)  
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2.6. Generic Solvent Modeling 

A three-parameter expression for the vapor-liquid equilibrium was used to model 

generic solvents: 

                                     -
Hln P a b * ldg 

RT
∆

= +    (2-7) 

The constant, b, was set to 24.76 while the constant, a, was varied. The value of the 

constant, a , used in Equation (2-7) for the generic solvents is shown in Table 2-6. 

Figure 2-9 shows the minimum total equivalent work for the generic solvents 

using at 160 kPa and 30 kPa with a 5oC approach on the hot side of the cross exchanger.  

The results show that at 160kPa, the optimum generic solvent is one with a heat of 

absorption of ∼ 126 kJ/gmol CO2 which is greater than 7m MEA (80-100 kJ/gmol CO2). 

Table 2-6: Constant in generic solvent VLE expression 
 

∆Habs (kJ/gmol CO2) a 

42 3.82 

63 11.85 

83 19.89 

105 27.92 

126 35.96 

146 43.99 

167 52.03 
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Figure 2-9: Total Equivalent Work for Generic Solvents (Rich PCO2= 5 kPa at 40oC, 
∆T = 5oC, 90% removal, Pfinal = 1000 kPa). 
 
 

At 30 kPa, the optimum generic solvent is one with a heat of absorption ∼ 80 

kJ/gmol CO2 (about that of 7m MEA). For solvents with ∆Habs < 60 kJ/gmol CO2, 

stripping at 30 kPa is more attractive than stripping at 160 kPa. 

Figure 2-10 shows the reboiler duty for the generic solvents at 160 kPa and 30 

kPa. The reboiler duty is minimized at ∼ 80 kJ/gmol CO2 at 160 kPa and ∼ 63 kJ/gmol 

CO2 at 30 kPa.  Figure 2-10 suggests that for solvents with ∆Habs < 40 kJ/gmol CO2, 
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stripping at 30 kPa may be more attractive than stripping at 160 kPa in operations where 

energy use is not critical, for example in natural gas processing.  
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Figure 2-10: Reboiler duty for generic solvents (Rich PCO2= 5 kPa at 40oC, ∆T = 5oC, 
90% removal). 
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Chapter 3 : Alternative Stripper Flow Schemes for CO2 
Capture by Aqueous Amines 

 

 

 

 

This chapter introduces four innovative stripper configurations (matrix, internal 

exchange, flashing feed, and multipressure with split feed). Equilibrium model results 

using these configurations and five different solvents: 7m (30 wt%) monoethanolamine 

(MEA), potassium carbonate promoted by piperazine (PZ), promoted MEA, 

methyldiethanolamine (MDEA) promoted by PZ, and hindered amines are presented.  

3.1 Solvents and process configurations for CO2 Capture 

        Current efforts to reduce the capital and operating cost of aqueous 

absorption/stripping technology include the development of alternative solvents to the 

industrial state-of-the-art, 7m (30 wt%) monoethanolamine (MEA), the use of innovative 

process configurations, flowsheet optimization, and energy integration with other 

sections of the power plant. Alternative solvents should provide equivalent or greater 

CO2 absorption rates than MEA, adequate capacity for CO2 and reduced cost of 
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regeneration.  The important alternative solvents include promoted K2CO3 (Cullinane, 

Oyenekan et al.; Cullinane 2002; Cullinane and Rochelle 2004; Cullinane 2005), 

promoted MEA (Dang 2000; Okoye 2005), promoted tertiary amines (Bishnoi 2000; 

Aroonwilas and Veawab 2006; Idem, Wilson et al. 2006) and mildly hindered amines 

including the proprietary solvent   KS-1 (Mimura, Simayoshi et al. 1997; Yagi, Mimura 

et al. 2006).  

Alternative process configurations have also been proposed to reduce capital and 

operating costs of the CO2 capture process. Some configurations, such as the use of 

multiple absorber feeds and split flow, have been proposed for the gas sweetening 

industry (Polasek, Bullin et al. 1982; Bullin, Polasek et al. 1983). The performance and 

cost structure of the split flow configuration has been evaluated by some authors 

(Aroonwilas 2004; Aroonwilas and Veawab 2006). Vacuum and multipressure 

configurations were evaluated in Chapter 2 while multipressure stripping with vapor 

recompression have been evaluated by Jassim and Rochelle (Jassim and Rochelle 2006). 

Other more complex configurations to reduce energy requirement for CO2 removal have 

been proposed by some researchers (Leites, Sama et al. 2003).   

In this work, an evaluation of four new stripper configurations (matrix, internal 

exchange, flashing feed, and multipressure with split feed) with seven representative 

solvent profiles is presented. The solvent properties are approximate and are not 

necessarily accurate representations of specific solvents, but can be viewed as generic 
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surrogates.  The stripper model is equilibrium based and does not include absorber 

modeling and economics. 

3.2 Analysis of the baseline configuration 

Previous investigators (Draxler, Stevens et al. 2004; Oyenekan and Rochelle 

2006) suggests the optimum generic solvent at 160 kPa (normal pressure) is one with a 

higher heat of desorption than 7m (30-wt%) MEA. Since PZ/K2CO3 solvents have heats 

of desorption lower than 7m MEA, they cannot be employed in a simple stripper with 

lower energy requirement than 7m MEA. The PZ/K2CO3 solvents possess some 

characteristics that may be exploited in optimized configurations. These include a lower 

heat of desorption which lends itself to better isothermal system operation and stripping 

at vacuum. The faster rates of reaction with CO2 permit richer solutions than MEA. Since 

piperazine is not subject to the same chemistry of thermal degradation as MEA, it may be 

possible to operate the stripper at a much higher temperature and pressure than MEA. 

This will reduce the reboiler duty and total equivalent work because of the greater 

temperature swing giving an effect of a higher heat of desorption solvent. 

3.2.1 Temperature approach in the cross exchanger. Chapter 2 showed that a 5oC 

approach in the cross exchanger requires less total equivalent work for stripping than a 

10oC approach, at the expense of capacity. At a given reboiler pressure, operating at a 

5oC approach gives a higher temperature at the top of the column than a 10oC approach. 

The temperature change across the stripper is also smaller and the reboiler duty is 

reduced.  Achieving a 5oC approach on the hot side of the cross exchanger may require a 
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small fraction of the rich solution from the absorber to bypass the cross exchanger, and be 

directly heated by exchange with the stripper overhead vapor because of differences in 

the heat capacities of the rich solution to the stripper and the lean solution from the 

stripper. 

3.2.2 Rich end pinching. The stripper operation is frequently determined by a rich end 

pinch because of the larger L/G ratio at the top of the column relative to that at the 

bottom. With rich end pinches, the driving force at the lean end is excessively large with 

a loss of available work. There may be configurations that will result in an equally 

distributed driving force from the rich to the lean end and therefore reduce reboiler duty 

and total equivalent work.  

   3.2.3 Latent heat loss in stripper overhead. Typically, the stripper overhead includes 

0.5 to 2 moles of water vapor / mole CO2. If this stream is condensed with cooling water, 

the latent heat of water vapor in the stream is lost. It would be beneficial if this heat could 

be recovered. The simple and vacuum configurations do not recover this heat but the 

multipressure system does. The new configurations in this work also recover this heat. 

3.3 Alternative Solvent Types 

The solvents investigated are seven potential compositions best viewed as generic 

solvents. The generic solvents give specific heats of absorption (∆Habs), capacity and 

rates of reaction with CO2. The vapor-liquid equilibrium (VLE) representation of the 

solvents was obtained from different sources. The heat of desorption was obtained by 

differentiating the VLE expression with respect to the inverse of temperature.  
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Moles of Alkalinity (mol Alk) is given by: 

mol Alk = mol MEA + mol K+ + 2 * mol PZ + mol MDEA +  mol KS-1                    (2-2) 

3.3.1 Potassium carbonate/piperazine. This class of solvents proposed by Cullinane 

(Cullinane 2005) takes advantage of the fast reaction rates of CO2 with piperazine (PZ) 

and the low heat of CO2 desorption from potassium carbonate (K2CO3). The most studied 

formulation has been 5m K+/2.5m PZ. This formulation and 6.4m K+/1.6m PZ have been 

studied at the pilot scale (Chen, Rochelle et al. 2006). A third formulation, 4m K+/4m PZ, 

is proposed because it will provide greater capacity for CO2 absorption. The vapor-liquid 

equilibrium (VLE) representation of the solvents was obtained by fitting points calculated 

by the thermodynamic model of Cullinane (Cullinane 2005) to a six parameter 

expression.  

3.3.2 Promoted MEA. The reaction rates of CO2 with MEA can be enhanced by the 

addition of piperazine (Dang 2000; Dang and Rochelle 2003; Okoye 2005). In this work, 

the CO2 solubility in 7m MEA/2m PZ has been represented by the surrogate solvent 11.4 

m MEA.  

3.3.3 Promoted tertiary amines. Tertiary amines such as methyldiethanolamine 

(MDEA) have been used in natural gas processing for decades. MDEA has a high 

capacity for CO2 absorption and requires low regeneration energy. However it has slow 

rates of CO2 absorption. To make MDEA attractive for CO2 capture, it can be promoted 

by PZ (Appl 1982; Bishnoi 2000; Bishnoi and Rochelle 2002; Bishnoi and Rochelle 
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2002).  In this work, the solubility of CO2 in MDEA promoted by PZ is represented by 

the solubility of CO2 in 4.28M (50-wt%) MDEA. 

3.3.4 Hindered amines. This class of solvents has been found to possess adequate rates 

of reaction with CO2, good CO2 capacities, and low heat of regeneration and has been 

reported by some authors for CO2 removal (Imai and Ishida; Sartori and Savage 1983; 

Sartori and Savage 1983; Sartori, Ho et al. 1987; Suzuki, Iwaki et al. 1999). In this work, 

KS-1 is used as a representative hindered amine solvent with limited equilibrium data 

extracted from Mitsubushi publications (Suzuki, Iwaki et al. 1999). 

3.4. Alternative Configurations 

Figure 3-1 to Figure 3-4 show four configurations that minimize energy 

requirement for stripping. The energy requirement is minimized at the expense of 

increased capital cost and process complexity. Each of these configurations assumes 

appropriate cross-exchange of the hot lean stream(s) with the cold rich stream(s) with an 

approach temperature of 5oC on the hot side.  Each box represents a countercurrent 

packing section of gas/liquid contacting.  

3.4.1 Matrix Stripper. In this two-stage matrix (Figure 3-1), the temperature change 

across the stripper is reduced as in the multipressure configuration but without the 

inefficiencies associated with mechanical compression. The rich solution from the 

absorber is split into two streams. The first is sent to the first stripper at a higher 

pressure resulting in a slightly superheated feed. Heat is applied in the form of reboiler 

steam. The lean solution from the first column is the semi-rich feed to the middle of the 
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second column (which operates at a lower pressure). The other rich stream is fed to the 

top of the second stripper. The second column produces a semi-lean and a lean stream.  

Figure 3-1: Double Matrix (295/160) Stripper for MEA/PZ (Liquid rate = 1.88 kg 
solvent, Rich ldg = 0.545 mol CO2/mol Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 
5oC)  
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The semi-lean stream is cross-exchanged with the rich feed to the second column 

while the lean solution is cross-exchanged with the rich solution to the first stripper. 

The water vapor from the overhead of the second column is condensed and the CO2 is 

sent to the first stage of the compression train. The water vapor in the overhead from 

the first column is condensed and the CO2 is sent to the second stage in the 

compression train.  

The compression work in this configuration is reduced because some of the CO2 

is recovered at a higher pressure, therefore requiring less compression downstream. The 

lower pressure column is set to 160 kPa for normal pressure operations and 30 kPa for 

vacuum operations. The pressure of the higher-pressure column and the flow into the 

flash section are optimized to minimize the total equivalent work of the system. Even 

though a two-stage matrix is described in this work, a three-stage matrix can also be used 

with reduced energy requirement but increased complexity. The equations in the double 

matrix stripper are shown in Appendix B. 

3.4.2 Internal Exchange Stripper. This configuration Figure 3-2, integrates the 

stripping process with heat transfer. It serves to approach the theoretical limit of adding 

and removing material and energy streams along the entire column. This process has been 

described by Leites et al. (Leites, Sama et al. 2003) It is approximated in a configuration 

tested by Mitsubishi (Yagi, Mimura et al. 2006).  

The configuration alleviates the temperature drop across the stripper by 

exchanging the hot lean solution with the solution in the stripper. One implementation 
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would place continuous heat exchange surface in the stripper so that there is 

countercurrent heat exchange of the hot lean solution with the solution coming down the 

stripper. A large overall heat transfer capability of 41.84 W/K-mol solvent per segment 

was used. This gave a typical ∆T of 1.2 K and 3K in the internal exchanger for the 

vacuum operation and for operation at normal pressure respectively. 

 

 

Figure 3-2: Internal Exchange Stripper at 160 kPa for MDEA/PZ (Liquid rate = 
1.09 kg solvent, Rich ldg = 0.271 mol CO2 / mol Alk, lean ldg = 0.06 mol CO2 / mol 
Alk, ∆T = 5oC) 
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3.4.3 Multipressure with Split Feed. The multipressure configuration was described in 

Chapter 2 and by some authors (Jassim and Rochelle 2006). This advanced configuration 

(Figure 3-3) takes a 10% split feed from the liquid flowing from the middle to the lowest 

pressure level in a multipressure stripper and sends this stream to an appropriate point in 

the absorber. The temperatures at the bottom of the stripper pressure sections are equal 

and heat is added to each stripper pressure section. This configuration takes advantage of 

the favorable characteristics of the multipressure configuration and the split flow 

concepts. The top pressure has been optimized for all solvents and configurations. The 

middle pressure was taken as the geometric mean. 

3.4.4 Flashing Feed Stripper. This configuration (Figure 3-4) is a special case of the 

split flow concept described by Leites et al. (Leites, Sama et al. 2003) and Aroonwilas 

(Aroonwilas 2004). A fraction of the rich stream is sent to the middle of the stripper 

where stripping occurs and a lean solution exits at the bottom. The rich solution is cross-

exchanged with the lean solution exiting the stripper bottom. The vapor leaving the 

stripper is then contacted with the absorber rich flow in a five-staged upper section where 

the latent heat of water vapor is used to strip the CO2 in the “cold feed” and a semi-lean 

stream is produced. The semi-lean product is cross-exchanged with the rich solution fed 

to the upper section. The reboiler duty remains unchanged and “free stripping” can be 

achieved in the upper section.  

The split ratio of the rich streams into the middle and upper sections was 

optimized to minimize equivalent work.
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Figure 3-3: Multipressure with Split Feed Stripper (295/217/160 kPa) for MEA/PZ (Rich ldg = 0.545 mol CO2 / mol 
Alk, lean ldg = 0.447 mol CO2 / mol Alk, ∆T = 5oC)
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Figure 3-4: Flashing Feed Stripper at 160 kPa for MDEA/PZ (Rich ldg = 0.271 mol 
CO2 / mol Alk, lean ldg = 0.06 mol CO2 / mol Alk, ∆T = 5oC) 
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Murphree efficiency assigned to CO2, and a reboiler with 100% CO2 efficiency. The flash 

region in the column was quantified in terms of actual section performance. 

3.5.1 Modeling Assumptions. 

a. The sections are well mixed in the liquid and vapor phases. 

b. The reboiler is in vapor/liquid equilibrium. 

c. There is negligible vaporization of the amine.  

The CO2 vapor pressure under stripper conditions for 7m MEA, promoted MEA 

and different PZ/K2CO3 blends is represented by the empirical expression in Table 3-1 

Table 3-1: VLE expression for PZ/K2CO3, MEA, and promoted MEA. 

T
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∂

∂
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 6.4m K+/ 

1.6m PZ 

5m K+/ 

2.5m PZ 

4m K+/ 

4m PZ 

7m MEA   MEA/PZ 

(11.4m MEA) 

a -19.49 -4.59 12.088 35.11 30.27 

b 24.46 34.21 42.39 -45.04 -38.87 

c 3435.22 -3834.67 -7087.74 -14281 -11991 

d 1464774 -1747284 -925155 -546277 1110073 

e -5514009 -1712091 1393782 -3400441 -4806203 

f 12068.45 8186.474 -8552.74 32670.01 31355.6 
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The adjustable constants in Table 3-1 for the PZ/K2CO3 solutions were obtained 

by regressing points from the rigorous thermodynamic model by Cullinane (Cullinane 

2005). The constants for the MEA solvents were regressed from points obtained from 

equilibrium flashes in AspenPlus using the Electrolyte Non Random Two Liquid (E-

NRTL) model developed by Freguia (Freguia 2002) from data of Jou et al. (Jou, Mather 

et al. 1995). 

The CO2 vapor pressure over 4.28M MDEA and KS-1, based on the model by Posey et 

al. (Posey, Tapperson et al. 1996) is shown in Table 3-2. For 4.28M MDEA, the 

constants in Table 3-2 are taken from Posey et al. For KS-1 the constant, A, was set at 

32.45 while constants, B-D, in the equilibrium constant expression were adjusted to fit 

available data (Suzuki, Iwaki et al. 1999). The amine mole fraction shown in Table 3-2 

for KS-1 is set at the same value as 4.28M MDEA. The fit of the KS-1 data is shown in.  

Table 3-3. The CO2 solubility in the different solvents at 40oC is shown in Table 3-4. 

Table 3-2: VLE expression for promoted MDEA and KS-1. 
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=
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γ
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XK*P CO2CO2CO2  
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o
CO2 )X (DXC
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 MDEA/PZ 

(4.28 M MDEA) 

(8.39 m MDEA) 

KS-1 

(8.39 m amine) 

A 32.45 32.45 

B -7440 -8870 
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C 33 52 

D -18.5 -15 

Xo
amine 0.1313 0.1313 

 

The heat of desorption for 4.28M MDEA and KS-1 was assumed to be constant at 62 and 

73 kJ/gmol CO2 respectively.  

Table 3-3: Fit of KS-1 VLE data 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

  KS-1 data 
(Mitsubishi 

Heavy Industries)

Model 

T (K) CO2 loading PCO2* (kPa) 

0.375 0.7 1.0 

0.45 1.8 2.0 

0.5 3.1 3.0 

 

 

313.15 

0.575 7.6 5.9 

0.05 3.8 3.3 

0.0625 5.5 4.9 

0.21 51.7 57.3 

 

 

393.15 

0.325 248.2 189.1 
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Table 3-4:  Equilibrium CO2  loading (mol / mol Alk) at 40oC 

P 
(kPa) 

6.4m K+/ 

1.6m PZ 

5m K+/ 

2.5m PZ 

4m K+/ 

4m PZ 

7m  

MEA 

MEA/PZ 

 

(11.4m 
MEA) 

MDEA/ 

PZ 

(8.39m  

MDEA) 

KS-1 

 

(8.39m 
amine) 

0.125 0.468 0.416 0.322 0.373 0.363 0.019 0.177 

0.5 0.532 0.467 0.384 0.442 0.428 0.046 0.303 

0.75 0.549 0.482 0.402 0.463 0.447 0.060 0.345 

5 0.627 0.560 0.493 0.563 0.528 0.213 0.556 

7.5 0.643 0.578 0.514 0.586 0.545 0.2701 0.602 

10 0.654 0.592 0.529 0.602 0.556 0.317 0.633 

 

The heat of vaporization of water, partial pressure of water, and heat capacities of 

solvent (assumed to be water), steam, and CO2 were calculated with equations from the 

DIPPR database (American Institute of Chemical Engineers 2004). The molar heat 

capacities for the CO2, water and amine were assumed to be equal and set to that of one 

mole of water.  

The partial pressure of CO2 and water in each section was calculated by:  

 1 1( * )n n n nmvP E P P P− −= − +  (2-4) 

 A Murphree efficiency (Emv) of 40% and 100% was assigned to CO2 and water. The 

model assumed that temperature equilibrium is achieved in each section. 
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The model inputs were the rich loading and liquid rate, the temperature approach 

on the hot side of the cross exchanger (difference between the temperature of the rich 

stripper feed and the lean solution leaving the bottom of the stripper), and column 

pressure. Initial guesses of the lean loading, section temperatures, partial pressures, and 

loading were provided. The model solves equations for calculating VLE and for material 

and energy balances. It calculates temperature and composition profiles, reboiler duty, 

and equivalent work.  

The total energy required by the stripper is given as total equivalent work: 

 reb
eq comp

reb

(T 10) 313W 0.75Q W
(T 10)

 + −
= + + 

                     (2-5) 

The reboiler duty, Q, required for stripping can be approximated as the sum of three 

terms: the heat required to desorb the CO2, that required to generate the water vapor at 

the top of the column, and the sensible heat requirement.  

Q = Qdes + QH2O gen. + Qsens                                                                                             (3-1) 

      






 ∆
+








+∆=

CO2
vap

CO2

H2O
des n

TCpLH
n
n

H                                                                                   (3-2) 

Wcomp constitutes the isentropic work of compression to 330 kPa of the gas 

exiting the top of the stripper. An efficiency of 75% was assumed for the compressor. For 

the vacuum operations, five compressor stages were used, while for the normal pressure 

cases, three compressor stages were used. Two stages of compression were used to get to 

the maximum pressure of the process and an additional stage to 330 kPa with intercooling 

to 313K between compressor stages. 
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The work lost by extracting steam from a turbine is the first term on the right hand 

side of (3-2), while the second is the compressor work. The condensing temperature of 

the steam is assumed to be 10K higher than the reboiler fluid. The turbine assumes 

condensing steam at 313K and has been assigned an effective Carnot efficiency of 75%. 

3.6.  Results and Discussion 

Table 3-5 gives the performance (stripping and compression work to 330 kPa) of 

the stripper configurations investigated and the capacities of the solvents to achieve 90% 

CO2 removal. The rich PCO2* shown in the table are typical rich partial pressures 

expected for the solvents investigated. 4m K+/4m PZ, MEA/PZ, and MDEA/PZ are 

assigned greater rich PCO2* because they are solvents with faster rates of reaction with 

CO2 which result in richer solutions. In this work, the lean loading for each configuration 

was optimized to minimize equivalent work. The optimum lean loading, the lean loading 

that minimized equivalent work, was quite flat and was approximately that for 90% 

change in equilibrium partial pressure of CO2. The lean loading and results shown in 

Table 3-5 correspond to a 90% equilibrium partial pressure change in CO2 at 40oC. The 

10oC approach cases were optimized with respect to lean loading as these usually give 

more capacity for absorption. 

The heat of absorption shown in Table 3-5 is that calculated at the lean loading and 40oC. 

The capacity of the solution is given by: 

( )
OHkg

Alkmol - γ
OHkg

COmol
capacity

2
leanrich

2

2 γ=







                         (2-6) 
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3.6.1 Effect of varying temperature approach. The baseline configuration is a stripper 

operating at 160 kPa with a 10oC approach on the hot side of the cross exchanger. The 

lean loadings for the baseline in Table 3-5 were optimized and frequently resulted in 

overstripping to increase the capacity of the solvents for absorption. With a 5oC approach 

on the hot side of the cross exchanger, 3% and 12% energy savings are obtained for the 

6.4m K+/1.6m PZ and 7m MEA, respectively. This savings in energy is at the expense of 

a larger investment in heat exchange surface.  

The relative contributions of the components of the reboiler duty with a 5oC and 10oC 

approach are shown in Table 3-6. 

1336



  64

Table 3-5: Predicted performance of seven solvents and various stripper configurations (90% removal, ∆T = 5oC, Pfinal 
= 330 kPa)  

Solvent 6.4m K+/ 
1.6m PZ 

5m K+/ 
2.5m PZ 

4m K+/ 
4m PZ 

7m 
MEA 

MEA/P
Z 

MDEA/PZ KS-1 

∆Habs (kJ/gmol CO2) 50 63 66 84 85 62 73 
Rich PCO2* (kPa) at 40oC 5 5 7.5 5 7.5 7.5 5 

Capacity (mol CO2/kg H2O) 0.91 0.93 1.34 0.85 1.12 1.77 2.11 
Configuration Pressure (kPa) Equivalent Work (kJ/gmol CO2) 

Baseline 160 (∆T=10oC) 28.1 24.9 21.4 22.3 20.0 18.3 19.1 
Improved Baseline 160 27.4 22.6 19.0 19.7 17.5 17.2 17.9 

Multipressure x/160 27.0 20.5 17.8 18.2 16.2 16.3 17.0 
 x 180 265 295 280 295 295 295 

Matrix x/160 24.3 21.7 15.6 18.0 15.7 15.1 16.1 
 x 250 295 295 265 295 295 295 
 Feed split (%) 120 40 20 25 25 30 30 

Internal Exchange 160 25.3 19.5 17.3 17.5 16.0 15.7 16.5 
Multi P with 10% split feed 29.7 20.7 17.5 18.1 15.9 15.7 16.6 

Flashing feed 160 23.5 20.7 18.0 18.7 16.8 16.3 17.2 
 Feed split (%) 85 35 20 25 20 30 35 

Vacuum 30 23.7 23.1 21.1 22.6 21.1 19.8 21.2 
Multipressure x/30 23.7 22.5 20.2 21.6 19.9 19.2 20.7 

 X 30 42 45 45 47 45 42 
Matrix x/30 22.5 21.8 18.1 21.2 19.4 18.2 19.8 

 x 42 45 47 47 45 45 45 
 Feed split (%) 90 55 40 50 35 40 70 

Internal Exchange 30 22.5 21.6 19.8 21.0 19.8 19.0 20.4 
Multi P with 10% split feed 31.3 22.6 20.2 21.6 19.7 19.9 20.7 

Flashing feed 30 22.7 22.5 20.6 22.1 20.6 19.5 20.8 
 Feed split (%) 55 35 35 35 30 35 45 

x = highest pressure in configuration 
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Table 3-6: Relative contributions to reboiler duty for 7m MEA with varying 
temperature approach (Rich loading = 0.563 mol CO2/molAlk, optimized lean 
loading, P = 160 kPa) 

∆T 5oC 10oC 
Qdes (kJ/gmol CO2) 65.7 65.0 

QH2O gen. (kJ/gmol CO2) 32.2 27.0 

Qsens (kJ/gmol CO2) 29.8 59.4 

 
 The differences in the contributions to the overall reboiler duty are in the heat required to 

generate water vapor at the top of the column and the sensible heat requirement. 

Operation at a 10oC approach requires twice the sensible heat requirement than a 5oC 

approach. The heat required to generate water vapor in the overhead gas stream is slightly 

higher with the 5oC approach. The net effect is that operation at a 5oC approach provides 

significant sensible heat savings. 

3.6.2 Effect of operating pressure. Operating the stripper under vacuum (30 kPa) with a 

5oC temperature approach in the cross exchanger offers a 14% reduction in equivalent 

work for 6.4m K+/1.6m PZ and 4% and 20% more energy with 5m K+/2.5m PZ and 

MEA/PZ respectively. Solvents with high heats of absorption take advantage of the 

temperature swing. The relative vapor pressure of CO2 and water changes with 

temperature. This change is greater with solvents with high heats of absorption as shown 

in Table 3-7. 
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Table 3-7: Contributions to reboiler duty - effect of temperature swing on simple 
strippers 

 6.4m  K+/ 1.6m PZ MEA/PZ 
P (kPa) 30 160 30 160 










H2O

CO2

P
P

 at rich end 
0.538 0.415 1.065 1.850 

∆Hdes (kJ/gmol CO2) 51 34 76 68 










CO2

H2O

n
n Hvap (kJ/gmol CO2) 81 105 41 24 








 ∆

CO2n
TCpL (kJ/gmol CO2) 30 30 24 24 

Q (kJ/gmol CO2) 162 169 141 115 

 

Table 3-7 shows the contributions to the reboiler duty for 6.4m K+/1.6m PZ and 

MEA/PZ with ∆Habs of 50 and 85 kJ/gmol CO2 respectively. The major difference 

between the reboiler duties is the relative amount of the heat of desorption of CO2 and the 

heat required to generate the water vapor at the top of the stripper. Vacuum operation for 

a fixed solvent and CO2 removal generates a larger amount of water vapor at the top of 

the column relative to operation at normal pressure. The overall effect is a 30 kPa stripper 

is attractive with 6.4m K+/1.6m PZ and normal pressure (160 kPa) favors solvents with 

high heats of desorption (e.g. MEA/PZ). 

3.6.3 Predicted Performance of Alternative Configurations. Table 3-5 shows that the 

multipressure configuration with a 160 kPa reboiler is more attractive for the solvents 

with a high heat of absorption than solvents with a lower heat of absorption. The 

performance of the alternative configurations is matrix > internal exchange > 
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multipressure with split feed > flashing feed. The matrix and internal exchange 

configurations with a 160 kPa reboiler and 5oC approach with 7m MEA offer 9% and 

11% energy savings respectively over the simple stripper operated at 160 kPa with a 5oC 

approach.  

The characteristics of the matrix (265/160 kPa) and simple strippers for MEA are shown 

in Table 3-8. The matrix stripper recovers about 40% of the CO2 at a higher pressure and 

does not have the inefficiencies associated with the multipressure stripper. The reboiler 

duty is also slightly less for the matrix than the vacuum stripper.  

 

Table 3-8: Performance of matrix (265/160 kPa) stripper and normal pressure  (160 
kPa) for MEA (Rich loading = 0.563 mol CO2/mol Alk, lean loading = 0.442 mol 
CO2/ mol Alk, ∆T = 5oC, Pfinal = 330 kPa)  

 P  Fraction of CO2 
removed 

Q Wcomp Total Weq 

 kPa  kJ/gmol CO2 
Matrix 265 0.4 56 

 160 0.6 58 
 

2.1 
 

17.9 
160 kPa 160 1 123 2.9 19.7 

 
 

The characteristics of the vacuum and the vacuum internal exchange strippers are 

shown in Table 3-9. The major difference between the two configurations is the 

difference in the ratio of the water vapor to CO2 in the overhead stream. The internal 

exchange stripper has a smaller ratio of water vapor to CO2. Multipressure with split feed 

reduces the flow into the bottom section of the stripper and thus equivalent work. The 

flashing feed makes use of the latent heat of water vapor in the simple/vacuum 

1340



  68

configuration to strip some CO2 in the rich stream entering the stripper at the top of the 

column.  

Table 3-9: Characteristics of the vacuum and vacuum internal exchange strippers 
for 7m MEA (Rich loading = 0.563 mol CO2/mol Alk, lean loading = 0.442 mol CO2/ 
mol Alk, ∆T = 5oC) 

 Vacuum Vacuum Internal 
Exchange 










H2O

CO2

P
P

 at rich end 
0.81 1.31 

∆Hdes (kJ/gmol CO2) 73 72 










CO2

H2O

n
n

Hvap (kJ/gmol CO2) 
54 34 








 ∆

CO2n
TCpL

 (kJ/gmol CO2) 
30 30 

Q (kJ/gmol CO2) 157 135 

 
 

3.6.4 Solvent Performance. Table 3-5 shows the performance of the different solvent 

types. The results show that at 160 kPa, MEA/PZ and MDEA/PZ require significantly 

less equivalent work than 7m MEA. MEA/PZ offers a 13% and 8% savings over 7m 

MEA with the matrix and internal exchange configurations at 160 kPa. MDEA/PZ was 

the most attractive solvent under vacuum conditions. MDEA/PZ offers a 14% and 10% 

savings over 7m MEA with the matrix and internal exchange configurations at 30 kPa.  

This shows that, at normal pressure, solvents with high heats of absorption and 

reasonable capacities are attractive. Under vacuum conditions, solvents with lower heats 

1341



  69

of absorption and higher capacities are attractive. Capacity seems to play a more 

important role in determining energy requirements at vacuum conditions.  

3.6.5 Effect of heat of absorption. From Table 3-5, solvents with similar capacities but 

different heats of absorption can be compared. The results show that at a fixed capacity, 

solvents with high heats of absorption require less energy for stripping. This is a 

consequence of the temperature swing. 5m K+/2.5m PZ offers 18% savings over 6.4m 

K+/1.6m PZ at 160 kPa with a 5oC approach and savings of 3% and 4% with the matrix 

and internal exchange configurations at vacuum conditions.  

The performance of 6.4m K+/1.6m PZ and 5m K+/2.5m PZ are compared in Table 3-10.  

Table 3-10: Effect of ∆Habs on stripper performance (90% removal, ∆T = 5oC, Pfinal 
= 330 kPa) 

 6.4m K+/1.6m PZ 5m K+/2.5m PZ 

∆Habs 
(kJ/gmol CO2) 

50 63 

Capacity (mol 
CO2/kg H2O) 

0.91 0.93 

P (kPa) 30 160 30 160 

Qdes 
(kJ/gmol CO2) 

51.1 34.3 67.4 57.9 

QH2O gen. 
(kJ/gmol CO2) 

81.3 105.5 61.2 51.3 

Qsens     
(kJ/gmol CO2) 

29.4 29.7 28.2 29.4 

Equivalent 
Work 

(kJ/gmol CO2) 

23.7 27.4 23.1 22.6 
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 The two solvents in Table 3-10, 6.4m K+/1.6m PZ and 5m K+/2.5m PZ, have 

similar capacities. The major difference between the solvents is the heat of absorption. 

The relative contributions to the reboiler duty show that for 6.4m K+/1.6m PZ, most of 

the heat supplied in the reboiler is used to generate water vapor at the top of the column. 

For 5m K+/2.5m PZ, more heat is used to desorb CO2 relative to generating water vapor 

at the top of the column. The sensible heat requirement is approximately equal because of 

the similar capacities and percent removal required. The difference in equivalent work is 

significant at 160 kPa. The savings experienced by using 5m K+/2.5m PZ is because of 

the temperature swing desorption. At vacuum conditions, 30 kPa, the effect of the 

temperature swing disappears and the performance of the solvents are approximately 

equal.  

3.6.6 Effect of capacity. The capacity of a solvent is defined as the amount of CO2 a 

solvent can absorb over a given range of loading or partial pressure. This reflects the 

vapor-liquid equilibrium characteristics of a solvent. A high capacity solvent can absorb 

or desorb more CO2 than one with a low capacity. In Table 3-5, 5m K+/2.5m PZ and 

MDEA/PZ have similar heats of absorption. However MDEA/PZ has a greater capacity 

than 5m K+/2.5m PZ. MDEA/PZ provides 30% and 19% energy savings over 5m 

K+/2.5m PZ with the matrix and internal exchange configurations with the reboiler 

operating at 160 kPa and 17% and 12% savings with these configurations at 30 kPa. 

The two MEA solvents also have similar heats of absorption. MEA/PZ 

represented by 11.4 m MEA has a higher capacity than 7m MEA. MEA/PZ offers 13% 
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energy savings over 7m MEA with the matrix stripper operated with a 160 kPa reboiler 

temperature. The effect of capacity on the 160 kPa stripper performance using 5m 

K+/2.5m PZ and MDEA/PZ are compared in Table 3-11. The solvents have similar heats 

of absorption MDEA/PZ possessing about twice the capacity of 5m K+/2.5m PZ.  The 

results show that the increased capacity of MDEA/PZ provides both sensible heat and 

steam generation savings.  

Table 3-11: Effect of capacity on 160 kPa stripper performance (90% removal, ∆T = 
5oC, Pfinal = 330 kPa) 

 5m K+/2.5m PZ MDEA/PZ 

∆Habs 
(kJ/gmol CO2) 

63 62 

Capacity (mol 
CO2/kg H2O) 

0.93 1.77 

Qdes 
(kJ/gmol CO2) 

57.9 61.9 

QH2O gen. 
(kJ/gmol CO2) 

51.3 29.2 

Qsens     
(kJ/gmol CO2) 

29.4 14.2 

Equivalent 
Work 

(kJ/gmol CO2) 

22.6 15.1 

 

3.6.7 Insight into stripper operation. McCabe-Thiele plots provide insight into 

stripping phenomena. Figure 3-5 shows the McCabe-Thiele plot for 6.4m K+/1.6m PZ at 

30 kPa comprising of a flash section, ten segments, and an equilibrium reboiler. The 

stripper operation approaches a lean end pinch. Since this column is not pinched, it could 

benefit significantly by using more contacting. This is shown in Figure 3-6 where the 
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number of contacting segments is doubled. Flashing of the rich solution occurs at the top 

of the column. A rich end pinch is observed. The total equivalent work to generate CO2 at 

330 kPa decreases from 23.7 kJ/gmol CO2 with ten segments to 23.2 kJ/gmol CO2 (a 2% 

reduction) when the number of segments is doubled. Increasing the number of segments 

implies increased capital cost.    

The McCabe-Thiele plot for 7m MEA with the matrix (265/160kPa) configuration 

is shown in Figure 3-7.  
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Figure 3-5: McCabe-Thiele plot for 30 kPa stripper using 6.4m K+/1.6m PZ with 10 
segments (rich ldg = 0.627 mol CO2/mol Alk, lean ldg = 0.532 mol  CO2/ mol Alk, ∆T 
= 5oC) 
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It is observed that the high and low pressure columns are highly pinched. A 

significant amount of CO2 desorption occurs due to flashing and under boiling conditions 

in the reboiler. The rich, semi-rich, and lean loadings are 0.563, 0.513, and 0.447 mol 

CO2/ mol Alk. This implies that a significant amount of desorption occurs in both 

sections of the low-pressure column. 
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Figure 3-6: McCabe-Thiele plot for 30 kPa stripper  using 6.4m K+/1.6m PZ with 22 
segments (rich ldg = 0.627mol CO2/mol Alk, lean ldg = 0.532 mol CO2/ mol Alk, ∆T 
= 5oC) 
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Figure 3-7: McCabe-Thiele plot for matrix (265/160 kPa) stripper using 7m MEA 
(rich ldg = 0.563 mol CO2/ mol Alk,  lean ldg  = 0.442 mol  CO2/ mol Alk, ∆T = 5oC) 
 

Figure 3-8 shows the McCabe-Thiele plot for the internal exchange stripper with 

7m MEA at 160 kPa. The feed is subcooled with a loading of 0.563 mol CO2/mol Alk. 

Some CO2 absorption occurs at the stripper feed, increasing the loading to 0.583 mol 

CO2/mol Alk in the first segment in the stripper before subsequent stripping. The stripper 

has a rich end pinch. A significant amount of stripping occurs in the reboiler because it is 

assumed to be an equilibrium stage.    
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Figure 3-8: McCabe-Thiele plot for internal exchange stripper using 7m MEA at 
160 kPa (rich ldg = 0.563 mol CO2/ mol Alk, lean ldg = 0.442 mol CO2/ mol Alk, ∆T 
= 5oC)  
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process analysis and economic studies (Fisher, Beitler et al. 2005), the net power output 

of a 500 MW power plant is about 150 kJ/gmol CO2 with 90% CO2 removal. Different 

separation techniques are compared by separation and compression work in Table 3-12. 

The smaller energy requirements for fans and pumps have not been included in this 

analysis.  

Table 3-12: Energy requirement for separation and compression to 10 MPa   

 
The ideal separation work at 40oC and 100 kPa is calculated from the theoretical 

minimum thermodynamic work (Figure 3-9): 

Wsep Wcomp to 
330 kPa 

Wsep + 
Wcomp to 
330 kPa 

Wcomp 
(330 kPa to 

10 MPa) 

Total 
Weq 

 
 

Separation Method 
kJ/gmol CO2 

Isothermal Sep. 
(40oC, 100 kPa), Ideal Comp. 

7.3 3.1 10.4 7.7 18.1 

Isothermal Sep. (40oC, 100 kPa), 
75% adiabatic compression in 5 

stages 

7.3 5.7 13.0 11.1 24.1 

Isothermal Sep. (40oC), 
75% adiabatic compression in 5 

stages (Membrane-like) 

11.6 5.7 17.3 11.1 28.4 

Baseline 
(7m MEA, ∆T = 10oC, 160 kPa) 

19.4 2.9 22.3 11.1 33.5 

Improved Baseline 
(7m MEA, ∆T = 5oC, 160 kPa) 

16.8 2.9 19.7 11.1 30.9 

Matrix 4m K+/4m PZ (295/160) 15.1 0.5 15.6 11.1 26.7 
Matrix MEA/PZ (295/160) 15.2 0.5 15.7 11.1 26.8 

Matrix MDEA/PZ (295/160) 14.6 0.5 15.1 11.1 26.2 
Matrix KS-1 (295/160) 15.6 0.5 16.1 11.1 27.2 

Matrix 4m K+/ 4m PZ (47/30) 9.6 8.5 18.1 11.1 29.1 
Matrix MEA/PZ (45/30) 10.7 8.7 19.4 11.1 30.5 

Matrix MDEA/PZ (45/30) 9.5 8.7 18.2 11.1 29.3 
Matrix KS-1 (45/30) 11.1 8.7 19.8 11.1 30.9 
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Wmin = Wmin,flue gas – (Wmin,CO2 removed + Wmin,product)      (3-3) 

where Wmin is the theoretical minimum thermodynamic work  

Wmin,flue gas is the work associated with the flue gas 

Wmin,CO2 removed is the work associated with the CO2 rich stream 

Wmin,product is the work associated with the N2 rich stream. 

 

 

 

 

Flue gas 

 

 

 
 

 

 

Figure 3-9: Minimum thermodynamic separation work 

 

CO2 N2
min,fluegas CO2 N2

CO2 N2 CO2 N2

n nW = R T ln x ln x
n + n n + n

 
− + 

 
       (3-4) 

 
 
Assuming 1 gmol of flue gas containing 12% CO2 and 88%  N2, the Wmin,fluegas is: 

Wmin,fluegas  = -(8.314) (313)  (0.12 ln 0.12 + 0.88 ln 0.88) 

       =  0.953 kJ 

Product 
(N2 rich stream) 

CO2 removed  
(CO2 rich stream) 

Wmin 
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CO2 removed N2 removed
min,CO2 removed CO2 removed N2 removed

CO2 N2 CO2 N2

n nW = R T ln x ln x
n + n n + n

 
− + 

 
    (3-5) 

For a pure CO2 stream, xCO2 = 1 and Wmin,CO2 removed = 0. 

CO2 product N2 product
min,product CO2 product N2 product

CO2 N2 CO2 N2

n n
W = R T ln x ln x

n + n n + n
 

− + 
 

     (3-6) 

                     =      - (8.314) (313) (0.012 ln 0.01345 + 0.88 ln 0.98655) 

                    =      0.167 kJ 

Wmin =  0.953 – 0.167 = 0.786 kJ 

Since 90% CO2 removal is targeted, then NCO2 removed = 0.9 (0.12) = 0.108 gmol. 

Wmin,normalized = 0.786/0.108 = 7.3 kJ/gmol CO2. 

The total equivalent work for isothermal separation at 100 kPa and 40oC, and 

subsequent compression to 10 MPa, is 18.1 kJ/gmol CO2. This is the theoretical 

minimum work for separation and compression to 10 MPa. This constitutes about 12% of 

the power plant output.  

The ideal compression work was calculated by: 

2
ideal

1

PW = R T ln
P

 
  

        (3-7) 

If five compressors with 75% adiabatic efficiency are used, the total equivalent work is 

24.1 kJ/gmol CO2 (16% of the power plant output). If isothermal separation at 40oC and 

75% adiabatic compression in five stages is used to create the driving force for 

separation, the total equivalent work is 28.4 kJ/gmol CO2. This can be likened to 

separation with a perfect membrane. 
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The best solvent and process configuration is the matrix (295/160 kPa) with MDEA/PZ. 

This consumes 26.2 kJ/gmol CO2 (18% of the net output from a 500 MW power plant 

with 90% CO2 capture). This best case offers 22% energy savings over the current 

industrial baseline (7m MEA, ∆T = 10oC, 160 kPa) and 15% savings over the improved 

baseline (7m MEA, ∆T = 5oC, 160 kPa). This best case requires 2.1 kJ/gmol CO2 more 

work than the theoretical minimum with real compressors. Therefore, there is little room 

for improvement.  

 3.7.  Improved stripper flow schemes 

This section presents twelve clear flowsheets and simplified heat and material 

balances for improved stripper flow schemes. 

The cases presented are: 

1. Base case with 5oC approach for MEA - This reduces the sensible heat requirement in 

heating the rich solution to the lean solution by using a larger cross exchanger area. It 

improves on the industrial base case cross exchanger approach of 10oC. 

2. Double matrix stripper for 4m K+/ 4m PZ - This constitutes the best K2CO3/PZ solvent.  

This solvent possesses increased capacity advantages over the 5m K+/2.5m PZ that have 

been studied at laboratory and pilot scales (Cullinane 2005; Chen, Rochelle et al. 2006). 

3. Double matrix stripper for MEA/PZ - This is a proposed promoted MEA case with 

superior CO2 reaction rates than 7m MEA. Limited data has been collected in our 

laboratories and simulation results show over 10% energy savings over the 7m MEA 

system. 
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4. Best vacuum case for 6.4m K+/1.6m PZ (i.e. double matrix)- The effect of using a 

solvent with a low heat of absorption will be quantified with this solvent. Previous work 

suggests that vacuum stripping favors solvents with a low heat of absorption. 

5. Vacuum for MEA/PZ - The effect of running strippers at vacuum for MEA/PZ to 

reduce degradation and corrosion and also reduce capital costs of the stripping column on 

energy requirements will be studied here. 

6. Retrofit concepts to maximize shift of Q to W for 6.4m K+/1.6m PZ e.g.  (double     

matrix with vapor recompression). 

7.   Multipressure vacuum with MEA/PZ. 

8.   Multipressure vacuum with vapor recompression for MEA/PZ. 

9.   Multipressure vacuum with heat recovery for MEA/PZ (scheme1).  

10.  Multipressure vacuum with heat recovery for MEA/PZ (scheme2).  

11.  Multipressure vacuum with heat recovery for MEA/PZ (scheme3).  

12.  Multipressure vacuum with heat recovery for MEA/PZ (scheme  4). 

3.7.1. Description of alternative stripper concepts with heat recovery 
 
3.7.1.1 Double matrix with Vapor Recompression Stripper. In this configuration, the 

overhead stream from each of the two columns in the matrix stripper is compressed and 

the product is then cooled to the condensing temperature of the steam used in the reboiler 

after which the vapor is compressed in four stages with intercooling to the condensing 

temperature of the reboiler steam. The heat contained in the water condensed in the 

intercooling operation supplies part of the reboiler duty. This configuration reduces the 
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reboiler duty but increases the work requirement for the process. This configuration 

maximizes the shift of heat to work and is best with low ∆H solvents such as 6.4m 

K+/1.6m PZ. 

3.7.1.2 Multipressure Vacuum Stripper with Vapor Recompression. In this 

configuration, the overhead stream from the multipressure stripper is compressed and the 

product is then cooled to the condensing temperature of the steam used in the reboiler 

after which the vapor is compressed in four stages with intercooling to the condensing 

temperature of the reboiler steam. The heat contained in the water condensed in the 

intercooling operation supplies part of the reboiler duty. This configuration reduces the 

reboiler duty but increases the work requirement for the process.  

3.7.1.3 Multipressure Vacuum Stripper with Heat Recovery (Scheme 1). In this 

configuration, the overhead stream from the multipressure vacuum stripper is cooled with 

cooling water, compressed and then cooled to the condensing temperature of the steam 

used in the reboiler. The exiting stream is then cooled to 40oC with cooling water  and the 

process is repeated from the compression operation until the final pressure of 10 MPa is 

reached. 

3.7.1.4 Multipressure Vacuum Stripper with Heat Recovery (Scheme 2). In this 

configuration, the overhead stream from the multipressure vacuum stripper is compressed 

and then cooled to the condensing temperature of the steam used in the reboiler. The 

exiting stream is then cooled to 40oC with cooling water and the process is repeated until 

the final pressure of 10 MPa is reached. 
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3.7.1.5 Multipressure Vacuum Stripper with Heat Recovery (Scheme 3). In this 

configuration, the overhead stream from the multipressure vacuum stripper is compressed 

and then cooled to the condensing temperature of the steam used in the reboiler. The 

exiting stream is compressed, cooled to the condensing steam temperature in the reboiler 

and then with cooling water to 40oC and the process is repeated from the second 

compression operation until the final pressure of 10 MPa is reached. 

Detailed flowsheets for the twelve concepts in this section are shown in Figure 3-10 to 

Figure 3-21 and a summary of the results is shown in Table 3-13. 

Table 3-13: Heat and material balance summary for improved stripper flowsheets 

Basis: 1 gmol of CO2 removed 
Case L Rich 

loading 
Lean 

loading 
Q Wcomp to 

10 MPa 
Total Weq 

 kg 
solvent 

mol CO2/mol Alk KJ 

Base case  1.11 0.563 0.442 123 14.1 30.9 
DM – 4m 
K+/4m PZ 

1.57 0.514 0.402 59/49 11.8 26.7 

DM – MEA 
PZ 

1.88 0.545 0.447 51/54 11.6 26.8 

DM – 6.4m 
K+/1.6m PZ 

3.34 0.627 0.532 30/110 12.3 35.5 

DM –MEA/PZ 
(vacuum) 

1.92 0.545 0.447 59/73 19.5 30.5 

DMVR 6.4m 
K+/1.6m PZ 

3.34 0.627 0.532 27/58* 23.2 36.2 

MPV - 
MEA/PZ 

1.61 0.545 0.447 118 23.6 32.2 

MPVVR- 
MEA/PZ 

1.61 0.545 0.447 35*/83** 26.9 32.9 

MPVHR1 – 
MEA/PZ 

1.61 0.545 0.447 9*/109** 22.9 30.8 

MPVHR2 – 
MEA/PZ 

1.61 0.545 0.447 23*/95** 24.7 31.6 
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MPVHR3 – 
MEA/PZ 

1.61 0.545 0.447 32*/86** 26.3 32.6 

MPVHR4 – 
MEA/PZ 

1.61 0.545 0.447 18*/100** 24.2 31.5 

DM- double matrix, DMVR- double matrix vapor recompression 
MPV – multipressure vacuum, MPVVR – multipressure with vapor recompression 
MPVHR -  multipressure vacuum with heat recovery, * Heat supplied by vapor 
recompression / heat recovery, **Net heat required by stripper 
 
 

The results show that only the double matrix with 4m K+/4m PZ and the double 

matrix with MEA/PZ provide significantly less equivalent work compared to base case. 

The savings with these two configurations is about 10%. The other stripper 

configurations can only recover a small percentage of the heat in the overhead stream. 

Since these configurations have a greater compression work requirement the overall 

effect is that the total equivalent work increases by about 3% over the base case 

configuration.
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Figure 3-10: Base case Stripper for 7m MEA (Liquid = 1.11 kg solvent, Rich ldg = 0.563 mol CO2/mol Alk, Lean ldg = 
0.442 mol CO2/mol Alk, ∆T = 5oC)  
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Figure 3-11:Double Matrix (295/160) Stripper for 4m K+/4m PZ (Liquid rate = 1.57 kg solvent, Rich ldg = 0.514 mol 
CO2/mol Alk, Lean ldg = 0.402 mol CO2/mol Alk, ∆T = 5oC)  
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Figure 3-12:Double Matrix (295/160) Stripper for MEA/PZ (Liquid rate = 1.88 kg solvent, Rich ldg = 0.545 mol 
CO2/mol Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 5oC)  
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Figure 3-13: Double Matrix (250/160) Stripper for 6.4m K+/1.6m PZ (Liquid rate = 3.34 kg solvent, Rich ldg = 0.627 
mol CO2/mol Alk, Lean ldg = 0.532 mol CO2/mol Alk, ∆T = 5oC)  
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Figure 3-14: Double Matrix (45/30) Stripper for MEA/PZ (Liquid rate = 1.92  kg solvent, Rich ldg = 0.545 mol CO2/mol 
Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 5oC)  
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Figure 3-15: Double Matrix (250/160) with Vapor Recompression Stripper for 6.4m K+/1.6m PZ (Liquid rate = 3.34 kg 
solvent, Rich ldg = 0.627 mol CO2/mol Alk, Lean ldg = 0.532 mol CO2/mol Alk, ∆T = 5oC)  
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Figure 3-16: Multipressure vacuum (47/30) with Vapor Recompression Stripper for MEA/PZ (Liquid rate = 1.61 kg 
solvent, Rich ldg = 0.545 mol CO2/mol Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 5oC) 
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Figure 3-17: Multipressure vacuum (47/30) with Vapor Recompression Stripper for MEA/PZ (Liquid rate = 1.61 kg 
solvent, Rich ldg = 0.545 mol CO2/mol Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 5oC) 
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Figure 3-18: Multipressure vacuum (47/30) with Heat Recovery Stripper (Scheme 1) for MEA/PZ (Liquid rate = 1.61 
kg solvent, Rich ldg = 0.545 mol CO2/mol Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 5oC) 
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Figure 3-19: Multipressure vacuum (47/30) with Heat Recovery Stripper (Scheme 2) for MEA/PZ (Liquid rate = 1.61 
kg solvent, Rich ldg = 0.545 mol CO2/mol Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 5oC) 
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Figure 3-20:Multipressure vacuum (47/30) with Heat Recovery Stripper (Scheme 3) for MEA/PZ (Liquid rate = 1.61 kg 
solvent, Rich ldg = 0.545 mol CO2/mol Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 5oC) 
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Figure 3-21: Multipressure vacuum (47/30) with Heat Recovery Stripper (Scheme 4) for MEA/PZ (Liquid rate = 1.61 
kg solvent, Rich ldg = 0.545 mol CO2/mol Alk, Lean ldg = 0.447 mol CO2/mol Alk, ∆T = 5oC) 
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3.8. Conclusions 

 

1. Operating the cross exchanger at a 5oC approach instead of a 10oC approach can 

reduce the equivalent work of the baseline configuration by 12%. 

2.  Stripping at 30 kPa is more attractive for 6.4m K+/1.6m PZ than stripping at 

160 kPa. Stripping at normal pressure (160 kPa) favors solvents with high heats 

of desorption. This is because solvents with a high heat of desorption take 

advantage of the temperature swing.  

3. MEA/PZ and MDEA/PZ are alternatives to 7m MEA that can reduce total 

equivalent work by at least 10% for all configurations and operating conditions 

studied.  

4. The performance of the alternative configurations is matrix > internal exchange 

> multipressure with split feed > flashing feed. The matrix, internal exchange, 

multipressure with split feed and flashing feed offer 15%, 13%, 13% and 11% 

energy savings over the improved baseline with stripping and compression to 

10 MPa.  

5. At a fixed capacity, solvents with high heats of absorption require less energy 

for stripping. 5m K+/2.5m PZ offers 18% over 6.4m K+/1.6m PZ at 160 kPa 

with a 5oC approach and savings of 3% and 4% with the matrix and internal 

exchange configurations at stripper conditions. The savings experienced with 

5m K+/2.5m PZ  at 160 kPa  is because of the temperature swing desorption. At 
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vacuum conditions this effect disappears and the performance of the solvents 

are equal.  

6. Less energy is required with high capacity solvents with equivalent heat of 

absorption. 5m K+/2.5m PZ and MDEA/PZ have similar heats of absorption. 

MDEA/PZ has about twice the capacity for CO2 as 5m K+/2.5m PZ.  MDEA/PZ 

provides 30% and  19% energy savings over 5m K+/2.5m PZ with the matrix 

and internal exchange configurations with the reboiler operating at 160 kPa and 

17% and 12% savings with these configurations at 30 kPa. 

7. The typical predicted energy requirement for stripping and compression to 10 

MPa  (30 kJ/gmol CO2) is about 20% of the power output from a 500 MW 

power plant with 90% CO2 removal. This does not include power for pumping, 

the flue gas fan and other auxiliaries. 

8. The best solvent and process configuration in this study, matrix (295/160) using 

MDEA/PZ, offers 22% energy savings over the baseline and 15% savings over 

the improved baseline with stripping and compression to 10 MPa. 

9. The best solvent and process configuration requires 26 kJ/gmol CO2 compared 

to 24.1 kJ/gmol CO2 for isothermal separation and real compression to 10 MPa. 

This means that there is little room for improvement. MDEA/PZ with the 

matrix configuration is 67% efficient when compared with the minimum 

thermodynamic work requirement of 18.1 kJ/gmol CO2. 
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Chapter 4 : Rate Modeling of CO2 desorption from K2CO3/PZ 
 

 

 

 

This chapter describes the rate model for CO2 desorption from 5m K+/2.5m PZ 

and presents results from the model with a temperature approach of 5 and 10oC on the hot 

side of the cross exchanger. The stripper is equipped with IMTP #40 random packing. 

The effect of stripper diameter and effective volume of packing (volume of packing 

divided by liquid rate) on energy requirement was investigated. The mass transfer 

phenomenon in 30 kPa and 160 kPa strippers is also investigated.  

4.1. Rate Modeling of Strippers 

Absorption / stripping with aqueous amines is an important technological option 

for CO2 capture from combustion gas.  Quantitative models based on our understanding 

of the vapor-liquid equilibrium and mass transfer rates can provide optimal design of 

economic processes. In aqueous absorption/stripping (Figure 4-1) CO2 is absorbed into 

the solvent in a countercurrent contactor. The rich solution leaving the absorber is cross-

exchanged with the lean solution from the stripper. CO2 desorption occurs in the stripper. 
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Figure 4-1: Typical absorber / stripper configuration for 5m K+/ 2.5m PZ (τ = 461 s-1, 30% flood, rich ldg = 0.56 mol 
CO2/mol Alk, lean ldg = 0.467 mol CO2/ mol Alk, ∆T = 5oC)
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Stripping occurs in three regions (Figure 4-2): (a) at the stripper inlet where 

flashing can occur if the sum of the equilibrium partial pressures of CO2 and water is 

greater than the operating pressure of the stripper, (b) within a section of trays or packing 

due to normal mass transfer and (c) in the reboiler under boiling conditions. 

Figure 4-2: Mass transfer regions in Stripper 
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Optimal stripper design is critical because the stripping energy requirement 

accounts for 80% of the operating cost of an absorption/stripping system. Modeling will 

provide a detailed understanding of the stripper operation and mass transfer with 

chemical reaction at stripper conditions.  

Table 1-1 summarizes previous studies that involve stripper modeling for both gas 

purification and CO2 capture. A number of studies include absorption/stripping (Suenson, 

Georgakis et al. 1985; Escobillana, Saez et al. 1991; Alatiqi, Sabri et al. 1994; Desideri 

and Paolucci 1999; Freguia and Rochelle 2003; Aroonwilas 2004; Alie, Backham et al. 

2005; Jassim and Rochelle 2006), others include only the stripper (Tobiesen, Svendsen et 

al. 2005). There are three approaches used in addressing mass transfer in strippers - the 

equilibrium approach such as that employed in Chapters 2 and 3, mass transfer with 

equilibrium reaction, (Weiland, Rawal et al. 1982; Freguia and Rochelle 2003; Tobiesen, 

Svendsen et al. 2005; Tobiesen and Svendsen 2006) and mass transfer with reaction in 

the liquid boundary layer and diffusion of reactants and products as used in this work.  

At a high approach to flood for which most stripping columns are designed, 

operating under vacuum results in high pressure drop and increased reboiler duty and 

equivalent work. Modeling of stripping systems will provide insight into the stripping 

phenomenon and result in optimal designs.  

4.2. Modeling Approaches 

There are two main approaches to modeling strippers: the equilibrium and rate-

based approaches. The rate-based approach is used in this chapter. 
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4.2.1 Equilibrium Modeling. In this approach, the stripping column is divided into a 

user-defined number of segments (section of packing) assumed to be well mixed in the 

liquid and vapor phases as in the Chapters 2 and 3. The reboiler is assumed to be an 

equilibrium segment. Murphree efficiencies are assigned to CO2, water and temperature 

to account for the departure from equilibrium. This approach is useful in carrying out 

quick evaluations of process concepts but does not allow for quantitative predictions of 

Murphree efficiencies and packing height. Only the material, equilibrium, summation and 

enthalpy (MESH) equations are solved using this approach.  

4.2.2 Rate-based (non-equilibrium) modeling. In this approach, the rate of desorption 

is finite. In addition to the conventional MESH equations, the mass and heat transfer rate 

equations are solved. Since these equations require physical properties, reaction rate 

parameters and contactor specific information, this approach better describes a real 

process. Vacuum stripping could be attractive for low heat of desorption solvents such as 

5m K+/2.5m PZ. Since vacuum strippers suffer a greater pressure drop penalty, designing 

a larger diameter column while maintaining the same volume of packing will reduce the 

height of the stripper and as such reduce pressure drop and energy requirements. Rate-

based modeling helps in optimum contactor (trays, random or structured packing) 

selection. It provides insight into the fundamental mechanisms of mass transfer and could 

help predict the operation of a constant diameter column as well as aid in the design of 

columns with variable diameter at constant percent flood. 
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4.2.2.1 Mass Transfer with equilibrium reaction. This approach assumes that the 

reaction film is very close to the gas-liquid interface. The mass transfer process can be 

described in terms of diffusion alone with no consideration of the kinetics of the 

reactions. This approach has been used by some authors (Weiland, Rawal et al. 1982; 

Escobillana, Saez et al. 1991; Desideri and Paolucci 1999; Freguia 2002; Freguia and 

Rochelle 2003; Alie, Backham et al. 2004; Aroonwilas 2004; Tobiesen and Svendsen 

2004; Tobiesen, Svendsen et al. 2005; Jassim and Rochelle 2006; Tobiesen, Mejdell et al. 

2006; Tobiesen and Svendsen 2006). 

4.2.2.2 Mass Transfer with reaction in the liquid boundary layer and diffusion of 

reactants and products.  This rigorous approach is the method used in this chapter. It 

assumes that the CO2 diffuses from the bulk liquid through the liquid film to the reaction 

film, where it reacts with the amine, and subsequently diffuses through the gas film into 

the bulk gas. The reaction film is close to the gas-liquid interface. It is postulated that 

CO2 absorption/desorption in amines, potassium carbonate and PZ/K2CO3 follow this 

mechanism.  

4.3. Rate Model Development 

A stripper model for aqueous solutions of 5m K+/ 2.5m PZ was developed in 

Aspen Custom Modeler. This model divides the stripper into a “flash” region at the top 

with a height equal to that of a normal mass transfer segment (this was done to quantify 

the effect of the flash in terms of segment performance), ten segments, and an 
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equilibrium reboiler. The main equations solved in the model are shown in Table 4-1. 

Detailed equations in the rate model are presented in Appendix C. 

Table 4-1: Main equations used in the rate-based model. 

Material balance over a segment 
lij-1   +  (Vij+1  * yi,j+1)    =  lij  +  (Vij *  yij)   
 
Negligible vaporization of amine 
lij-1 = lij   i = amine, j = segment 
 
Equilibrium expressions 

CO2: ( ) 















+






+








+++=

T
f

T
E

T
D

T
CBAPCO

γγγγ 22

2

2 exp*  

H2O: 1000/lnexp*2 













 +++= E

OH TDTC
T
BAactP  

Activity of water 
act = act1  +  (act2 *g)  +  (act3/T) 
The activity coefficients were obtained by regressing points obtained from Hillard 
(Hilliard 2005) 
With act1, act2 and act3 given by 0.978, -0.05 and, -31.56 respectively. 
 
Summation Equation 

∑=
i

ijy0.1     where i = component and j = segment 

 
Enthalpy Equations (Energy balance) 
 
Vj+[yh2o,j+1*(Hvap + (CpH2O,j+1  * Tj+1 – Tref))] + yco2,j+1 * ((∆Hj+1/1000) + (Cpco2,j+1* (Tj+1 – 
Tref))) + (Lj-1*CpL,j-1 * (Tj-1 – Tref)) + Qj + Qcomp,j = Vj+[yh2o,j*(Hvap + (CpH2O,j  * Tj – Tref))] 
+ yco2,j * ((∆Hj/1000) + (Cpco2,j* (Tj – Tref))) + (Lj*CpL,j * (Tj – Tref)) 
 
Total pressure on a segment  
PCO2,i  +  PH2O,i  = PT 
PCO2  +  PH2O  = PT 
Note that the bubble point relationship is not satisfied: 

PCO2*  +  PH2O*  ≠  PT 
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CO2 flux based on the liquid phase  
NCO2 = kg’ * 1000 *  (PCO2*  -  PCO2,i) 
 
CO2 flux expression in the gas phase 

( ) ( )
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The compressor work was calculated in Aspen Plus using a 75% adiabatic efficiency for 
the compressor. 
 

An empirical expression with six adjustable constants (Table 3-1) was used to represent 

the vapor-liquid equilibrium (VLE) and heat of desorption for 5m K+/2.5m PZ. Strippers 

with reboiler pressures of 30 kPa and 160 kPa were modeled. The rich and lean loadings 

and cross exchanger temperature approach were fixed. The mass transfer coefficients, 

loadings and temperature on each segment, reboiler duty, and equivalent work consumed 

by the process are calculated.  

4.3.1 Modeling Assumptions. 

(i) The sections are well mixed in the liquid and vapor phases. 

(ii) The reaction takes place in the liquid phase. 

               (iii)      The reboiler is in vapor/liquid equilibrium. 

               (iv)        There is negligible vaporization of the amine. 

The model accounts for mass transfer resistances in the gas and liquid phases and 

the simultaneous and unequal flux of CO2 and water across the interface.   
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4.3.2 Thermodynamics. 

The CO2 vapor pressure (kPa) under stripper conditions and heat of desorption (∆H) are 

represented by the empirical expressions: 

                        
T

f
T

e
T

d
T
cba[kPa]*Pln 22

2

CO2
γγγγ +++++=        (4-1) 

                                  γγγ f
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∂

∂
=−       (4-2) 

The empirical constants, a through f, are given in Table 3-1.  

 
4.3.3 Mass Transfer Calculations. 

The flux of CO2, NCO2, from the bulk liquid to the bulk gas is given by the expression 

                                 NCO2 = KG (PCO2* - PCO2)                                           (4-3) 

The overall mass transfer coefficient, KG, can be expressed as a sum of series resistances 

comprised of gas phase, (1/kg), and liquid phase, (1/kg’), components. 

                            
'k

1
k
1

K
1

ggG

+=                                                             (4-4) 

Desorption is gas film controlled if kg controls the desorption rate and is liquid film 

controlled if kinetics and diffusion of reactants and products control the desorption rate. 

The mass transfer model used was that developed by Bishnoi (Bishnoi 2000) for 

PZ/MDEA solutions and modified for PZ/K2CO3 solutions by Cullinane (Cullinane 

2005). The model is a rigorous rate model based on eddy diffusivity theory (King 1966). 

It integrates a series of differential equations for the thermodynamics in the bulk liquid 

using the Electrolyte Non-Random Two Liquid (E-NRTL) (Chen, Britt et al. 1982; Chen 

1379



  107

and Evans 1986; Mock, Evans et al. 1986), diffusion across the liquid film, and reaction 

in the boundary layer, and calculates the liquid-phase mass transfer coefficient with a 

partial pressure driving force, kg’. Points generated from running the model developed by 

Cullinane (Cullinane 2005) were regressed and fit to the expression in Table 4-2.  

 

Table 4-2: kg’ expression for 5m K+/ 2.5m PZ 
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A= -46.6868                                G=  -3182533 

B=  -11.5447                               H= -6.06135 

C=  8197.802                               I=  -87538.9 

D=  10050.46                               J=  -2E-7 

E=  0.012346                               K=  26254990 

F=  69294.95 
 

The liquid-phase mass transfer coefficient with a partial pressure driving force, kg’, can 

be separated into contributions from kinetics (1/kg’’) and diffusion of reactants and 

products (m/kl,prod)  given by: 

               
prodl,gg k
m

''k
1

'k
1

+=                                        (4-5) 

where m is the slope of the equilibrium line obtained from Cullinane (Cullinane 2005). 
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The kinetic resistance is given by: 

                                   
''kmk

k
''k
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gprodl,
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g

g

+
=                                 (4-6) 

The resistance due to the diffusion of reactants and products is: 
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+
=                                     (4-7) 

The contribution of the kinetic and diffusion components to the liquid phase mass 

transfer was determined by a sensitivity analysis on kl. This was done by setting up two 

equations for kg’. The first equation (4.8) had the kl at the point being considered and the 

second (4.9) had its kl equal to 1.03 times kl in (4.8). For each kl value, kg’ can be 

calculated. 
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+=                     (4-9) 

Solving (4-8) and (4-9) simultaneously gives values for kg’’ and m.  

The gas, kinetic and diffusion of reactants and products resistances can be calculated 

from (4-10) to (4-12). 
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100
k

m K
 (%)resistancediffusion 
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If the reaction occurs very fast the approximate expression for KG for mass transfer with 

equilibrium reaction given by: 

                                    
prodl,gG k

m
k
1

K
1

+=                                                                      (4-13) 

The hydraulic parameters (kg, kl, aw) for the IMTP #40 packing were obtained from Onda 

(Onda, Takeuchi et al. 1968) and Wilson (Wilson 2004). The characteristics of this 

packing are shown in Table 4-3. 

 

Table 4-3: Characteristics of IMTP #40 random packing 

Property Value 
Total dry packing area 145 m2/m3 

Packing factor 24 m-1 
Packing diameter 0.04 m 

Critical surface tension 0.075 m-1 
 
The mass transfer coefficient in the gas and liquid phases used in the model was obtained 

by: 

kg = kg aw  (Onda, Takeuchi et al. 1968) / aw (Wilson 2004)                  (4-14) 

kl = kl aw (Onda, Takeuchi et al. 1968) / aw (Wilson 2004)                                          (4-15) 

The Onda expressions for the hydraulic parameters are: 
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 Wilson (Wilson 2004) measured the effective area, aw, on a wide variety of packings and  

correlations were developed for the packings studied.  

The correlation for the wetted area of IMTP #40 based on Wilson (Wilson 2004) data is: 

148.0
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1000
)73.4(exp 
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The pressure drop in the column is calculated by: 

∆P = f2  ∆Pflood    hseg                      (4-20) 

The pressure drop at flood ∆Pflood was set at 1.63 kPa/m. 

The model inputs were the liquid rate, rich and lean loading, the temperature 

approach in the cross exchanger (difference between the temperature of the rich stripper 

feed and the lean solution leaving the bottom of the stripper), the fractional approach to 

flood (ratio of gas velocity to gas velocity at flood) and reboiler pressure. Initial guesses 

of the segment temperatures, partial pressures, and loadings were provided. The model 

solves the MESH equations, the mass and energy transfer rate equations and calculates 

temperature and composition profiles, reboiler duty, and equivalent work.  

The total energy required by the stripper is given as total equivalent work: 
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 reb
compeq pump

reb

(T 10) 313W W 0.75Q W
(T 10)

 + −
= + + + 

   (4-21) 

Wpump is the work required by the pumps to raise the rich solution to the pressure 

at the stripper feed, overcome the feed point elevation. An efficiency of 65% was 

assumed for the pumps. Wcomp constitutes the isentropic work of compression of the gas 

exiting the top of the stripper to 1000 kPa carried out in five stages with intercooling to 

313K. An adiabatic efficiency of 75% was assumed for the compressor. 

The second term in equation (4-21) accounts for the electricity generation lost by 

extracting steam from a turbine. The condensing temperature of the steam is assumed to 

be 10K higher than the reboiler fluid. The turbine assumes condensing steam at 313K and 

has been assigned an effective efficiency of 75% relative to a Carnot cycle. 

4.4.  Results and Discussion 

Table 4-4 gives the performance (reboiler duty and total equivalent work to 1000 

kPa) for strippers with reboiler pressures of 30 kPa and 160 kPa using 5m K+/2.5m PZ 

with 5oC and 10oC approaches on the hot side of the cross exchanger. The rich loading is 

always 0.56 mol CO2/mol Alk, corresponding to an equilibrium partial pressure (PCO2*) 

of 5 kPa at 40oC , typical of the rich end of the absorber. The lean loading is always 0.467 

mol CO2/ mol Alk giving an equilibrium partial pressure of 0.5 kPa at 40oC and 

corresponds to a 90% change in equilibrium partial pressure of the rich solution. The 

effective packing volume, τ,  is the ratio of the volume of packing to the liquid rate. The 

approach to flood at the bottom of the column is the ratio of the actual superficial gas 

velocity to the superficial gas velocity at flood. 
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Table 4-4: Stripper design orientation – ‘short and fat’ vs ‘tall and skinny’ Column               
(5m K+/2.5m PZ, τ = 461 s, rich ldg = 0.56 mol CO2/mol Alk, lean ldg = 0.467 mol 
CO2/ mol Alk) 

Reboiler 
P 

∆T Flood vL 
(x103) 

H ∆P ∆P/P Τreb – 
Ttop 

Q Wcomp Total 
Weq 

kPa oC % m/s m kPa - oC kJ/gmol CO2 
80 21.2 9.8 10.2 0.34 15.9 192.6 18.1 35.7 30 
30 8.7 4.0 0.6 0.02 11.6 165.3 15.3 30.4 

80 54.9 25.3 26.4 0.16 17.6 153.1 7.7 33.2 160 

 

 

10 30 20.4 9.4 1.4 0.01 15.4 146.3 6.9 30.9 
80 21.8 10.1 10.5 0.35 14.4 187.4 18.1 35.2 30 
30 9.2 4.2 0.6 0.02 8.8 154.9 15.3 29.5 
80 59.4 27.4 28.6 0.18 15.3 137.1 7.6 30.8 160 

 
 
5 

30 22.5 10.4 1.5 0.01 12.5 127.9 6.9 28.1 
 
 

4.4.1 Effect of Approach to Flood and column design orientation. Table 4-4 

shows the effect of varying the approach to flood at the bottom of the stripper with 5m 

K+/2.5m PZ for a constant effective packing volume, τ, of  461 s and  ∆T of 5oC and 

10oC. Since the volume of packing is constant, varying the liquid velocity, vL, or 

approach to flood  (essentially the column cross sectional area) changes the height of 

packing required. At a given approach to flood, the reboiler duty is greater at vacuum 

than at 160 kPa. This is because the volumetric mass transfer coefficients klaw and kgaw 

are reduced at low liquid velocity. The work value of the steam used to drive the reboiler 

is of greater value at the higher pressure than the lower one. The work of compression to 

1000 kPa is less at 160 kPa than at 30 kPa.  

Operating the strippers at 80% flood leads to a “tall and skinny” column and operating at 

30% flood leads to a “short and fat” column. The “tall and skinny” column leads to a 
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greater pressure drop in the column, greater compression work downstream and a larger 

temperature drop across the column. Greater pressure drop means greater loss of 

irreversible work in the column. A larger temperature drop across the column leads to a 

greater sensible heat requirement to heat the stripper feed to the bottoms temperature.  

At 30 kPa, a “short and fat” column (lower approach to flood) offers 15% energy savings 

over a “tall and skinny” column. At 160 kPa, a “short and fat” column (lower approach to 

flood) offers 7% energy savings over a “tall and skinny” column. 

Although the “short and fat” column uses the same volume of packing, its capital cost 

may be greater because it requires a larger diameter.  

4.4.2 Effect of temperature approach in cross exchanger on stripper performance. 

The effect of varying the cross exchanger temperature approach from 10oC to 5oC is also 

shown in Table 4-4. The results show that at 30 kPa, operating the cross exchanger with a 

5oC approach offers 1.4% and 3% energy savings at 80% and 30% approach to flood. 

The pressure and temperature drops across the column are not significantly different. 

At 160 kPa, the energy savings in operating the cross exchanger with a 5oC approach is 

7-9% when compared to a 10oC approach. The increased savings can be attributed to a 

lower temperature drop across the column which results in reduced sensible heat 

requirements.  

4.4.3 Effect of volume of packing. Varying the effective packing volume, τ, gives 

different energy requirements and column design specifications. In simple systems we 

expect the performance to increase with packing volume. In columns with no pressure 
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drop and an infinite packing volume, the minimum work requirement for 90% removal of 

CO2 from a rich loading of 0.56 mol CO2 / mol Alk to a lean loading of 0.467 mol CO2 / 

mol Alk with subsequent compression to 1000 kPa is 29.0 kJ/gmol CO2 and  28.0 

kJ/gmol CO2, respectively at 30 kPa and 160 kPa. 

4.4.3.1 Stripper performance at 30 kPa.  

 
Table 4-5 shows the performance of the 30 kPa stripper and column design 

specifications with varying effective packing volume for 5m K+/2.5m PZ with a 5oC 

approach on the hot side of the cross exchanger. 

   Figure 4-3 shows the relative equivalent work (equivalent work divided by the 

minimum equivalent work) as a function of effective packing volume. when the stripper 

is operated at 30 kPa under different flood conditions. The results include the effect of 

pressure drop. A useful design point for strippers will be to operate at a point with 

somewhat more than the minimum equivalent work.  Figure 4-3 shows an equivalent 

work within 4% of the minimum total equivalent work can be achieved with only 7 m of 

packing at 50% approach to flood.  

With low effective packing volume, the effect of pressure drop is unimportant and 

operation at a higher approach to flood is attractive. The mass transfer coefficients in the 

gas (kg) and liquid (kl) phases are greater at higher flood. At τ = 461 s, the gas phase mass 

transfer coefficient is 3.41x10-8 kmol/Pa-m2-s and 1.96x10-8 kmol/Pa-m2-s at 80% and 

30% approach to flood, respectively. The liquid phase mass transfer coefficient is 
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3.33x10-4 m/s and 2.26 x10-4 m/s at 80% and 30% approach to flood, respectively. The 

increased rates of mass transfer reduce the reboiler duty and equivalent work.  

 

Table 4-5: 30 kPa stripper performance and design specification with varying                 
effective packing volume (5m K+/2.5m PZ, rich ldg = 0.56 mol CO2/mol Alk, lean ldg 
= 0.467 mol CO2/ mol Alk, ∆T = 5oC, Preb = 30 kPa, Pfinal = 1000 kPa) 

 Flood τ vL 
(x103) 

H ∆P 
P
P∆  Τbottom 

– Ttop 
Q Total 

Weq 
% s m/s m kPa - oC kJ/gmol CO2 
80 921 19.3 17.8 18.5 0.62 23.2 229.0 43.4 
 461 21.8 10.1 10.5 0.35 14.4 187.4 35.2 
 230 22.6 5.2 5.4 0.18 10.5 174.9 32.1 
 115 20.9 2.4 2.5 0.08 6.8 191.3 32.9 
 58 17.8 1.0 1.1 0.04 3.5 237.4 36.3 
         

50 921 15.1 13.9 5.7 0.19 11.7 164.5 31.4 
 461 15.1 7.0 2.8 0.09 9.9 160.1 30.4 
 230 14.6 3.4 1.4 0.05 8.2 164.7 30.3 
 115 12.8 1.5 0.6 0.02 5.1 194.7 32.8 
 58 10.8 0.6 0.3 0.01 2.6 247.0 37.0 
         

30 921 9.5 8.7 1.3 0.04 9.7 152.3 29.4 

 461 9.2 4.2 0.6 0.02 8.8 154.9 29.5 
 230 8.7 2.0 0.3 0.01 7.3 166.1 30.2 
 115 7.4 0.9 0.1 0.00 4.2 204.9 33.4 
 58 6.3 0.4 0.1 0.00 2.1 258.7 37.4 

 
 

At high effective packing volume, the effect of pressure drop on column 

performance is important. A higher approach to flood leads to increased pressure drop. 

The loss of work due to increased pressure drop leads to higher reboiler duties and 

equivalent work.      
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Figure 4-3: Performance of 30 kPa Stripper (rich ldg = 0.56 mol CO2/mol Alk, lean 
ldg = 0.467 mol CO2/mol Alk, ∆T = 5oC,Weq,min = 29.0 kJ/gmol CO2), accounting for 
pressure drop 
 

At a fixed approach to flood, a high effective volume of packing leads to a tall 

column with a significant pressure drop across the stripper. An optimum effective 

packing volume is apparent at τ = 230 s. An optimum operating point for the 30 kPa 
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stripper could be at τ = 230 s and 50% approach to flood. This may be a compromise 

between the competing effects of mass transfer rates and pressure drop considerations. 

 4.4.3.2 Stripper performance at 160 kPa. . Table 4-6 shows the performance of the 

160 kPa stripper and column design specifications with varying effective packing 

volumes for 5m K+/2.5m PZ with a 5oC approach on the hot side of the cross exchanger. 

 Figure 4-4 shows the relative equivalent work as a function of effective packing 

volume. An equivalent work within 4% of the minimum total equivalent work can be 

achieved with only 6.5 m of packing at 80% approach to flood.  

With low effective packing volume, the effect of pressure drop is unimportant and 

operation at a higher approach to flood is attractive. The mass transfer coefficients in the 

gas (kg) and liquid (kl) phases are greater at higher flood. At τ = 461 s, the gas phase mass 

transfer coefficient is 6.89x10-9 kmol/Pa-m2-s and 3.78x10-9 kmol/Pa-m2-s at 80% and 

30% approach the flood respectively. The liquid phase mass transfer coefficient is 

9.34x10-4 m/s and 5.94x10-4 m/s at 80% and 30% approach to flood respectively. The 

increased mass transfer coefficients lead to enhanced mass transfer rates at higher 

packing volumes, the effect of pressure drop on column performance is important. A 

higher approach to flood leads to increased pressure drop. The loss of work due to 

approach to flood reduced the reboiler duty and equivalent work.  

At high effective packing volumes, increased pressure drop leads to higher 

reboiler duties and equivalent work. For τ = 230 s, 461 s, and 921 s, the optimum 

operating condition appears to be at a low approach to flood. At τ = 115 s, the optimum 
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operating condition is about 50% flood with a total equivalent work of 28.7 kJ/gmol CO2 

while at lower τ values, higher than 50% flood is required to minimize total equivalent 

work. An economic analysis is required to determine the optimum design specification 

that will minimize overall costs. 

Table 4-6: 160 kPa stripper performance and design specification with                 
varying effective packing volume (5m K+/2.5m PZ, rich ldg = 0.56 mol CO2/mol Alk, 
lean ldg = 0.467 mol CO2/ mol Alk,  ∆T = 5oC, Preb = 160 kPa, Pfinal = 1000 kPa)  

Flood τ vL 
(x103) 

H ∆P 
P
P∆  Τbottom 

– Ttop 
Q Total 

Weq 
% s m/s m kPa - oC kJ/gmol CO2 
80 921 57.1 52.6 54.9 0.34 18.9 150.7 35.1 
 461 59.4 27.4 28.6 0.18 15.3 137.1 30.8 
 230 58.7 13.5 14.1 0.09 13.5 132.9 29.2 
 115 56.0 6.5 6.7 0.04 12.1 133.2 29.0 
 58 52.1 3.0 3.1 0.02 10.9 136.3 29.2 
         

50 921 38.7 35.7 14.5 0.09 14.2 129.9 29.4 
 461 38.0 17.5 7.1 0.04 13.2 128.8 28.7 
 230 36.4 8.4 3.4 0.02 12.3 130.0 28.4 
 115 34.0 3.9 1.6 0.01 11.3 133.2 28.7 
 58 31.3 1.8 0.7 0.01 10.2 137.7 29.4 
         

30 921 23.3 21.5 3.2 0.02 13.1 126.9 28.2 

 461 22.5 10.4 1.5 0.01 12.5 127.9 28.1 
 230 21.2 4.9 0.7 0.00 11.7 130.7 28.4 
 115 19.6 2.3 0.3 0.00 10.7 134.9 28.9 
 58 18.0 1.0 0.2 0.00 9.7 140.0 29.7 
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Figure 4-4: Performance of 160 kPa Stripper (rich ldg = 0.56 mol CO2/mol Alk, lean 
ldg = 0.467 mol CO2/mol Alk, ∆T = 5oC, Weq,min = 28.0 kJ/gmol CO2), accounting for 
pressure drop 

 

4.4.4 Relative contributions to total equivalent work for stripping and compression 

to 10 MPa. The contributions to the total equivalent work, the reboiler work, pump work, 

and compression work to 10 MPa (a typical pressure for CO2 sequestration) for 5m 
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K+/2.5m PZ at 80% approach to flood for the 30 kPa and 160 kPa strippers are shown in 

Table 4-7. The typical predicted energy requirement is about 37 kJ/gmol CO2 which is  

25% of the net power output of a 500 MW power plant with 90% CO2 removal. The 

relative contribution to equivalent work for the 30 kPa stripper is 37% reboiler work, 3% 

pump work and 60% compression work. The relative contribution to total equivalent 

work for the 160 kPa stripper is 56% reboiler work, 5% pump work and 39% 

compression work. The pump work is not as significant as the reboiler and compression 

work components.  

 

Table 4-7: Relative contributions to total equivalent work for CO2 sequestration at 
10 MPa (5m K+/2.5m PZ, τ = 461 s, 80% approach to flood, ∆T = 5oC, rich ldg = 
0.56 mol CO2/mol Alk, lean ldg = 0.467 mol CO2/ mol Alk) 

Reboiler 
Pressure 

Wreboiler Wpump Wcomp Total Weq 
to 10 MPa 

kPa kJ/gmol CO2 
30 15.8 1.4 25.3 42.5 
160 21.2 1.9 14.9 38.0 

 

4.4.5 Mass Transfer Mechanisms. The liquid phase mass transfer coefficient based on 

the gas phase driving force expressed in mole fraction units, ky’, and the overall mass 

transfer coefficient, Ky, expressed in mole fraction units are shown in Table 4-8 and 

defined as: 

ky’ = kg’ PT                            (4-22)  

Ky = KG PT                                                  (4-23)  
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where PT is the total pressure of the segment. 

In the 30 kPa stripper, ky’, increases from 1.5 x 10-5 kmol/m2-s at the rich end to 

3.7 x 10-5 kmol/m2-s at the lean end. At 160 kPa, Ky at the rich and lean ends of the 

stripper was 22.8 x 10-5 kmol/m2-s and 37.7 x 10-5 kmol/m2-s respectively. The increase 

in  Ky  from the rich to the lean end is due to the presence of more free amine in the liquid 

available for reaction. It also reflects a change in the slope of the equilibrium relationship. 

 

Table 4-8: Mass transfer mechanisms in stripper (5m K+/2.5m PZ, rich ldg = 0.56 
mol CO2/mol Alk, lean ldg = 0.467 mol CO2/ mol Alk, τ = 461 s, 80% flood, ∆T = 
5oC) 

Mole fraction units 

(x 105) kmol/m2-s 

P = 30 kPa P = 160 kPa 

 Rich End Lean End Rich End Lean End 

ky’ 1.5 3.7 22.8 37.7 

Ky 1.5 3.5 19.8 28.0 
Gas resistance (%) 2 3 14 26 
Kinetic resistance 

(%) 
88 71 3 - 

Diffusion 
resistance (%) 

10 25 84 74 

 

 The mass transfer process in the stripper can be separated into its component 

mechanisms. The gas resistance is negligible accounting for about 2% and 4% at the rich 

and lean ends of the vacuum stripper. The gas resistance is 14% at the rich end and 26% 

at the lean end of the stripper at 160 kPa. 
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 For the vacuum stripper, the kinetic resistance accounts for 88% (at the rich end) and 

71% (at the lean end) of the total resistance. This shows the importance of kinetics at 

lower temperature in a vacuum stripper.  The resistance associated with diffusion of 

reactants and products dominates the stripper operation at 160 kPa.  There are still 

appreciable contributions by the gas phase resistance. Most studies on stripping 

operations have assumed the stripping operation (typically at 160 kPa) to be controlled by 

diffusion of reactants and products with the influence of kinetics usually neglected. This 

work shows that the stripping operation mass transfer mechanism is kinetic controlled at 

vacuum conditions and mostly diffusion controlled at 160 kPa.  Diffusion resistance 

controls the stripping operation at 160 kPa because of the increased reaction rates at high 

temperature.  

 4.4.6 Insight into Stripper Operation. Figure 4-5 shows the McCabe-Thiele plot for 

the 30 kPa stripper with τ = 461 s at 50% flood. At the stripper feed inlet, flashing of the 

rich solution is accompanied by a drop of 5oC. There is some degree of pinching 

occurring at the rich end but going from the rich end (top of column) to the lean end 

(bottom of column), there is a well-defined driving force. The bulk of the stripping is 

observed in the reboiler. The partial pressure of CO2 in the gas phase increases in the first 

three segments from the rich end because of the constraint that the total pressure on a 

segment is the sum of the partial pressures of CO2 and H2O. In order to satisfy the 

constraint, there is movement of water from the liquid phase to the vapor.  The reboiler 
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duty is 160.1 kJ/gmol CO2 while the total equivalent work to 1000 kPa is 30.4 kJ/gmol 

CO2. 
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Figure 4-5: McCabe-Thiele Plot for 30 kPa Stripper (τ = 461 s, 50% flood, rich ldg                 
= 0.56 mol CO2/mol Alk, lean ldg = 0.467 mol CO2/mol Alk, ∆T = 5oC)  
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Figure 4-6 shows the McCabe-Thiele plot for the 160 kPa stripper with τ = 461 s 

at 50% flood. The rich solution flashes to a greater extent than in the vacuum stripper 

with 8oC drop at the inlet. This is because the equilibrium partial pressure of CO2 

increases with increasing temperature. The stripping operation is seen to occur mostly 

due to flashing and in the reboiler.  The reboiler duty is 128.8 kJ/gmol CO2 and the total 

equivalent work to 1000 kPa is 28.7 kJ/gmol CO2. 
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Figure 4-6: McCabe-Thiele Plot for 160 kPa Stripper (τ = 461 s, 50% flood, rich ldg                 
= 0.56 mol CO2/mol Alk, lean ldg = 0.467 mol CO2/mol Alk, ∆T = 5oC)  
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4.4.7. Comparison of equilibrium and rate model results.  

The equilibrium and rate model results for 5m K+/2.5m PZ are compared in  

 

Table 4-9. The table includes results from the equilibrium model without the 

activity of water included in the partial pressure of water in the gas calculation, the 

equilibrium model with the activity of water included in the calculation of the partial 

pressure of water, the rate model with the pressure drop neglected and the rate model 

with the influence of pressure drop considered. The results show that the equilibrium 

model without the activity of water correction gives a reboiler duty of 131 kJ/gmol CO2 

while that with the activity of water correction gives a reboiler duty of 126.8 kJ/gmol 

CO2 (a 3% deviation). A 3oC deviation in temperatures is also observed.  

The rate model with pressure drop neglected gives a reboiler duty of 130.4 

kJ/gmol CO2, which is comparable to that from the equilibrium calculation. When the 

influence of pressure drop is considered, the reboiler duty is 133.2 kJ/gmol CO2. The 

equivalent work for the different simulations is also presented. The equivalent work with 

the two equilibrium simulations is approximately equal at 33.7 kJ/gmol CO2. The rate 

simulations have slightly higher values. The equivalent work with the rate model and no 

pressure drop is 35.6 kJ/gmol CO2 while that with pressure drop is 36.2 kJ/gmol CO2. 

The increased equivalent work with the latter due to the pressure drop and slightly greater 

temperature drop across the column. 
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Table 4-9: Comparison of equilibrium and rate model results for 5m K+/2.5m PZ 
(rich loading =0.56 mol CO2/mol Alk, lean loading =0.467 mol CO2/mol Alk, ∆T = 
5oC,Preb=160 kPa, Pfinal =10MPa) 

Property Equilibrium 
Model 1 

Equilibrium 
Model 2 

Rate Model 1 Rate Model 2 

Activity of 
water included 

in PH2O 
calculation 

NO YES YES YES 

Flood (%) - - 80 80 

Height (m) - - 6.5 6.5 

∆P (kPa) - - - 6.7 

∆P/P - - - 0.04 

Q 
(kJ/gmol CO2) 

131 126.8 130.4 133.2 

Total Weq 
(kJ/gmol CO2) 

33.7 33.7 35.6 36.2 

Treb (oC) 108.2 111.6 111.4 111.4 

∆T (oC) 12.6 12.9 11.7 12.2 

 

4.5. Conclusions 

1. A ‘short and fat’ column requires 7 to 15% less equivalent work than a ‘tall and 

skinny’ one because it has a lower pressure drop and less temperature change. 

This is especially evident in the vacuum stripper. 

2. The optimum stripper design could be one that operates between 50% and 80% 

flood at the bottom. This optimal design will have to be determined by an 

economic analysis of the attractive options. 
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3. The vacuum stripper requires 230 s of effective packing volume to get an 

equivalent work 4% greater than the minimum work. This is a packing height of 7 

meters with 50% flood. Because kinetics do not limit stripping at 160 kPa, only 

115 s is required to get within 4% of the equivalent work giving a packing height 

of 6.5m.  

4. The stripping operation is liquid phase controlled. Kinetics is the dominant 

mechanism for mass transfer in the vacuum stripper while diffusion of reactants 

and products is the controlling mechanism at 160 kPa. 

5. The typical predicted energy requirement for stripping and compression to 10 

MPa to achieve 90% removal from 5m K+/2.5m PZ with a rich loading of 0.56 

mol CO2/ mol Alk is about 37 kJ/gmol CO2. This is about 25% of the net power 

output of a typical power plant with 90% CO2 removal. This includes pumping 

power but not the flue gas fan and other auxiliaries. This is 3.3 kJ/gmol CO2 

greater than the corresponding equilibrium work prediction. The total equivalent 

work for the rate prediction is 10% more than the equilibrium prediction. 

6. At 30 kPa, operating the cross exchanger with a 5oC approach rather than 10oC 

offers 1.4% and 3% energy savings at 80% and 30% approach to flood. The 

pressure and temperature drops across the column are not significantly different. 

7. At 160 kPa, the energy savings in operating the cross exchanger with a 5oC 

approach is 7-9% compared to a 10oC approach. The increased savings can be 
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attributed to a lower temperature drop across the column which results in reduced 

sensible heat requirements.  
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Chapter 5 : Pilot Plant Description and Results 
 

 

 

 

This chapter outlines a detailed description of the pilot plant for aqueous 

absorption/stripping of CO2 from 5m K+/2.5m PZ and 6.4m K+/1.6m PZ with focus on 

the stripping conditions. Detailed experimental results are presented and compared to 

those obtained from the rate-based stripper model. This model is different from that in 

Chapter 4 because it incorporates structured packing and includes both 5m K+/2.5m PZ 

and 6.4m K+/1.6m PZ. In order to fit the data, the wetted area in the model had to be 

adjusted.  

5.1. Pilot Plant for CO2 Capture 

The closed loop pilot plant for CO2 capture  (Figure 5-1) situated at the Pickle 

Research Campus of The University of Texas at Austin was used to test K2CO3/PZ and 

validate model predictions. A simplified diagram of the stripper section of the pilot plant 

is shown in Figure 5.2. The set up was modified from an original set up that has been 

used in the past for distillation and liquid-liquid extraction experiments.   
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The absorber and stripper were carbon steel columns with 0.427m internal diameter. 

6.1m of Flexipac AQ Style 20 packing with a specific area of 213 m2/m3 divided into two 

equal sections. The total column height was 10.7 m. There was a chimney tray with a 

redistributor between the beds. There were six resistance temperature detectors (RTDs) 

(T20710, T2078, T2076, T2075, T2073 and T2071 in Figure 5-2) at different points in 

the stripper. There were observation windows at different points in the column. The 

pressure drop between the top and the middle and the middle and the top of the stripper 

was measured. The reboiler duty was calculated by performing an energy balance with a 

program developed at the University of Texas Separations Research Program (UTSRP).  

The pilot plant is controlled by the Delta V control system from Fisher 

Rosemount. Temperatures, flowrates and pressures are measured in real time. Appendix 

D-1 shows a detailed process flow diagram for the pilot plant. 

A liquid distributor was situated at the stripper inlet and in the middle of the column. The 

top and side elevations of the liquid distributors are shown in Figure 5-3. Detailed 

drawings of the distributor are shown in Appendix D-2.  

Table 5-1 summarizes the specifications for the 304 stainless steel reboiler. Detailed 

drawings of the reboiler and tubes are shown in Appendix D-3. 

The cross exchanger is a plate heat exchanger made of 316 stainless steel. Table 5-2 

shows the specifications for the cross exchanger. A detailed drawing of the cross 

exchanger is shown in Appendix D-4. 
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The specification of the condenser, made of 316L carbon steel, is shown in Table 5-3. 

Detailed drawings of the condenser are in Appendix D-5. 

 

 

Figure 5-1: Schematic of pilot plant for CO2 capture. 
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Figure 5-2: Stripper section of pilot plant.
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Figure 5-3: Top and side elevations of the liquid distributors 
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Table 5-1: Reboiler specifications 

Property Specification 
MAWP psi @ oF (Shell)  100 & FV @ 400 
MAWP psi @ oF (Tubes)  175 @ 400 
MDMT oF @ psi (Shell) 20 @ 100 & FV 
MDMT oF @ psi (Tubes) 20 @ 175 
Test pressure, psig (Shell) 138 
Test pressure, psig (Tubes) 241 
Design fluid (Shell) Methanol 
Design fluid (Tubes) Saturated steam 
Tube type  U-tube 
Number of tube holes 138 
Weir height, in 25.375 

 

Table 5-2: Specifications for the cross exchanger  

Property Specification 
MAWP psi @ oF (Shell)  150 @ 257 
MDMT oF @ psi  - 20 @ 150 
Pressure drop, psi (hot side) 14.3 
Pressure drop, psi (cold side) 14.5 
Heat exchanged, kBtu/h 1070 
L.M.T.D., oF 18 
Service U value, Btu/ft2-h-oF 379.2 
Overall length x width x height 27 x 13 x 36 
Heat transfer area, ft2 159.8 
Relative direction of fluids Countercurent 
Number of plates  99 
Number of hot and cold side passes 5 
 

Table 5-3: Condenser specifications 

Property Specification 
MAWP psi @ oF (Shell)  355 @ 350 
MAWP psi @ oF (Tubes)  180 @ 250 
MDMT oF @ psi (Shell) -7 @ 355 
MDMT oF @ psi (Tubes) -7 @ 180 
Number of tubes 105 
Size of tubes, in 0.625 
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5.2. Experimental Conditions and Analytical Methods  

Simulated flue gas was used in the tests. The desired solvent loadings were 

achieved by injecting CO2 from gas cylinders. A summary of the experimental conditions 

for the pilot plant tests is shown in Table 5-4. The CO2 gas concentrations were measured 

at the inlet, middle and outlet of the absorber. In situ Vaisala CO2 analyzers measured the 

inlet and the outlet of the absorber. A Horiba CO2 analyzer, which was an extractive 

system, was used to measure the middle concentration. A Fourier Transform Infra Red 

(FTIR) analyzer also was used to measure the inlet and outlet concentration of CO2, 

water, and test for piperazine volatility. An online pH meter was used to help maintain a 

constant loading and the density was monitored to maintain the water balance.  

Table 5-4:  Summary of Pilot Plant Operations 

 5m K+/2.5m PZ 6.4m K+/1.6m PZ 

K2CO3  Concentration (wt%) 22 28 

K+/PZ mole ratio 2 4 

Inlet CO2 (%) 8.3 – 17.2 9.9 – 12.9 

CO2 Removal (%) 56 – 92 40 – 81 

Lean Loading 
 (mol CO2/K+2*PZ) 

0.39 – 0.45 0.45 – 0.51 

Gas Rate (kg/m2-s) 1.2 – 2.0 1.2 – 2.0 

L/G Ratio (kg/kg) 3.9 – 10.8 8.3 – 14.5 

Top PStripper (kPa) 160 35 – 76 
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Liquid samples were taken at the inlet, middle, and outlet of the absorber as well 

at the middle and outlet of the stripper. The liquid samples were extracted using sample 

bombs to minimize any flashing that may occur. The samples were analyzed for CO2 

loading using an inorganic carbon analyzer. Piperazine and potassium concentration was 

measured using ion chromatography. 

5.3. Energy balance of pilot plant data  

 In order to calculate the normalized reboiler duty in kJ/gmol CO2, an energy 

balance was performed over the stripper. The boundary for the energy balance is shown 

in Figure 5-4. The CO2 production rate was converted from standard cubic foot per 

minute (scfm) to gmol/hr.  The actual rich solution flow rate is the sum of the absorber 

rich flow rate (FT200) and the stripper return feed (FT203).  

The enthalpy of the rich feed is calculated by: 

∆Hrich = Lrich * Cp,rich * (Trich – Tlean). 

A material and energy balance across the mixing point of the absorber rich stream and the 

stripper water reflux stream calculates the rich stream temperature. 

The enthalpy of the lean stream is calculated by: 

∆Hlean = Llean * Cp,lean * (Tlean – Tlean). 

The heat capacity of the liquid is set at 4.186 kJ/kg K. 

Note: The reference temperature for the energy balance is the stripper lean temperature. 

This makes the enthalpy of the lean stream equal to zero. 

The sensible heat contribution to the reboiler duty is given as: 
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Qsensible = ∆Hrich - ∆Hlean  

The heat consumed in the overhead condenser is calculated from an energy balance 

around the condenser.  

Qcond = Qoverhead –QCO2,overhead – QH2O reflux 

T-1

HX-3

T-2

Q,CO2,overheadQ,H2O reflux

Q,overhead

Qcond

Qreboiler

Qlean

Qrich

Qloss

 

Figure 5-4: Boundary for energy balance over the stripper 
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The steam rate Qsteam rate is given by: 

Qsteam rate = Qsensible + Qcond + QCO2,overhead + Qloss 

From where the heat loss can be calculated as: 

Qloss = Qreboiler - Qsensible - Qcond - QCO2,overhead 

The CO2 production rate in the overhead stream in gmol/hr was calculated by: 

CO2 rate (gmol/hr) = CO2 flow (scfm) *  6.32/0.0022  

The actual steam rate (kJ/hr) is obtained by: 

Qactual steam rate=  Qsensible + Qcond + QCO2,overhead 

The actual reboiler duty (kJ/gmol) is given as: 

Qactual reb duty =  Qactual steam rate  / CO2 rate 

 

A sample calculation of the actual reboiler duty is shown in Appendix D-6. 

5.3.1. Observations from pilot plant tests 
  

In the pilot tests severe foaming was observed in the stripper during the first four 

and last three tests with 5m K+/2.5m PZ. Foaming was observed in most tests but the tests 

in the middle seemed to be more controllable than the aforementioned. Q2-3183A anti-

foam was added at various times during the tests. This helped to reduce the foaming but 

only for a short while in most cases. The foaming could have been due to the presence of 

residual hexane from prior tests in the stripping column as observed in some analysis by 

McLees (McLees 2006). The presence of possible degradation products from prior tests 

could have been responsible for some foaming. Foaming in the upper half of the stripper 
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probably resulted in very poor gas/liquid contact, poor liquid distribution and very high 

pressure drop.  A possible flow path for the liquid is shown in Figure 5-5.  The liquid is 

hypothesized to flow down the walls of the column instead of flowing through the 

packing. 

 

Figure 5-5:Possible flow path for liquid in upper half of stripper 

Liquid Distributor at
stripper inlet

Stripper Wall

Stripper Feed

Distributor Orifice

Foaming liquid

Upper packing
section in stripper
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5.4. Rate Model using structured packing  

 The rate model for structured packing is similar to that described in Chapter 4. 

The vapor/liquid equilibrium representation used was that presented in Table 3-1.  The 

kg’ expression and constants for 5m K+/2.5m PZ are presented in Table 4-2. 

kg’ for 6.4m K+/1.6m PZ is represented by: 
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(5-1)         

A= -25.6343  G=  -8347649 

B=  -11.0774  H= 1.459463 

C=  2339.198  I=  -39167.8 

D=  22155.44  J=  -7345645 

E=  -0.00538  K=  11627720 

F=  26925.35 

 

The main difference with structured packing involves the calculation of the mass transfer 

coefficients and the wetted area of contact between the gas and the liquid.  

The hydraulic parameters (kg, kl, aw) for Flexipac AQ Style 20 were obtained from the 

Rocha- Bravo-Fair (Rocha, Bravo et al. 1996) models for structured packing and packing 
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performance tests at The University of Texas Separations Research program (UTSRP). 

The characteristics of this packing needed with the Rocha-Bravo-Fair model were not 

readily available but since the packing is very similar to Intalox 2T packing (with known 

characteristics), Flexipac AQ Style 20 was assumed to have the same characteristics as 

Intalox 2T. The characteristics of Intalox 2T packing are shown in Table 5-5. 

 

Table 5-5: Characteristics of Intalox 2T Packing 

Property Value 
Specific dry packing area 213 m2/m3 

Packing factor 17 m-1 
Crimp height, b 0.0388 m 
Crimp depth, s 0.022352 m 
Void fraction 0.97 

Theta 45 
 

The mass transfer coefficient in the gas and liquid phases used in the model was obtained 

by: 

kg = kg aw  (Rocha, Bravo et al. 1996) / aw (SRP)                       (5-2)                        

kl = kl aw (Rocha, Bravo et al. 1996)/ aw (SRP)                                  (5-3) 

The actual Rocha-Bravo-Fair expressions for the hydraulic parameters are: 
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The correlation for the wetted area of Flexipac AQ Style 20 was obtained from tests at 

the University of Texas Separations Research Program shown in Figure 5-6.  

 

 

Figure 5-6:Wetted area data for Flexipac AQ Style 20 packing (Source: UTSRP) 

 

The wetted area is calculated from the expression: 

Ta7.0=wa                    (5-7)  
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where aT is the specific packing area of the packing.  

 The top half of the stripper was assumed to have an effective area that is a tenth of 

the specific packing area while the bottom half was assumed to behave as expected based 

on (5-7).  As a consequence of foaming the liquid in the distributor at the inlet tends to 

fill the receiver box. The liquid that actually wets the top half of the packing is 

significantly reduced.  

The detailed equations for the rate based structured packing model are outlined in 

Appendix D-7. The model inputs were the liquid rate, the rich and lean stream 

temperatures, the top stripper pressure, packing height, and the overhead CO2 rate. Initial 

guesses of the segment temperatures, partial pressures, and loadings were provided. The 

model solves the MESH equations, the mass and energy transfer rate equations and 

calculates the rich and lean loadings, temperature and composition profiles, and reboiler 

duty.   

5.5 .  Results and discussion – pilot plant data for 5m K+/2.5m PZ 

Detailed pilot plant test results are presented in Table 5-6. The measured and 

predicted liquid rate, rich and lean loadings, overhead CO2 rate, pressures, temperatures, 

reboiler duty and packing height for 5m K+/2.5m PZ are presented in Table 5-7. Recent 

data from Hilliard shown in Figure 5-7 suggest that the equilibrium partial pressure of 

CO2 in 5m K+/2.5m PZ was overpredicted by Cullinane (Cullinane 2005). Hence, the 

equilibrium partial pressure of CO2 was set at half that predicted by Cullinane (Cullinane 

2005). There is some uncertainty as to what the equilibrium partial pressure of CO2 in 5m 
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K+/2.5m PZ is at high temperatures. More experiments will need to be performed and 

models refined to reduce this uncertainty. The following variables were fixed in the ACM 

Model: 

a. Liquid rate (sum of absorber liquid flow rate and water reflux rate). 

b. Overhead CO2 production rate. 

c. Height of packing (6.1m). 

d. Stripper feed and lean temperature. The stripper feed temperature was calculated 

from an energy balance based on mixing the absorber rich liquid exiting the cross 

exchanger and the water reflux stream. 

e. The pressure at the top of the stripper. 

The above variables were chosen because they were identified as variables with a 

high confidence level amongst measured variables. 
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Table 5-6: Pilot plant stripper results for 5m K+/2.5m PZ 

 
 

 

 
 
 
 
 
 

Run 
Number 

STRIPPER FEED STRIPPER BOTTOMS STRIPPER REFLUX    STRIPPER BED 
TEMPERATURES 

 STR 
Return 
FT200 

STR 
Return 
FT200 

STR 
Return 
FT200 

STR 
Return 
FT201 

STR 
Return 
FT201 

STR 
Return 
FT201 

STR 
Return 
FT203 

STR 
Return 
FT203 

STR 
Return 
FT203 

STR 
Return 
FT204 

STR 
Return 
FT204 

STR 
Return 
FT204 

Top 
Temp 
T20710 

Top 
Mid 
Temp 
T2078 

Top 
Bot 
Temp 
T2076 

 (gpm) (F) (lb/ft3) (gpm) (F) (lb/ft3) (gpm) (F) (lb/ft3) (gpm) (F) (lb/ft3) (F) (F) (F) 
5.1 14.00 119.51 76.89 13.57 104.35 76.22 2.74 129.00 61.07 0.16 126.45 61.81 239.38 240.4 242.88 
5.2 12.89 118.35 77.56 12.32 103.74 76.57 2.36 127.63 61.77 0.14 122.32 62.56 236.54 237.7 242.87 
5.3 13.35 122.27 77.33 12.98 110.98 76.49 0.67 102.20 61.60 0.15 101.39 62.03 222.61 232.0 239.88 
5.4 14.86 122.50 77.43 14.39 113.70 76.49 0.72 103.59 61.56 0.17 102.44 62.02 223.42 234.9 241.17 
5.5 14.83 115.89 77.64 14.29 110.33 76.72 0.52 97.30 61.72 0.23 96.69 62.12 222.03 233.8 240.20 
5.6 12.30 123.47 76.74 11.85 114.89 75.70 1.59 113.96 61.52 0.11 110.19 62.15 235.76 235.2 242.10 
5.7 14.84 123.26 76.68 14.37 116.13 75.72 2.06 122.83 61.28 0.09 120.18 61.97 237.26 237.4 242.26 
5.8 13.33 123.14 76.59 12.90 111.35 75.78 0.46 100.59 61.68 0.09 98.89 62.13 221.08 229.4 237.66 
5.9 14.85 119.55 76.63 14.40 108.01 75.92 0.40 94.35 61.82 0.13 92.48 62.21 220.51 229.4 236.84 
5.10 14.81 115.26 76.69 14.36 105.21 76.07 0.33 94.68 61.82 0.19 94.12 62.19 221.78 229.9 235.88 
5.11 29.28 118.83 76.23 28.65 108.44 75.85 0.77 103.96 61.62 0.15 102.94 62.08 222.36 230.8 237.02 
5.12 30.54 118.29 76.28 29.88 109.68 75.95 0.67 96.81 61.77 0.15 96.11 62.15 222.04 231.2 235.93 
5.13 23.86 113.54 76.41 23.37 104.23 76.07 0.46 100.24 61.68 0.08 99.06 62.10 218.88 227.0 233.11 
5.14 25.55 118.50 76.31 24.80 107.69 75.97 0.78 99.79 61.74 0.19 98.55 62.18 222.91 230.1 237.80 
5.15 25.74 122.44 76.27 24.93 105.14 75.89 1.89 117.03 61.40 0.21 114.75 62.03 235.06 238.3 240.99 
5.16 20.66 124.13 76.66 20.06 105.23 76.23 2.56 128.77 61.12 0.14 127.21 61.83 238.25 240.6 242.44 
5.17 20.57 125.59 76.65 19.94 104.97 76.20 2.39 132.08 61.02 0.14 130.49 61.77 236.92 239.3 241.12 
5.18 14.00 119.51 76.89 13.57 104.35 76.22 2.74 129.00 61.07 0.16 126.45 61.81 239.38 240.4 242.88 
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Table 5-6:  Pilot plant stripper results for 5m K+/2.5m PZ (Contd.) 

 

 
 
 
 
 
 

Run 
Number 

STRIPPER BED 
TEMPERATURE 

STRIPPER PRESSURE STRIPPER LEVELS COOLING WATER 

 Bot 
Top 
Temp 
T2075 

Bot 
Mid 
Temp 
T2073 

Bot 
Temp 
T2071 

Column P 
PC215 

PrsDrp 
(low) 
PDT250 

PrsDrp 
(high) 
PDT251 

Column 
Level 
LT206 

Acc 
Level 
LT203 

Reboiler 
Level 
LT204 

OHD 
Vapor 
TT216 

Cond Liq 
T225 

CW 
Inlet 
T224 

CW  
Outlet 
T226 

CW 
Flow 
FT205 

 (F) (F) (F) (psia) (in H2O) (in H2O) (in) (in) (in) (F) (F) (F) (F) (gpm) 
5.1 243.4 240.99 244.64 23.49 5.96 14.85 11.95 10.13 11.90 236.2 123.8 57.2 73.1 221 
5.2 243.3 241.22 245.05 23.51 5.96 14.90 11.99 10.31 12.79 235.5 128.1 54.8 68.1 221 
5.3 240.1 241.22 244.09 23.50 4.28 4.39 13.50 10.02 11.90 226.8 68.0 48.4 52.6 242 
5.4 241.3 242.61 244.38 23.50 5.96 7.00 12.36 9.91 13.35 226.1 81.3 49.1 53.8 242 
5.5 241.0 242.44 244.36 23.50 5.96 7.21 12.50 9.94 14.20 224.0 63.6 48.3 52.3 242 
5.6 242.7 241.34 244.41 23.49 5.96 14.31 12.49 9.06 12.69 233.1 101.1 51.7 60.3 244 
5.7 242.5 239.81 244.42 23.50 5.96 13.99 12.59 6.90 12.69 233.9 114.7 53.6 64.7 244 
5.8 238.9 238.96 243.18 23.50 5.54 5.72 12.50 6.99 10.19 222.5 57.2 47.3 50.5 242 
5.9 238.0 240.22 243.40 23.50 5.96 7.43 12.51 7.04 11.05 221.9 54.4 46.5 49.6 241 

5.10 236.9 240.19 243.40 23.50 5.96 8.07 12.50 7.07 11.34 222.8 54.2 46.8 49.8 241 
5.11 238.3 240.87 243.41 23.51 5.96 10.42 12.05 7.08 5.68 224.3 88.6 49.7 55.3 210 
5.12 236.9 239.98 243.46 23.50 5.96 14.01 11.99 6.82 5.80 222.8 83.0 49.4 54.0 213 
5.13 233.8 238.31 242.81 23.50 5.96 8.91 12.00 6.92 7.02 221.3 59.8 48.4 51.7 213 
5.14 238.9 240.70 243.73 23.50 5.96 10.84 12.00 6.95 6.78 225.3 87.1 49.7 55.3 213 
5.15 241.7 241.60 244.29 23.50 5.96 11.67 11.98 6.94 6.09 230.8 126.7 54.5 66.3 214 
5.16 242.9 241.14 244.64 23.51 5.96 12.60 14.03 6.79 10.25 234.1 137.4 55.8 71.0 214 
5.17 241.8 240.34 243.73 23.28 5.35 13.39 13.96 6.39 10.17 233.3 136.7 56.4 70.1 214 
5.18 243.4 240.99 244.64 23.49 5.96 14.85 11.95 10.13 11.90 236.2 123.8 57.2 73.1 221 
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Table 5-6:  Pilot plant stripper results for 5m K+/2.5m PZ (Contd.) 

Run 
Number 

STEAM FLOW     CROSS EXCHANGER AND STRIPPER FEED 

 Reboiler 
duty 
QIC202 

Steam 
Flow 
FC202 

Steam 
Temp 
T202 

Cond 
Ret 
T203 

Steam  
Annubar 
Pressure 

Bot Liq 
to Reb 
T209 

Vapor 
Inlet 
T208 

Bot Prod 
TT 
215 

Bot Prod 
TT 
212 

Feed 
Inlet 
TT200 

Feed 
Outlet 
TT217 

Trim 
Temp 
TT210 

Str feed 
TT211 

CO2 flow 

 (MMBTU/h
r) 

(lb/hr) (F) (F) (psia) (F) (F) (F) (F) (F) (F) (F) (F) (scfm) 

5.1 2.1389 2224.2 334.1 261.3 117.3 244.9 245.5 245.7 128.5 119.5 232.0 230.9 228.2 26.72 
5.2 1.8687 1949.3 335.7 265.3 119.8 245.3 246.6 246.1 127.2 118.4 232.0 231.1 229.1 42.48 
5.3 0.8283 855.0 342.0 258.9 127.6 243.7 244.1 243.5 131.3 122.3 230.9 229.3 226.4 25.90 
5.4 0.9428 974.3 341.6 259.9 127.3 244.1 242.3 243.9 131.6 122.5 230.7 229.1 226.5 35.19 
5.5 0.8698 897.4 342.9 259.0 129.5 244.1 243.7 243.9 125.6 115.9 229.7 228.2 225.6 36.37 
5.6 1.4102 1465.9 338.3 263.4 122.4 244.3 245.3 244.4 131.8 123.5 231.5 229.8 226.0 30.98 
5.7 1.7408 1816.1 336.3 265.7 119.7 244.1 242.6 244.6 132.2 123.3 231.0 229.8 226.7 35.62 
5.8 0.6822 701.6 343.1 256.1 130.3 242.5 243.1 242.4 132.3 123.1 229.9 228.4 225.7 24.88 
5.9 0.7402 760.4 343.6 255.4 131.4 242.7 242.9 242.4 129.1 119.6 229.0 226.9 223.5 28.76 
5.10 0.6997 719.0 343.7 255.6 132.0 242.7 242.8 242.6 125.3 115.3 228.5 227.1 224.1 28.05 
5.11 1.2014 1245.3 339.8 261.5 124.6 242.1 240.6 242.0 132.1 118.8 226.3 226.0 224.7 50.76 
5.12 1.1470 1189.4 339.1 261.5 123.8 242.2 240.1 241.8 131.9 118.3 225.8 225.5 224.0 39.89 
5.13 0.8687 895.5 341.8 257.6 127.9 241.1 244.0 240.5 126.4 113.5 225.0 224.5 222.7 28.05 
5.14 1.2123 1258.1 338.7 262.1 123.5 242.5 240.2 242.0 131.0 118.5 226.2 225.6 224.1 43.34 
5.15 1.8610 1960.9 334.8 274.2 118.7 243.3 245.9 243.7 134.7 122.4 228.0 227.8 226.7 59.68 
5.16 2.1676 2259.4 333.6 263.4 116.4 244.0 244.9 244.2 135.2 124.1 229.4 229.0 227.0 43.44 
5.17 1.8574 1938.0 327.8 261.2 106.8 243.6 245.0 244.0 136.5 125.6 229.3 229.1 227.5 38.26 
5.18 2.1389 2224.2 334.1 261.3 117.3 244.9 245.5 245.7 128.5 119.5 232.0 230.9 228.2 26.72 
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Table 5-7: Measured and predicted variables for 5m K+/2.5m PZ 

Run 
Number 

Liquid 
rate* 

 

CO2 rate* 
 

Temperature* Top 
Pressure* 

 

Rich loading Lean loading 
 

Reboiler Duty Pressure 
Drop 

 (x104) 
m3/s 

gmol/s oC kPa mol CO2/mol Alk kJ/gmol CO2 kPa 

   Feed Lean  Meas. Model Meas. Model Meas. Model Meas. Model 
5.1 10.56 0.5338 97.81 118.25 161.81 0.498 0.470 0.398 0.393 1007 1423 35.7 4.3 
5.2 9.62 0.8486 98.16 118.50 161.98 0.549 0.530 0.403 0.392 597 1067 35.8 5.4 
5.3 8.85 0.5175 105.12 117.63 161.93 0.549 0.496 0.457 0.405 406 787 14.9 1.5 
5.4 9.83 0.7029 105.12 117.81 161.91 0.534 0.513 0.458 0.403 337 749 22.2 2.4 
5.5 9.68 0.7266 105.82 117.81 161.92 0.553 0.517 0.429 0.402 312 725 22.6 2.4 
5.6 8.76 0.6190 99.60 117.96 161.87 0.549 0.506 0.418 0.397 636 998 34.8 2.9 
5.7 10.67 0.7115 99.60 117.81 161.93 0.500 0.507 0.376 0.404 686 736 34.2 2.4 
5.8 10.63 0.9235 99.07 117.71 161.94 0.512 0.542 0.402 0.408 570 523 30.2 2.1 
5.9 8.70 0.4970 106.11 116.95 161.88 0.521 0.515 0.446 0.427 335 336 19.3 0.4 
5.10 9.62 0.5746 106.11 117.03 161.90 0.546 0.519 0.434 0.425 302 340 23.0 0.5 
5.11 9.55 0.5603 106.50 117.04 161.93 0.540 0.517 0.432 0.425 301 346 24.1 0.5 
5.12 18.95 1.0141 105.14 116.70 161.99 0.484 0.521 0.434 0.439 309 236 28.1 1.1 
5.13 19.69 0.7970 105.14 116.76 161.93 0.508 0.500 0.432 0.437 359 301 34.3 1.1 
5.14 15.34 0.5603 105.14 116.14 161.93 0.514 0.503 0.443 0.448 357 264 25.5 0.5 
5.15 16.61 0.8659 104.48 116.92 161.92 0.545 0.513 0.445 0.433 355 286 28.8 1.0 
5.16 17.43 1.1923 102.35 117.41 161.92 0.499 0.527 0.400 0.422 412 323 30.3 2.0 
5.17 14.65 0.8678 100.56 117.75 161.97 0.499 0.501 0.393 0.411 641 565 31.9 2.6 
5.18 14.49 0.7643 101.38 117.57 160.40 0.510 0.489 0.413 0.407 679 701 32.2 2.9 

* set at measured values 
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Figure 5-7: Comparison of the solubility of CO2 in 5 m K+/2.5 m PZ system at 100 
oC: ♦, experimental data; ◊, Cullinane and Rochelle (Cullinane and Rochelle 2004); 
line, Hilliard (Hilliard 2005). 

 

5.5.1. Capacity for 5m K+/2.5m PZ. Figure 5-8 shows the parity plot for the measured 

capacity and that obtained from the ACM model. The operating capacity is defined as  

( )leanrich
2  - γ

Alk mol
COmolcapacity γ=






        (5-8) 

Figure 5-8 shows the ACM capacity is slightly lower than the measured capacities. The 

differences in the capacity could be as a result of errors associated with the sample 

analyses. During analysis, the sample concentrations measured changed even between 

five minutes intervals on a given sample. 
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Figure 5-8:Material balance parity plot for 5m K+/2.5m PZ pilot plant runs  

 

5.5.2. Reboiler duty for 5m K+/2.5m PZ. Figure 5-9 shows the parity plot for the 

measured and predicted reboiler duty. Figure 5-9 shows the ACM model predicts the 

general trend of the pilot plant data.   
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Figure 5-9: Comparison of reboiler duty for 5m K+/2.5m PZ  
 
 
5.5.3. Effect of liquid rate on reboiler duty for 5m K+/2.5m PZ. Figure 5-10 shows the 

effect of liquid rate on the reboiler duty. The measured reboiler duty is systematically 

greater than the predicted duty.  
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Figure 5-10: Effect of liquid rate on reboiler duty for 5m K+/2.5m PZ 
 

5.5.4. Effect of lean loading on reboiler duty for 5m K+/2.5m PZ. Figure 5-11 shows 

the effect of the measured lean loading on the measured reboiler duty at a liquid rate of 

9.62 x 10-4 m3/s and a rich loading of 0.546 mol CO2/mol Alk. The result shows that 

lowering the lean loading increases the reboiler duty. This is expected because in order to 

achieve a lower lean loading (more CO2 in overhead stream), more heat will have to be 

supplied to the column. 
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Figure 5-11: Effect of lean loading on reboiler duty on 5m K+/2.5m PZ (Liquid rate 
= 9.62 x 10-4 m3/s, rich loading of 0.546 mol CO2/mol Alk) 

 

5.5.5. Effect of pressure drop for 5m K+/2.5m PZ. Figure 5-12 shows relative pressure 

drop as a function of the measured pressure drop for 5m K+/2.5m PZ. The pressure drop 

calculated by the model ranges from 2-16% of that measured. The high pressure drop 

experienced during the tests could be as a result of severe foaming.  
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Figure 5-12: Effect of pressure drop for 5m K+/2.5m PZ 

 

5.5.6. Insight into stripper operation for 5m K+/2.5m PZ.  McCabe-Thiele plots are 

useful in understanding stripper operation. Figure 5-13 shows the stripper operation for 

run 5.13. The results show that the feed is subcooled. A well-defined driving force is 

observed along the stripper. Most of the CO2 desorption occurs in the reboiler and in the 

top half of the column. The loadings for the five sections at the bottom of the column are 

close because in this region, there is very little change in the temperature over the five 

sections. The optimum condition in terms of energy from Chapter 2 was one with a rich 
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end pinch. Based on the model results, the stripper was operated far from its optimum 

condition in terms of energy requirement.  
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Figure 5-13: McCabe-Thiele plot for run 5-13 (Liquid rate = 19.69 x 10-4 m3/s, rich 
loading = 0.500 mol CO2/mol Alk, lean loading = 0.437 mol CO2/mol Alk, ∆T= 
11.62oC)  

 

5.5.7. Temperature profile in stripper for 5m K+/2.5m PZ. Figure 5-14 compares the 

measured and predicted temperature profiles in the column for run 5.13. The stripper feed 

and lean temperatures are fixed.  The result shows that a large temperature difference is 

observed in the upper half of the column. This may be due to the model assumption that 
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the flash segment (near the stripper feed) operates just as any other segment in the 

column.   
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Figure 5-14: Temperature profile for run 5-13 (Liquid rate = 19.69 x 10-4 m3/s, rich 
loading = 0.500 mol CO2/mol Alk, lean loading = 0.437 mol CO2/mol Alk, ∆T= 
11.62oC)  
 
5.5.8. Average stripper height for 5m K+/2.5m PZ. In sections 5.5.1 through 5.5.7, the 

packing height is fixed and the reboiler duty is calculated. In this section, the reboiler 

duty is fixed at the measured value and the packing height is calculated. If the liquid rate, 

pressure at the top of the column, rich and lean solution temperatures, measured reboiler 

duty and CO2 flow are fixed; rich and lean loadings and a packing height can be 
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calculated. Table 5-8 shows the effective packing height for runs 5-1 to 5-18. The actual 

packing height was 6.1m. For 5m K+/2.5m PZ, the average packing height was calculated 

from the predicted heights for run 5-7 and runs 5-9 to 5-18. Runs 5-1 through 5-6 and 5-8 

were neglected because they experienced severe foaming and were at the beginning of 

the campaigns when stable operation was yet to be achieved. The average effective 

packing height is 5.09m.  

Table 5-8:Effective packing height for 5m K+/2.5m PZ runs 

Run Number Effective packing height (m) 

5-1 10.7 

5-2 15.4 

5-3 21.2 

5-4 24.8 

5-5 29.0 

5-6 12.7 

5-7 6.84 

5-8 13.0 

5-9 6.14 

5-10 8.17 

5-11 8.55 

5-12 2.66 

5-13 3.24 
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5-14 1.69 

5-15 3.42 

5-16 3.88 

5-17 4.92 

5-18 6.46 

 

5.6 .  Results and discussion – pilot plant data for 6.4m K+/1.6m PZ 

Detailed pilot plant results for 6.4m K+/1.6m PZ are shown in Table 5-9. The pilot 

plant and predicted model variables for 6.4m K+/1.6m PZ are shown in Table 5-10. The 

6.4m K+/1.6m PZ runs were carried out under vacuum.  At low temperature (vacuum 

conditions), the equilibrium data of Cullinane (Cullinane 2005) and Hilliard (Hilliard 

2005) agree reasonably well. As such in running the ACM model, the equilibrium partial 

pressure for 6.4m K+/1.6m PZ was not adjusted as 5m K+/2.5m PZ cases.  

5.6.1. Capacity for 6.4m K+/1.6m PZ. Figure 5-15 shows the parity plot for the 

measured capacity and that obtained from the ACM model. Figure 5-15 shows the ACM 

capacity is slightly higher than the measured capacities. The differences in the capacity 

could be as a result of errors associated with the liquid sample analyses. 
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Table 5-9: Pilot plant stripper results for 6.4m K+/1.6m PZ 
Run 
Number 

STRIPPER FEED STRIPPER BOTTOMS STRIPPER REFLUX    STRIPPER BED 
TEMPERATURES 

 STR 
Return 
FT200 

STR 
Return 
FT200 

STR 
Return 
FT200 

STR 
Return 
FT201 

STR 
Return 
FT201 

STR 
Return 
FT201 

STR 
Return 
FT203 

STR 
Return 
FT203 

STR 
Return 
FT203 

STR 
Return 
FT204 

STR 
Return 
FT204 

STR 
Return 
FT204 

Top 
Temp 
T20710 

Top 
Mid 
Temp 
T2078 

Top 
Bot 
Temp 
T2076 

 (gpm) (F) (lb/ft3) (gpm) (F) (lb/ft3) (gpm) (F) (lb/ft3) (gpm) (F) (lb/ft3) (F) (F) (F) 
5.19 23.43 110.25 79.57 22.91 100.87 79.50 1.25 92.43 62.67 0.06 90.97 63.07 160.82 163.34 165.48 
5.20 26.61 112.72 78.95 26.00 103.85 78.99 1.65 95.94 63.88 0.10 93.53 64.39 164.32 168.08 170.16 
5.21 15.56 110.91 79.39 14.69 97.96 79.39 0.63 95.09 61.68 0.09 94.98 62.06 161.53 162.74 166.74 
5.22 15.54 113.53 79.51 15.08 100.79 79.51 1.43 97.28 61.66 0.05 95.29 62.11 165.77 167.46 168.47 
5.23 22.10 113.22 79.46 21.91 103.65 79.36 1.78 98.34 63.34 0.05 95.81 63.63 166.62 171.23 173.24 
5.24 17.66 111.96 79.02 17.08 106.48 79.03 2.28 102.53 65.16 0.07 99.23 65.77 165.34 170.10 171.36 
5.25 21.56 113.52 78.99 21.12 101.93 78.91 1.92 108.42 61.62 0.05 107.04 62.14 181.87 185.54 187.03 
5.26 18.64 113.76 79.10 18.20 103.89 79.00 1.67 104.57 61.61 0.07 102.18 62.14 181.82 184.27 185.50 
5.27 15.56 112.29 78.90 15.13 101.45 78.81 1.24 101.11 61.63 0.08 97.73 62.14 180.97 182.24 184.49 
5.28 15.57 115.50 79.22 15.22 104.28 79.13 2.08 107.63 62.27 0.08 104.35 62.85 181.33 185.37 186.61 
5.29 18.57 115.17 79.07 18.06 105.70 78.97 2.21 111.95 61.46 0.08 106.86 62.12 200.37 202.93 204.76 
5.30 21.78 116.58 78.95 21.03 107.80 78.88 1.90 107.80 61.53 0.14 105.66 62.08 199.30 201.90 204.10 
5.31 18.68 118.18 79.12 18.16 111.94 78.99 1.47 103.10 61.60 0.18 100.89 62.12 198.55 201.11 203.23 
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Table 5-9: Pilot plant stripper results for 6.4m K+/1.6m PZ (Contd.) 
Run 
Number 

STRIPPER BED 
TEMPERATURE 

STRIPPER PRESSURE STRIPPER LEVELS COOLING WATER 

 Bot 
Top 
Temp 
T2075 

Bot 
Mid 
Temp 
T2073 

Bot 
Temp 
T2071 

Column P 
PC215 

PrsDrp 
(low) 
PDT250 

PrsDrp 
(high) 
PDT251 

Column 
Level 
LT206 

Acc 
Level 
LT203 

Reboiler 
Level 
LT204 

OHD 
Vapor 
TT216 

Cond 
Liq 
T225 

CW 
Inlet 
T224 

CW  
Outlet 
T226 

CW Flow 
FT205 

 (F) (F) (F) (psia) (in H2O) (in H2O) (in) (in) (in) (F) (F) (F) (F) (gpm) 
5.19 166.15 169.40 171.73 5.16 5.76 6.43 12.03 6.08 8.21 158.09 84.90 48.57 56.05 217.29 
5.20 170.22 172.61 174.82 5.07 5.96 20.96 17.01 5.60 13.63 162.18 96.63 52.31 61.83 215.83 
5.21 166.62 165.73 169.38 5.09 3.32 3.34 16.91 5.86 12.15 157.07 57.55 48.41 52.61 215.05 
5.22 168.87 167.30 171.16 5.13 5.96 6.48 16.98 6.23 13.48 161.95 87.72 50.91 59.70 216.00 
5.23 173.38 175.84 178.04 5.42 5.96 23.16 16.82 6.34 15.13 164.86 98.87 51.89 61.77 216.06 
5.24 171.11 170.32 174.99 5.20 5.96 18.35 16.00 5.89 14.20 163.62 104.94 53.08 64.36 220.23 
5.25 187.25 188.08 190.29 7.50 5.96 19.54 16.00 5.42 13.49 179.34 104.83 53.68 65.23 215.41 
5.26 186.06 184.46 188.32 7.50 5.96 10.96 16.01 6.08 12.93 178.72 97.16 51.95 61.75 218.03 
5.27 184.82 183.57 186.89 7.49 5.96 6.50 16.00 6.00 12.87 176.78 89.11 50.13 57.66 217.38 
5.28 186.72 184.56 189.06 7.50 5.96 15.30 16.01 5.99 14.05 179.59 106.85 53.45 65.39 218.16 
5.29 204.86 203.67 207.03 10.99 5.96 16.18 15.99 5.80 13.84 197.11 115.99 54.47 67.43 218.49 
5.30 204.43 203.89 206.94 11.00 5.96 17.67 16.00 6.25 13.62 195.72 112.36 53.85 65.50 218.07 
5.31 203.74 200.95 205.76 11.00 5.96 9.30 16.05 6.09 13.55 194.48 102.59 51.76 61.03 219.86 
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Table 5-9: Pilot plant stripper results for 6.4m K+/1.6m PZ (Contd.) 
Run 
Number 

STEAM FLOW     CROSS EXCHANGER AND STRIPPER FEED 

 Reboiler duty 
QIC202 

Steam 
Flow 
FC202 

Steam 
Temp 
T202 

Cond 
Ret 
T203 

Steam  
Annubar 
Pressure 

Bot Liq 
to Reb 
T209 

Vapor 
Inlet 
T208 

Bot Prod 
TT 
215 

Bot Prod 
TT 
212 

Feed 
Inlet 
TT200 

Feed 
Outlet 
TT217 

Trim 
Temp 
TT210 

Str feed 
TT211 

CO2 
flow 

 (MMBTU/hr) (lb/hr) (F) (F) (psia) (F) (F) (F) (F) (F) (F) (F) (F) (scfm) 
5.19 1.07 1015.8 343.25 172.81 131.43 170.16 171.63 170.59 116.19 110.25 162.79 163.07 162.46 33.34 
5.20 1.39 1307.2 338.63 165.99 123.38 173.06 175.53 173.86 118.96 112.72 165.48 165.47 164.61 35.49 
5.21 0.64 600.56 342.23 168.99 127.91 167.82 168.66 168.09 115.00 110.91 160.94 161.00 160.00 20.30 
5.22 1.17 1103.3 343.84 166.78 131.29 170.06 172.20 171.08 118.30 113.53 164.34 164.28 163.33 31.65 
5.23 1.40 1320.8 342.50 172.31 129.35 176.53 178.87 177.54 119.67 113.22 168.50 168.49 167.49 39.94 
5.24 1.58 1493.8 338.07 167.69 122.66 173.08 175.75 174.45 117.06 111.96 166.47 165.93 164.31 34.23 
5.25 1.53 1481.3 338.42 191.76 122.43 188.93 191.17 189.60 121.04 113.52 179.96 180.11 179.29 36.81 
5.26 1.35 1306.0 339.16 195.01 123.75 186.86 189.02 187.46 120.79 113.76 178.37 178.37 177.60 33.08 
5.27 1.07 1026.8 342.24 184.51 128.48 185.43 187.25 185.85 118.62 112.29 177.06 176.85 175.84 28.46 
5.28 1.57 1520.6 336.82 191.27 120.75 187.64 190.01 188.81 122.01 115.50 180.20 179.83 178.62 34.29 
5.29 1.80 1785.6 336.66 216.69 120.73 205.31 207.64 206.16 123.72 115.17 194.82 194.38 192.92 36.91 
5.30 1.68 1665.4 336.60 214.74 119.98 205.20 207.07 205.89 125.31 116.58 194.20 193.93 192.69 41.81 
5.31 1.39 1374.0 336.90 215.00 120.89 204.25 206.32 204.82 126.27 118.18 193.82 193.36 192.14 40.54 
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Table 5-10: Measured and predicted variables for 6.4m K+/1.6m PZ 
 Run 

Number 
Liquid 
rate* 
 

CO2 rate* 
 

Temperature* Top 
Pressure* 
 

Rich loading Lean loading 
 

Reboiler Duty Pressure 
Drop 

 (x104) 
m3/s 

gmol/s oC kPa mol CO2/mol Alk kJ/gmol CO2 kPa 

   Feed Lean  Meas. Model Meas. Model Meas. Model Meas. Model 
5.19 15.52 0.6450 69.42 76.75 35.6 0.550 0.592 0.520 0.530 431 398 20.94 2.90 
5.20 17.79 0.6626 70.52 78.37 34.96 0.550 0.575 0.500 0.519 522 575 46.22 5.39 
5.21 17.03 0.4432 70.25 75.45 35.08 0.620 0.573 0.560 0.534 388 389 11.44 1.74 
5.22 10.60 0.6145 68.59 76.70 35.34 0.560 0.608 0.500 0.520 480 428 21.36 2.52 
5.23 10.98 0.7631 69.62 80.30 37.35 0.570 0.612 0.470 0.507 496 622 49.99 5.81 
5.24 11.36 0.6734 67.87 78.38 35.84 0.540 0.602 0.510 0.512 671 554 41.75 4.27 
5.25 15.14 0.6975 77.34 87.19 51.7 0.560 0.581 0.490 0.511 559 644 43.79 5.04 
5.26 12.11 0.6683 75.75 86.03 51.68 0.560 0.599 0.490 0.515 554 501 29.06 2.99 
5.27 14.38 0.5817 76.87 85.24 51.66 0.570 0.586 0.490 0.525 486 429 21.39 2.11 
5.28 14.76 0.6577 76.87 86.46 51.68 0.550 0.583 0.470 0.515 617 572 36.51 3.86 
5.29 13.25 0.7032 83.03 96.28 75.79 0.550 0.587 0.460 0.506 647 656 38.02 3.89 
5.30 12.87 0.8285 83.26 96.22 75.82 0.570 0.608 0.470 0.509 540 563 40.58 3.90 
5.31 10.60 0.8030 83.26 95.70 75.86 0.570 0.629 0.480 0.512 459 440 26.20 2.37 
* set at measured values 
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Figure 5-15 Material balance parity plot for 6.4m K+/1.6m PZ pilot plant runs  

 

5.6.2. Reboiler duty for 6.4m K+/1.6m PZ. Figure 5-16 shows the parity plot for the 

measured and predicted reboiler duty. Figure 5-16 shows the ACM model predicts the 

general trend of the pilot plant data.   
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Figure 5-16: Comparison of reboiler duty for 6.4m K+/1.6m PZ  
 
 
5.6.3. Effect of liquid rate on reboiler duty for 6.4m K+/1.6m PZ. Figure 5-17 shows 

the effect of liquid rate on the reboiler duty. The measured reboiler duty is systematically 

greater than the predicted duty.  

 

1438



  166

350

400

450

500

550

600

650

700

10 11 12 13 14 15 16 17 18

Q
 (k

J/
gm

ol
 C

O
2)

L * 104  (m3/s)

Model

Meas.

 

Figure 5-17: Effect of liquid rate on reboiler duty for 6.4m K+/1.6m PZ 

 

5.6.4. Effect of pressure drop for 6.4m K+/1.6m PZ. Figure 5-18 shows relative 

pressure drop as a function of the top pressure of the column. The pressure drop is 

correlated with the operating pressure of the column.  Greater operating pressure leads to 

lower percent drop in pressure across the column. This emphasizes the importance of 

pressure drop in vacuum operations.  
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Figure 5-18: Effect of pressure drop for 6.4m K+/1.6m PZ 

 

5.6.5. Insight into stripper operation for 6.4m K+/1.6m PZ.  McCabe-Thiele plots are 

useful in understanding stripper operation. Figure 5-19 shows the stripper operation for 

run 5.25. The results show that the feed is subcooled. A well-defined driving force 

is observed along the stripper. Most of the CO2 desorption occurs in the reboiler. The 

loadings for the five sections in the upper half of the column are close because in this 

region, there is very little wetted area and corresponding mass transfer taking place. The 

optimum condition in terms of energy from Chapter 2 was one with a rich end pinch. 
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Based on the model results, the stripper was operated far from its optimum condition in 

terms of energy requirement.  
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Figure 5-19: McCabe-Thiele plot for run 5-25 (Liquid rate = 15.14 x 10-4 m3/s, rich 
loading = 0.581 mol CO2/mol Alk, lean loading = 0.511 mol CO2/mol Alk, ∆T= 
9.8oC)  
 

5.6.6. Temperature profile in stripper for 6.4m K+/1.6m PZ. Figure 5-20 compares the 

measured and predicted temperature profiles in the column for run 5.25. The stripper feed 

and lean temperatures are fixed.  The result shows that a difference of 1oC is observed 

1441



  169

between the predicted and measured temperatures. The model predicts the trend of the 

temperature profile fairly well.   
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Figure 5-20: Temperature profile for run 5-25 (Liquid rate = 15.14 x 10-4 m3/s, rich 
loading = 0.581 mol CO2/mol Alk, lean loading = 0.511 mol CO2/mol Alk, ∆T= 
9.8oC)  
 

5.6.7. Average stripper height for 6.4m K+/1.6m PZ. If the liquid rate, pressure at the 

top of the column, rich and lean solution temperatures, measured reboiler duty and CO2 

flow are fixed; rich and lean loadings and a packing height can be calculated. shows the 

effective packing height for runs 5-19 to 5-31. The actual packing height was fixed at 

6.1m. For 6.4m K+/1.6m PZ, all the packing heights calculated with runs 5-19 through 5-
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31 were included in the average packing height calculation. The average effective 

packing height is 6.47m. 

  

Table 5-11: Effective packing height for 6.4m K+/1.6m PZ 
 

Run Number Effective packing height (m) 

5-19 5.53 

5-20 7.67 

5-21 6.10 

5-22 5.24 

5-23 9.41 

5-24 4.64 

5-25 8.27 

5-26 5.34 

5-27 3.76 

5-28 8.62 

5-29 6.64 

5-30 6.91 

5-31 6.03 

 

1443



  171

5.7. Conclusions 

1. In order to match the model to the measured data, the wetted area in the top half 

of the column was adjusted to 10% of the dry specific packing area while the 

lower half was set at 70% of the dry specific packing area. The effective packing 

height was 5.09m for 5m K+/2.5m PZ and 6.47m for 6.4m K+/1.6m PZ.  

2. Foaming was experienced in the stripper during these tests. The high pressure 

drop experienced was an indication of foaming. This foaming could be due to the 

presence of residual hexane from other tests in the stripping column prior to the 

CO2 capture (McLees 2006).  

3. The heavily adjusted ACM Model predicts the general trend of the pilot plant 

data. Even though differences existed between the absolute rich and lean loadings, 

the measured and predicted capacities seemed to close to a reasonable extent.  

4. The pilot plant test conditions were far from the optimum. 
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Chapter 6  : Conclusions and recommendations 
 

 

 

 

This chapter summarizes the conclusions from this work and presents 

recommendations for future work.  

6.1. Equilibrium modeling conclusions 

 
1. Operating the cross exchanger at a 5oC approach instead of a 10oC approach can 

reduce the equivalent work of the baseline configuration by 12%. 

2.  At a fixed capacity, solvents with high heats of absorption require less energy 

for stripping. 5m K+/2.5m PZ offers 18% over 6.4m K+/1.6m PZ at 160 kPa 

with a 5oC approach and savings of 3% and 4% with the matrix and internal 

exchange configurations at stripper conditions. The savings experienced with 

5m K+/2.5m PZ  at 160 kPa  are because of the temperature swing desorption. 

At vacuum conditions this effect disappears and the performance of the solvents 

are equal.  
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3. Vacuum operation favors solvents with heats of desorption approximately equal 

to the heat of vaporization of water while operation at normal pressure favors 

solvents with high heats of desorption. This is because solvents with a high heat 

of desorption take advantage of the temperature swing.  

4. MEA/PZ and MDEA/PZ are alternatives to 7m MEA that can reduce total 

equivalent work by at least 10% for all configurations and operating conditions 

studied.  

5. The performance of the alternative configurations is matrix > internal exchange 

> multipressure with split feed > flashing feed. The matrix, internal exchange, 

multipressure with split feed and flashing feed offer 15%, 13%, 13% and 11% 

energy savings over the improved baseline with stripping and compression to 

10 MPa.  

6. Less energy is required with high capacity solvents with equivalent heat of 

absorption. 5m K+/2.5m PZ and MDEA/PZ have similar heats of absorption. 

MDEA/PZ has about twice the capacity for CO2 as 5m K+/2.5m PZ.  MDEA/PZ 

provides 30% and 19% energy savings over 5m K+/2.5m PZ with the matrix 

and internal exchange configurations with the reboiler operating at 160 kPa and 

17% and 12% savings with these configurations at 30 kPa. 

7. The typical predicted energy requirement for stripping and compression to 10 

MPa  (30 kJ/gmol CO2) is about 20% of the power output from a 500 MW 
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power plant with 90% CO2 removal. This does not include power for pumping, 

the flue gas fan and other auxiliaries. 

8. The best solvent and process configuration in this study, matrix (295/160) using 

MDEA/PZ, offers 22% energy savings over the baseline and 15% savings over 

the improved baseline with stripping and compression to 10 MPa. 

9. The best solvent and process configuration requires 26 kJ/gmol CO2 compared 

to 24.1 kJ/gmol CO2 for isothermal separation and real compression to 10 MPa. 

This means that there is little room for improvement. MDEA/PZ with the 

matrix configuration is 67% efficient when compared with the minimum 

thermodynamic work  requirement of 18.1 kJ/gmol CO2. 

6.2. Rate modeling conclusions 

1. A ‘short and fat’ column requires 7 to 15% less equivalent work than a ‘tall and 

skinny’ one because it has a lower pressure drop and less temperature change. 

This is especially evident in the vacuum stripper. 

2. The optimum stripper design could be one that operates between 50% and 80% 

flood at the bottom. This optimal design will have to be determined by an 

economic analysis of the attractive options. 

3. The vacuum stripper requires 230 s of effective packing volume to get an 

equivalent work 4% greater than the minimum work. This is a packing height of 7 

meters with 50% flood. Because kinetics do not limit stripping at 160 kPa, only 
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115 s is required to get within 4% of the equivalent work, giving a packing height 

of 6.5m.  

4. The stripping operation is liquid phase controlled. Kinetics is the dominant 

mechanism for mass transfer in the vacuum stripper while diffusion of reactants 

and products is the controlling mechanism at 160 kPa. 

5. The typical predicted energy requirement for stripping and compression to 10 

MPa to achieve 90% removal from 5m K+/2.5m PZ with a rich loading of 0.56 

mol CO2/ mol Alk is about 37 kJ/gmol CO2. This is about 25% of the net power 

output of a typical power plant with 90% CO2 removal. This includes pumping 

power but not the flue gas fan and other auxiliaries. This is 3.3 kJ/gmol CO2 

greater than the corresponding equilibrium work prediction. The total equivalent 

work for the rate prediction is 10% more than the equilibrium prediction. 

6. At 30 kPa, operating the cross exchanger with a 5oC approach rather than 10oC 

offers 1.4% and 3% energy savings at 80% and 30% approach to flood. The 

pressure and temperature drops across the column are not significantly different. 

7. At 160 kPa, the energy savings in operating the cross exchanger with a 5oC 

approach is 7-9% compared to a 10oC approach. The increased savings can be 

attributed to a lower temperature drop across the column which results in reduced 

sensible heat requirements.  
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6.3. Pilot plant test conclusions 

1. In order to match the model to the measured data, the wetted area in the top half 

of the column was adjusted to 10% of the dry specific packing area while the 

lower half was set at 70% of the dry specific packing area. The effective packing 

height was 5.09m for 5m K+/2.5m PZ and 6.47m for 6.4m K+/1.6m PZ.  

2. Foaming was experienced in the stripper during these tests. The high pressure 

drop experienced was an indication of foaming. This foaming could be due to the 

presence of residual hexane from other tests in the stripping column prior to the 

CO2 capture. 

3. The ACM model predicts the general trend of the pilot plant data. Even though 

differences existed between the absolute rich and lean loadings, the measured and 

predicted capacities seemed to close to a reasonable extent.  

4. The pilot plant test conditions were far from the optimum. 

6.4. Recommendations for future work 

1. More thermodynamic and rate data should be collected on the bench and pilot 

scales with MEA/PZ and 4m K+/4m PZ at stripper conditions. This will provide 

enough data for more comprehensive process models. 

2. Tests should be performed to understand the flashing and reboiler operation to 

better understand these processes. The results will relax the assumptions in this 

work concerning flashing and reboiler mass transfer and improve model 

predictability. 
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3. Foaming should be significantly reduced or eliminated. Possible causes of 

foaming in the pilot tests could be the presence of residual hexane and/or 

degradation products from prior tests. This may have impacted the stripper 

performance adversely. Adequate cleaning of the column and removal of possible 

degradation products from the process loop could help reduce foaming. 

4.  If foaming occurs and antifoam is added, sufficient time should be allowed for 

steady state to be reached before samples are withdrawn for analysis. This will 

ensure agreement between duplicate experimental conditions. 

5. Better liquid distributor designs that can accommodate two-phase flow in the 

receiver should be developed. The presence of flashing liquid in the distributor 

receiver may have lead to entrainment problems. A mist eliminator could be 

incorporated in the design of the distributor at the top of the stripper. 

6. More accurate/consistent methods of quantitative analysis of solution loadings 

should be developed. This will improve data integrity and aid better model 

predictability. 

7. Temperature and pressure measurements could be used as on-line indicators of 

liquid composition. 

8. Heat loss experiments could be performed so that a reliable heat loss model could 

be incorporated into the process model. 

9. Rate models based on 4m K+/4m PZ solvents with the double matrix 

configurations should be carried out.  
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10. The ACM model should be converted to an Aspen Plus block so that it can be 

used in the Aspen Plus environment with other unit operations.  

6.5.   Contributions of this work 

This research provides the following contributions to scientific knowledge: 
 

1. Comparison of seven generic solvents for CO2 absorption/stripping. 

2. New stripper configurations (e.g. matrix, internal exchange, flashing feed, 

multipressure with split feed, and multipressure stripper) and the advantages of 

this over the conventional design were developed. 

3. Rate models have been developed for K2CO3/PZ. This provides insight into mass 

transfer with chemical reaction at stripper conditions. 

4. The stripper model developed has been used to verify pilot plant data for 5m 

K+/2.5m PZ and 6.4m K+/1.6m PZ using two packings IMTP #40 and Flexipac 

AQ Style 20. The model has the ability to model other packings (CMR #2, CMR 

#2A, Pall rings, IMTP #25, Montz B1-250, Montz B1-350).  
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 Appendix A: Detailed equilibrium model 
 

 

 

 

This appendix contains the detailed equilibrium model used for 7m MEA,  

MEA/PZ and K2CO3/PZ using the simple, vacuum and multipressure configurations. The 

model for the internal exchange, multipressure with split feed, and flashing feed are 

available from Dr. Gary Rochelle at the University of Texas at Austin. 

 
Model Equilibrium model 
 
// This is the equilibrium model for MEA, MEA/PZ and K PZ solvents 
// This model can be used for the simple, vacuum and multipressure configurations 
 
//declaration of variables 
 
// Solvent refers to the different solvent types  
Solvent as SolventType; 
 
// ns is the number of segments into which the stripper is divided 
// The last segment is the reboiler. The reboiler is assumed to be  
// an equilibrium segment 
ns as integerparameter(12); 
// nsf refers to the segment from which the side stream is introduced 
nsf as integerparameter(2); 
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// L is the liquid rate, mol/s 
L([0:2*ns]) as realvariable; 
// lco2,lh2o,lamine are the molar  rates in the liquid of  
// co2,water and amine respectively, mol/s 
lco2([0:2*ns]) as realvariable; 
lh2o([0:2*ns]) as realvariable; 
lamine([0:2*ns]) as realvariable; 
 
// S is the liquid rate in the side stream, mol/s 
S([0:ns-1]) as realvariable; 
// lco2,lh2o,lamine are the molar  rates in the side liquid stream of  
// co2,water and amine respectively, mol/s 
sco2([0:ns-1]) as realvariable; 
sh2o([0:ns-1]) as realvariable; 
samine([0:ns-1]) as realvariable; 
 
 
// ldg is the CO2 loading in the liquid 
ldg([0:2*ns]) as realvariable; 
// ldgin is the rich loading, mol CO2/mol Alk 
ldgin as realvariable; 
//ldgout is the lean loading, mol CO2/mol Alk 
ldgout as realvariable; 
 
 
// CpL  and CpS are the heat capacities of the liquid and side liquid streams, kcal/gmol-K  
CpL([0:2*ns]) as realvariable; 
CpS([0:ns-1]) as realvariable; 
 
 
// G is the gas rate, mol/s 
G([1:ns+1]) as realvariable; 
 
// yco2 is the mole fraction of CO2 in the gas phase 
yco2([1:ns+1]) as realvariable; 
// yh2o is the mole fraction of CO2 in the gas phase 
yh2o([1:ns+1]) as realvariable; 
 
// Pco2e is the equilibrium partial pressure of CO2 in the liquid,kPa 
Pco2e([0:2*ns]) as realvariable; 
// Pco2 is the partial pressure of CO2 in the gas phase,kPa 
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Pco2([1:ns+1]) as realvariable; 
// Ph2o is the partial pressure of CO2 in the gas phase,kPa 
Ph2o([1:ns]) as realvariable; 
// Total pressure on a segment, kPa 
Pt([1:ns]) as realvariable(160,fixed); 
 
//Murphree efficiency for CO2 
// This is assumed to be 40% for all segments  
// but 100% for the reboiler 
meff([1:ns]) as realvariable(fixed); 
 
// Heat of desorption of CO2, kcal/gmol CO2 
dH([1:ns+1]) as realvariable; 
 
 
// Tref is the reference temperature, K 
Tref as realvariable(298.15,fixed); 
// T and Ts are the temperatures of the liquid and side liquid stream temperatures, Kelvin 
T([0:2*ns]) as realvariable; 
Ts([0:ns-1]) as realvariable; 
// Treb is the reboiler temperature, K 
Treb as realvariable; 
// Tcond is the condensing steam temperature, K 
// In this model this is set at 10K higher than the reboiler temperature 
Tcond as realvariable; 
// Tcool is the temperature of cooling water with a 10K driving force,K 
Tcool as realvariable(313.15,fixed); 
 
// Qkcal is the reboiler duty, kcal/gmol CO2 
Qkcal as realvariable; 
 
// Work of compression, kcal 
Wcomp([1:ns]) as realvariable; 
 
// Weq1 is the equivalent work, kcal 
Weq1 as realvariable; 
// Weq2 is the equivalent work, kcal/gmol CO2 
Weq2 as realvariable; 
 
 
// heat associated with compression on a segment, kcal 
Qcomp([1:ns]) as realvariable; 
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// Heat input and rejection from any segment, kcal 
Q([1:ns]) as realvariable; 
// This is the reboiler duty, kcal/gmol CO2 
Qreboiler as realvariable; 
 
// This is the Universal gas constant 
R as realvariable(0.08206,fixed); 
// This is the ratio of heat capacity at constant pressure 
// to that at constant volume i.e. k = cp/cv 
k as realvariable(1.3,fixed); 
// nn1 = n/(n-1) 
// n/(n-1) = k/(k-1)  *  polyeff 
nn1 as realvariable; 
 
// polyeff is the polytropic efficiency set to 75% 
polyeff as realvariable(0.75,fixed); 
 
//heat capacity coefficients for co2 
cpco2([1:ns+1]) as realvariable; 
// The constants from the DIPPR database  
cpc([1:5]) as realvariable; 
cpc(1) : 29370,fixed; 
cpc(2):34540,fixed; 
cpc(3):1428,fixed; 
cpc(4):26400,fixed; 
cpc(5): 588,fixed; 
 
//heat capacity coefficients for h2o 
cph2o([1:ns+1]) as realvariable; 
// The constants from the DIPPR database 
cph([1:5]) as realvariable; 
cph(1) : 33363.0,fixed; 
cph(2):26790,fixed; 
cph(3):2610.5,fixed; 
cph(4):8896.0,fixed; 
cph(5): 1169.0,fixed; 
 
// Heat of vaporisation of water for a stage,kcal/gmol  
Hvap as realvariable(10.47,fixed); 
//Constants for water vapor pressure 
AA as realvariable(73.649,fixed); 
BB as realvariable(-7258.2,fixed); 
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CC as realvariable(-7.3037,fixed); 
DD as realvariable(4.1653e-6,fixed); 
EE as realvariable(2.0,fixed);  
 
// Heat of desorption constants 
aeq as realvariable; 
beq as realvariable; 
ceq as realvariable; 
deq as realvariable; 
eeq as realvariable; 
feq as realvariable; 
 
// Temperature approach in cross exchanger, K 
Tapp as realvariable; 
// Temperature of the gas 
// aqssumed to be equal to that of the liquid 
Tg([1:ns+1]) as realvariable; 
 
// heat capacity constants for solvent 
// assumes molar heat capacities of co2,amine and water  
// are equal to those of one mole of water 
cp([1:5]) as realvariable; 
cp(1) : 276370.0,fixed; 
cp(2):-2090.1,fixed; 
cp(3):8.125,fixed; 
cp(4):-0.014116,fixed; 
cp(5): 9.3701e-006,fixed; 
 
// molalK is the molality of K in the solvent 
// molalPZ is the molality of PZ in the solvent 
// molalMEA is the molality of MEA in the solvent  
// molaltotal is the sum of the molality of K,PZ and MEA in the solvent 
molalK as realvariable; 
molalPZ as realvariable; 
molalMEA as realvariable; 
molaltotalk as realvariable; 
 
// co2moles is the mole of co2 in the solvent 
// h2omoles is the mole of h2o in the solvent 
// totalmoles is the mole of co2,water and amine in the solvent 
co2moles as realvariable; 
h2omoles as realvariable; 
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Basis as realvariable; 
factor as realvariable(fixed); 
 
totalmoles as realvariable; 
 
molaltotalk = molalK + molalPZ + molalMEA; 
 
co2moles = ldgin * molaltotalk; 
 
h2omoles = 1000/18.02; 
 
totalmoles = co2moles + h2omoles + molaltotalk; 
 
lamine(0) = molaltotalk * (L(0)/totalmoles); 
 
// Fixed variables 
// 
Tg(ns+1) : 0,fixed; 
Pco2(ns+1):0,fixed; 
G(ns+1):0,fixed; 
 
for i in [0:ns-1] do 
Q(i):0,fixed; 
endfor 
 
in_r as input RichPort; 
out_l as output LeanPort; 
out_p as output VapPort; 
 
 
//Rich stream 
in_r.ldg = ldg(0); 
//in_r.CpL = CpL(0); 
//in_r.Pco2e = Pco2e(0); 
in_r.T = T(0); 
in_r.L = L(0); 
 
//Lean stream 
out_l.ldg = ldg(2*ns); 
//out_l.CpL = CpL(0); 
//out_l.Pco2e = Pco2e(0); 
out_l.T = T(2*ns); 
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out_l.L = L(2*ns); 
 
//vapor stream 
 
out_p.G = G(1); 
out_p.yco2 = yco2(1); 
out_p.yh2o = yh2o(1); 
out_p.Pco2 = Pco2(1); 
out_p.Ph2o = Ph2o(1); 
out_p.T = T(1); 
out_p.Pt = Pt(1); 
 
 
// VLE constants for solvents 
if Solvent == "7m MEA"  then 
aeq=35.1159; 
beq=-45.04; 
ceq=-14281; 
deq=-546277; 
eeq=-3400441; 
feq=32670.01; 
molalK =0; 
molalPZ =0; 
molalMEA = 7; 
else 
 
if Solvent == "7m MEA 2m PZ"  then 
aeq=30.27305877; 
beq=-38.86877528; 
ceq=-11990.95019; 
deq=1110072.577; 
eeq=-4806202.584; 
feq=31355.59731; 
molalK =0; 
molalPZ =0; 
molalMEA = 11.85; 
else 
 
if Solvent == "5m K 2.5m PZ"  then 
aeq=-4.59244; 
beq=34.21513; 
ceq=-3834.67; 
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deq=-1747284; 
eeq=-1712091; 
feq=8186.474; 
molalK =5; 
molalPZ =5; 
molalMEA =0; 
else 
 
if Solvent == "6.4m K 1.6m PZ"  then 
aeq=-19.4886; 
beq=24.46361; 
ceq=3435.22; 
deq=1464774; 
eeq=-5514009; 
feq=12068.45; 
molalK = 6.4; 
molalPZ = 3.2; 
molalMEA = 0; 
else 
 
if Solvent == "3.6m K 3.6m PZ"  then 
aeq=14.70682; 
beq=29.00715; 
ceq=-7850.54; 
deq=-779330; 
eeq=427433; 
feq=-1670.44; 
molalK = 3.6; 
molalPZ = 7.2; 
molalMEA =0; 
else 
 
if Solvent == "4m K 4m PZ"  then 
aeq=12.08799725; 
beq=42.39442658; 
ceq=-7087.741422; 
deq=-925154.8763; 
eeq=1393781.73; 
feq=-8552.737971; 
molalK = 4; 
molalPZ = 8; 
molalMEA = 0; 
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else 
 
endif 
endif 
endif 
endif 
endif 
endif 
 
 
nn1 = (k/(k-1))*polyeff; 
 
for i in [0:2*ns] do 
 
L(i) = lco2(i) + lh2o(i) + lamine(i); 
 
ldg(i) = lco2(i)/lamine(i); 
 
endfor 
 
for i in [0:ns-1] do 
S(i) = sco2(i) + sh2o(i) + samine(i); 
endfor 
 

for i in [0:ns-1] do 
lco2((2*i)+1) = lco2(2*i) + sco2(i); 
lh2o((2*i)+1) = lh2o(2*i) + sh2o(i); 
lamine((2*i)+1) = lamine(2*i) + samine(i); 
endfor 
 
 
for i in [0:2*ns] do 
 
CpL(i) = (cp(1) + (cp(2)*T(i))  + (cp(3) * (T(i)^2))+ (cp(4)*(T(i)^3))+ 
(cp(5)*(T(i)^4)))*(0.000000239); 
 
endfor 
 
for i in [0:ns-1] do 
CpS(i) = (cp(1) + (cp(2)*Ts(i))  + (cp(3) * (Ts(i)^2))+ (cp(4)*(Ts(i)^3))+ 
(cp(5)*(Ts(i)^4)))*(0.000000239); 
endfor 
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//Mixing operation 
 
 for i in [0:ns-1] do 
(L(2*i) * CpL(2*i) * (T(2*i)-Tref)) + (S(i)*CpS(i)*(Ts(i)-Tref)) = L(2*i+1) * 
CpL(2*i+1) * (T(2*i+1)-Tref); 
endfor 
 
// heat capacity calculation for the gas phase 
 
for i in [1:ns] do 
cpco2(i)=(cpc(1) + (cpc(2)*(((cpc(3)/Tg(i)) 
/sinh(cpc(3)/Tg(i)))^2))+(cpc(4)*(((cpc(5)/Tg(i)) /cosh(cpc(5)/Tg(i)))^2)))*0.000000239; 
cph2o(i)=(cph(1) + (cph(2)*(((cph(3)/Tg(i)) 
/sinh(cph(3)/Tg(i)))^2))+(cph(4)*(((cph(5)/Tg(i)) 
/cosh(cph(5)/Tg(i)))^2)))*0.000000239; 
endfor 
 
 
cpco2(ns+1):0,fixed; 
cph2o(ns+1):0,fixed; 
 
for i in [1:ns] do 
Tg(i) = T(2*i); 
endfor 
 
 
// Material balance 
 
for i in [1:ns] do 
lco2(2*i-1) + (G(i+1)*yco2(i+1)) = lco2(2*i) + (G(i) * yco2(i)); 
 
lh2o(2*i-1) + (G(i+1)*yh2o(i+1)) = lh2o(2*i) + (G(i) * yh2o(i)); 
 
lamine(2*i-1) = lamine(2*i) ; 
 
endfor 
 
 
yco2(ns+1):0,fixed; 
yh2o(ns+1):0,fixed; 
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dH(ns+1):0,fixed; 
 
 
// energy balance 
for i in [1:ns] do 
(G(i+1)*((yh2o(i+1)*(Hvap+(cph2o(i+1)*(Tg(i+1)-
Tref))))+(yco2(i+1)*((dH(i+1)/1000)+(cpco2(i+1)*(Tg(i+1)-Tref))))))+(L(2*i-
1)*cpL(2*i-1)*(T(2*i-1)-Tref))+ Q(i)+ Qcomp(i) =(L(2*i)*cpL(2*i)*(T(2*i)-
Tref))+G(i)*(((yh2o(i))*(Hvap+(cph2o(i)*(Tg(i)-
Tref))))+((yco2(i))*((dH(i)/1000)+(cpco2(i)*(Tg(i)-Tref))))); 
endfor 
 
 
for i in [1:ns] do 
 
Pco2(i)= Pco2(i+1) + (meff(i)*(Pco2e(2*i) - Pco2(i+1)));  
 
 
Ph2O(i)= (exp(AA+(BB/Tg(i))+(CC*loge(Tg(i)))+ (DD*(Tg(i)^EE))))/1000; 
endfor 
 
 
for i in [1:ns-1] do 
meff(i):0.2; 
endfor 
 
Tg(ns+1) : 0,fixed; 
Pco2(ns+1):0,fixed; 
 
for i in [1:ns] do 
 
dH(i) = (ceq+(2*deq*ldg(2*i)*ldg(2*i)/T(2*i)) + (2*eeq*ldg(2*i)/T(2*i)) + 
(feq*ldg(2*i)) )* -1.987; 
 
endfor 
 
// Total pressure on a section 
for i in [1:ns] do 
Pt(i) = Pco2(i) + Ph2o(i); 
endfor 
 
// vapor mole fractions 
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for i in [1:ns] do 
 
yco2(i) = Pco2(i)/Pt(i); 
 
yh2o(i) = Ph2o(i)/ Pt(i); 
     
endfor 
 
 
T(0) + Tapp = T(2*ns); 
 
G(ns+1):0,fixed; 
 
// equilibrium expression 
 
for i in [0:2*ns] do 
 
Pco2e(i) = exp(aeq + (beq*ldg(i)) + (ceq/T(i)) + (deq*ldg(i)*ldg(i)/T(i)/T(i)) + 
(eeq*ldg(i)/T(i)/T(i)) + (feq*ldg(i)/T(i))); 
 
endfor 
 
 
 
 
Qreboiler = Q(ns)/G(1)/yco2(1); 
 
//compression work 
 
for i in [1:ns-1] do 
Wcomp(i) = (G(i+1)*1.987*Tg(i+1)*nn1*(((Pt(i)/Pt(i+1))^(1/nn1))-1.0))/(1000*polyeff); 
Qcomp(i)= Wcomp(i); 
endfor 
 
Wcomp(ns):0,fixed; 
Qcomp(ns):0,fixed; 
 
for i in [1:ns-1] do 
Q(i):0,fixed; 
endfor 
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for i in [0:ns-1] do 
Ts(i):0,fixed; 
S(i):0,fixed; 
sco2(i):0,fixed; 
samine(i):0,fixed; 
endfor 
 
 
 
ldg(2*ns):fixed; 
 
meff(ns):1,fixed; 
 
 
for i in [1:ns-1] do 
Q(i) : 0,fixed; 
endfor 
 
Treb = T(2*ns); 
 
Qkcal = Q(ns); 
 
ldgin = ldg(0); 
 
ldgout = ldg(2*ns); 
 
Tcond = Treb +10; 
 
//Equivalent work , kcal 
 
Weq1 = (0.75*(Q(ns)*((Tcond - Tcool)/Tcond)))   + sigma(Qcomp([1:ns])); 
 
//Equivalent work, kcal/gmol CO2 
 
Weq2 = Weq1 / (G(1)*yco2(1)); 
 
end 
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 Appendix B: Double Matrix Stripper Model 
 

 

 

 

This appendix contains the detailed matrix stripper model used for MDEA/PZ and 

KS-1. The matrix model for 7m MEA, MEA/PZ and K2CO3/PZ are available from Dr. 

Gary Rochelle at the University of Texas at Austin. 

Model Matrix model for MDEA and KS-1 
// This is the matrix stripper model for 50 wt% MDEA and KS-1 
// This section is for the first stripper in the matrix stripper 
 
//declaration of variables 
 
Solvent as SolventType; 
// ns is the number of segments into which the stripper is divided 
// The last segment is the reboiler. The reboiler is assumed to be  
// an equilibrium segment 
ns as integerparameter(12); 
nns as integerparameter; 
 
// L is the liquid rate, mol/s 
L([0:2*ns]) as realvariable; 
// lco2,lh2o,lamine are the molar  rates in the liquid of  
// co2,water and amine respectively, mol/s 
lco2([0:2*ns]) as realvariable; 
lh2o([0:2*ns]) as realvariable; 
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lamine([0:2*ns]) as realvariable; 
 
// S is the liquid rate in the side stream, mol/s 
S([0:ns-1]) as realvariable; 
// sco2,sh2o,samine are the molar  rates in the side liquid stream of  
// co2,water and amine respectively, mol/s 
sco2([0:ns-1]) as realvariable; 
sh2o([0:ns-1]) as realvariable; 
samine([0:ns-1]) as realvariable; 
 
// ldg is the CO2 loading in the liquid 
ldg([0:2*ns]) as realvariable; 
// ldgin is the rich loading, mol CO2/mol Alk  
ldgin as realvariable; 
//ldgout is the lean loading, mol CO2/mol Alk 
ldgout as realvariable; 
 
// CpL  and CpS are the heat capacities of the liquid and side liquid streams, kcal/gmol-K  
CpL([0:2*ns]) as realvariable; 
CpS([0:ns-1]) as realvariable; 
 
// G is the gas rate, mol/s 
G([1:ns+1]) as realvariable; 
 
// yco2 is the mole fraction of CO2 in the gas phase 
// yh2o is the mole fraction of CO2 in the gas phase 
yco2([1:ns+1]) as realvariable; 
yh2o([1:ns+1]) as realvariable; 
 
// Pco2e is the equilibrium partial pressure of CO2 in the liquid,kPa 
Pco2e([0:2*ns]) as realvariable; 
// Pco2 is the partial pressure of CO2 in the gas phase,kPa 
Pco2([1:ns+1]) as realvariable; 
// Ph2o is the partial pressure of CO2 in the gas phase,kPa 
Ph2o([1:ns]) as realvariable; 
// Total pressure on a segment, kPa 
Pt([1:ns]) as realvariable(160,fixed); 
 
//Murphree efficiency for CO2 
// This is assumed to be 40% for all segments  
// but 100% for the reboiler 
meff([1:ns]) as realvariable(fixed); 
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// Heat of desorption of CO2, kcal/gmol CO2 
dH([1:ns+1]) as realvariable; 
 
// Tref is the reference temperature, K 
Tref as realvariable(298.15,fixed); 
// T and Ts are the temperatures of the liquid and side liquid stream temperatures, Kelvin 
T([0:2*ns]) as realvariable; 
Ts([0:ns-1]) as realvariable; 
// Treb is the reboiler temperature, K 
Treb as realvariable; 
// Tcond is the condensing steam temperature, K 
// In this model this is set at 10K higher than the reboiler temperature 
Tcond as realvariable; 
// Tcool is the temperature of cooling water with a 10K driving force,K 
Tcool as realvariable(313.15,fixed); 
 
// Qkcal is the reboiler duty, kcal/gmol CO2 
Qkcal as realvariable; 
 
// Work of compression, kcal 
Wcomp([1:ns]) as realvariable; 
// Weq1 is the equivalent work, kcal 
Weq1 as realvariable; 
// Weq2 is the equivalent work, kcal/gmol CO2 
Weq2 as realvariable; 
 
// heat associated with compression on a segment, kcal 
Qcomp([1:ns]) as realvariable; 
// Heat input and rejection from any segment, kcal 
Q([1:ns]) as realvariable; 
// This is the reboiler duty, kcal/gmol CO2 
Qreboiler as realvariable; 
 
 
// This is the Universal gas constant 
R as realvariable(0.08206,fixed); 
// This is the ratio of heat capacity at constant pressure 
// to that at constant volume i.e. k = cp/cv 
k as realvariable(1.3,fixed); 
// nn1 = n/(n-1) 
// n/(n-1) = k/(k-1)  *  polyeff 
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nn1 as realvariable; 
 
// polyeff is the polytropic efficiency set to 75% 
polyeff as realvariable(0.75,fixed); 
 
//heat capacity coefficients for co2 
cpco2([0:ns+1]) as realvariable; 
// The constants from the DIPPR database  
cpc([1:5]) as realvariable; 
cpc(1) : 29370,fixed; 
cpc(2):34540,fixed; 
cpc(3):1428,fixed; 
cpc(4):26400,fixed; 
cpc(5): 588,fixed; 
 
//heat capacity coefficients for h20 
cph2o([0:ns+1]) as realvariable; 
// The constants from the DIPPR database  
cph([1:5]) as realvariable; 
cph(1) : 33363.0,fixed; 
cph(2):26790,fixed; 
cph(3):2610.5,fixed; 
cph(4):8896.0,fixed; 
cph(5): 1169.0,fixed; 
 
// Heat of vaporisation of water for a stage,kcal/gmol  
Hvap as realvariable(10.47,fixed); 
 
//Constants for water vapor pressure 
AA as realvariable(73.649,fixed); 
BB as realvariable(-7258.2,fixed); 
CC as realvariable(-7.3037,fixed); 
DD as realvariable(4.1653e-6,fixed); 
EE as realvariable(2.0,fixed);  
 
// Temperature approach in cross exchanger, K 
Tapp as realvariable(fixed); 
 
// Temperature of the gas 
// assumed to be equal to that of the liquid 
Tg([1:ns+1]) as realvariable; 
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// heat capacity constants for solvent 
// assumes molar heat capacities of co2,amine and water  
// are equal to those of one mole of water 
cp([1:5]) as realvariable; 
// The constants were taken from the DIPPR database 
cp(1) : 276370.0,fixed; 
cp(2):-2090.1,fixed; 
cp(3):8.125,fixed; 
cp(4):-0.014116,fixed; 
cp(5): 9.3701e-006,fixed; 
 
//gas free amine mole fraction from Posey et al (1996) 
Xamine as realvariable ; 
 
//acid gas liquid mole fraction 
Xco2([0:2*ns]) as realvariable; 
 
// Equilibrium constant 
 
Kco2([0:2*ns]) as realvariable; 
 
//constants for equilibrium constant expression 
 
KA as realvariable ; 
 
KB as realvariable ; 
 
KC as realvariable ; 
 
KD as realvariable; 
 
 
 
molalK as realvariable; 
molalPZ as realvariable; 
molalMEA as realvariable; 
molalAmine as realvariable; 
molaltotalk as realvariable; 
co2moles as realvariable; 
h2omoles as realvariable; 
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totalmoles as realvariable; 
 
molaltotalk = molalK + molalPZ + molalMEA + molalAmine; 
 
 
co2moles = ldgin * molaltotalk; 
 
h2omoles = 1000/18.02; 
 
 
totalmoles = co2moles + h2omoles + molaltotalk; 
 
 
lamine(0) = molaltotalk * (L(0)/totalmoles); 
 
 
if Solvent == "KS-1"  then 
molalK = 0; 
molalPZ = 0; 
molalMEA = 0; 
molalAmine = 8.39; 
KA = 32.45; 
KB = -8807; 
KC = 52; 
KD =-15; 
Xamine = 0.1313; 
else 
if Solvent == "50 wt% MDEA"  then 
molalK = 0; 
molalPZ = 0; 
molalMEA = 0; 
molalAmine = 8.39; 
KA = 32.45; 
KB = -7440; 
KC = 33; 
KD =-18.5; 
Xamine = 0.1313; 
endif 
endif 
 
// Specified variables 
Tg(ns+1) : 0,fixed; 
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Pco2(ns+1):0,fixed; 
G(ns+1):0,fixed; 
 
for i in [1:ns-1] do 
Q(i):0,fixed; 
endfor 
 
in_r as input RichPort; 
out_l as output LeanPort; 
out_p as output VapPort; 
 
 
//Rich stream 
in_r.ldg = ldg(0); 
//in_r.CpL = CpL(0); 
//in_r.Pco2e = Pco2e(0); 
in_r.T = T(0); 
in_r.L = L(0); 
 
//Lean stream 
out_l.ldg = ldg(2*ns); 
//out_l.CpL = CpL(0); 
//out_l.Pco2e = Pco2e(0); 
out_l.T = T(2*ns); 
out_l.L = L(2*ns); 
 
//vapor stream 
 
out_p.G = G(1); 
out_p.yco2 = yco2(1); 
out_p.yh2o = yh2o(1); 
out_p.Pco2 = Pco2(1); 
out_p.Ph2o = Ph2o(1); 
out_p.T = T(1); 
out_p.Pt = Pt(1); 
 
 
 
 
nn1 = (k/(k-1))*polyeff; 
 
for i in [0:2*ns] do 
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L(i) = lco2(i) + lh2o(i) + lamine(i); 
 
ldg(i) = lco2(i)/lamine(i); 
 
endfor 
 
for i in [0:ns-1] do 
S(i) = sco2(i) + sh2o(i) + samine(i); 
endfor 
 
for i in [0:ns-1] do 
lco2((2*i)+1) = lco2(2*i) + sco2(i); 
lh2o((2*i)+1) = lh2o(2*i) + sh2o(i); 
lamine((2*i)+1) = lamine(2*i) + samine(i); 
endfor 
 
 
for i in [0:2*ns] do 
 
CpL(i) = (cp(1) + (cp(2)*T(i))  + (cp(3) * (T(i)^2))+ (cp(4)*(T(i)^3))+ 
(cp(5)*(T(i)^4)))*(0.000000239); 
 
endfor 
 
for i in [0:ns-1] do 
CpS(i) = (cp(1) + (cp(2)*Ts(i))  + (cp(3) * (Ts(i)^2))+ (cp(4)*(Ts(i)^3))+ 
(cp(5)*(Ts(i)^4)))*(0.000000239); 
endfor 
 
 
//Mixing operation 
 
 for i in [0:ns-1] do 
(L(2*i) * CpL(2*i) * (T(2*i)-Tref)) + (S(i)*CpS(i)*(Ts(i)-Tref)) = L(2*i+1) * 
CpL(2*i+1) * (T(2*i+1)-Tref); 
endfor 
 
// heat capacity calculation for the gas phase 
 
for i in [1:ns] do 
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cpco2(i)=(cpc(1) + (cpc(2)*(((cpc(3)/Tg(i)) 
/sinh(cpc(3)/Tg(i)))^2))+(cpc(4)*(((cpc(5)/Tg(i)) /cosh(cpc(5)/Tg(i)))^2)))*0.000000239; 
cph2o(i)=(cph(1) + (cph(2)*(((cph(3)/Tg(i)) 
/sinh(cph(3)/Tg(i)))^2))+(cph(4)*(((cph(5)/Tg(i)) 
/cosh(cph(5)/Tg(i)))^2)))*0.000000239; 
endfor 
 
 
cpco2(ns+1):0,fixed; 
cph2o(ns+1):0,fixed; 
 
for i in [1:ns] do 
Tg(i) = T(2*i); 
endfor 
 
 
// Material balance 
 
for i in [1:ns] do 
lco2(2*i-1) + (G(i+1)*yco2(i+1)) = lco2(2*i) + (G(i) * yco2(i)); 
 
lh2o(2*i-1) + (G(i+1)*yh2o(i+1)) = lh2o(2*i) + (G(i) * yh2o(i)); 
 
lamine(2*i-1) = lamine(2*i) ; 
 
endfor 
 
 
yco2(ns+1):0,fixed; 
yh2o(ns+1):0,fixed; 
dH(ns+1):0,fixed; 
 
 
// energy balance 
for i in [1:ns] do 
(G(i+1)*((yh2o(i+1)*(Hvap+(cph2o(i+1)*(Tg(i+1)-
Tref))))+(yco2(i+1)*((dH(i+1)/1000)+(cpco2(i+1)*(Tg(i+1)-Tref))))))+(L(2*i-
1)*cpL(2*i-1)*(T(2*i-1)-Tref))+ Q(i)+ Qcomp(i) =(L(2*i)*cpL(2*i)*(T(2*i)-
Tref))+G(i)*(((yh2o(i))*(Hvap+(cph2o(i)*(Tg(i)-
Tref))))+((yco2(i))*((dH(i)/1000)+(cpco2(i)*(Tg(i)-Tref))))); 
endfor 
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for i in [1:ns] do 
 
Pco2(i)= Pco2(i+1) + (meff(i)*(Pco2e(2*i) - Pco2(i+1)));  
 
 
Ph2O(i)= (exp(AA+(BB/Tg(i))+(CC*loge(Tg(i)))+ (DD*(Tg(i)^EE))))/1000; 
endfor 
 
 
for i in [1:ns-1] do 
meff(i):0.4; 
endfor 
 
Tg(ns+1) : 0,fixed; 
Pco2(ns+1):0,fixed; 
 
for i in [1:ns] do 
dH(i) = KB * -1.987; 
endfor 
 
// Total pressure on a section 
for i in [1:ns] do 
Pt(i) = Pco2(i) + Ph2o(i); 
endfor 
 
// vapor mole fractions 
 
for i in [1:ns] do 
 
yco2(i) = Pco2(i)/Pt(i); 
 
yh2o(i) = Ph2o(i)/ Pt(i); 
 
endfor 
 
 
T(0) + Tapp = T(2*ns); 
 
G(ns+1):0,fixed; 
 
// equilibrium expression 
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for i in [0:2*ns] do 
 
loge(Kco2(i)) = KA + (KB/T(i)) + (KC * ldg(i) * Xamine) + (KD* 
((ldg(i)*Xamine)^0.5)); 
 
 
if Solvent == "50 wt% MDEA"  then 
Xco2(i) = (ldg(i) * 0.4195) / ( (ldg(i)*0.4195) + 0.4195 + 2.7747); 
else 
if Solvent == "KS-1"  then 
Xco2(i) = ldg(i) / ( (ldg(i)) + 1 +((1/Xamine)-1)); 
endif 
endif 
 
Pco2e(i) = Kco2(i) * Xco2(i) * (ldg(i)/ (1-ldg(i))); 
 
endfor 
Qreboiler = Q(ns)/G(1)/yco2(1); 
 
//compression work 
 
for i in [1:ns-1] do 
Wcomp(i) = (G(i)*1.987*Tg(i+1)*nn1*(((Pt(i)/Pt(i+1))^(1/nn1))-1.0))/(1000*polyeff); 
Qcomp(i)= Wcomp(i); 
endfor 
 
Wcomp(ns):0,fixed; 
Qcomp(ns):0,fixed; 
 
for i in [1:ns-1] do 
Q(i):0,fixed; 
endfor 
 
 
 
for i in [0:ns-1] do 
Ts(i):0,fixed; 
S(i):0,fixed; 
sco2(i):0,fixed; 
samine(i):0,fixed; 
endfor 
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ldg(2*ns):fixed; 
 
meff(ns):1,fixed; 
 
 
for i in [1:ns-1] do 
Q(i) : 0,fixed; 
endfor 
 
//Ts(nns) = (T(2*ns))-5 ; 
 
//Ts(nns)= T(0); 
 
Treb = T(2*ns); 
 
Qkcal = Q(ns); 
 
ldgin = ldg(0); 
 
ldgout = ldg(2*ns); 
 
Tcond = Treb +10; 
 
//Equivalent work , kcal 
 
Weq1 = (0.75*(Q(ns)*((Tcond - Tcool)/Tcond)))   + sigma(Qcomp([1:ns])); 
 
//Equivalent work, kcal/gmol CO2 
 
Weq2 = Weq1 / (G(1)*yco2(1)); 
 
end 
 
 
 
 
 
// This is the end of the first column equations 
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Model test10 
// This is the matrix stripper model for 50 wt% MDEA and KS-1 
// This section is for the second stripper in the matrix stripper 
 
//declaration of variables 
Solvent as SolventType; 
// ns is the number of segments into which the stripper is divided 
// The last segment is the reboiler. The reboiler is assumed to be  
// an equilibrium segment 
ns as integerparameter(12); 
nns as integerparameter; 
//nsf refers to the number of stages in the upper part of the second 
//column 
nsf as integerparameter(5); 
 
 
//DECLARATION OF UPPER SECTION OF SECOND STRIPPER STAGE 
VARIABLES 
// Lcf is the liquid rate of the feed to the upper part of the second column, mol/s 
Lcf([0:nsf]) as realvariable; 
// Lwp is the liquid rate of the semi-lean stream, mol/s 
Lwp as realvariable; 
// lco2cf,lh2ocf,laminecf are the molar  rates in the liquid to the second column for 
// co2,water and amine respectively, mol/s 
lco2cf([0:nsf]) as realvariable; 
lh2ocf([0:nsf]) as realvariable; 
laminecf([0:nsf]) as realvariable; 
 
// lco2wp,lh2owp,laminewp are the molar rates in the semi-lean stream for 
// co2,water and amine respectively, mol/s 
lco2wp as realvariable; 
lh2owp as realvariable; 
laminewp as realvariable; 
 
//ldgcf is the loading of the solution in the upper part of the second column,mol/mol Alk 
//ldgwp is the semi-lean loading, mol/mol Alk 
ldgcf([0:nsf]) as realvariable; 
ldgwp as realvariable; 
 
// GCF is the gas rate in the upper part of the second column,mol/s 
GCF([1:nsf+1]) as realvariable; 
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//yco2cf and yh2ocf are the mole fractions in the gas phase in the 
//upper part of the second column 
yco2cf([1:nsf+1]) as realvariable; 
yh2ocf([1:nsf+1]) as realvariable; 
 
//CpLcf is the liquid heat capacity in the upper part of the second column, kcal/mol-K  
//CpLwp is the semi-lean liquid heat capacity, kcal/mol-K  
CpLcf([0:nsf]) as realvariable; 
CpLwp as realvariable; 
 
//Tcf is the liquid temperature in the upper part of the second column,K  
//Twp is the semi-lean temperature,K  
Tcf([0:nsf]) as realvariable; 
Twp as realvariable; 
 
//Pco2ecf is the equilibrium partial pressure of co2 in the liquid in the upper part of the 
second column,kPa  
//Pco2ewp is the equilibrium partial pressure of co2 in the semi-lean stream,kPa  
Pco2ecf([0:nsf]) as realvariable; 
Pco2ewp as realvariable; 
 
//Pco2cf is the partial pressure of co2 in gas phase in the upper part of the second 
column,kPa  
//Ph2ocf is the partial pressure of co2 in the gas phase,kPa  
//Ptcf is the total pressure on a segment in the upper part of the second column,kPa  
Ptcf([1:nsf+1]) as realvariable(160,fixed); 
Ph2ocf([1:nsf+1]) as realvariable; 
Pco2cf([1:nsf+1]) as realvariable; 
 
//meffcf is the Murphree efficiency of co2 in the upper part of the second column,-  
meffcf([1:nsf]) as realvariable(fixed); 
 
//dHcf is the heat of desorption co2 in the upper part of the second column,kcal/gmol 
CO2  
dHcf([1:nsf+1]) as realvariable; 
 
// cpco2cf is the heat capacity of co2 in the gas phase in the upper part of the second 
column, kcal/gmol-K 
// cph2ocf is the heat capacity of co2 in the gas phase in the upper part of the second 
column, kcal/gmol-K 
cpco2cf([1:nsf+1]) as realvariable; 
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cph2ocf([1:nsf+1]) as realvariable; 
 
// This is the heat rate for each segment in the upper part of the second column,kcal 
Qcf([1:nsf]) as realvariable; 
 
//Gas phase temperature in the upper part of the second column,K 
Tgcf([1:nsf+1]) as realvariable; 
 
//END OF FLASH SEGMENTS VARIABLE DECLARATION 
 
 
 
// The equations for the lower part of the second column start here 
 
// L is the liquid rate, mol/s 
L([0:2*ns]) as realvariable; 
// lco2,lh2o,lamine are the molar  rates in the liquid of  
// co2,water and amine respectively, mol/s 
lco2([0:2*ns]) as realvariable; 
lh2o([0:2*ns]) as realvariable; 
lamine([0:2*ns]) as realvariable; 
 
// S is the liquid rate in the side stream, mol/s 
// sco2,sh2o,samine are the molar  rates in the side liquid stream of  
// co2,water and amine respectively, mol/s 
S([0:ns-1]) as realvariable; 
sco2([0:ns-1]) as realvariable; 
sh2o([0:ns-1]) as realvariable; 
samine([0:ns-1]) as realvariable; 
 
// ldg is the CO2 loading in the liquid 
ldg([0:2*ns]) as realvariable; 
// ldgin is the rich loading, mol CO2/mol Alk 
ldgin as realvariable; 
//ldgout is the lean loading, mol CO2/mol Alk 
ldgout as realvariable; 
  
// CpL  and CpS are the heat capacities of the liquid and side liquid streams, kcal/gmol-K  
CpL([0:2*ns]) as realvariable; 
CpS([0:ns-1]) as realvariable; 
 
// G is the gas rate, mol/s 
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G([1:ns+1]) as realvariable; 
 
 
// yco2 is the mole fraction of CO2 in the gas phase 
// yh2o is the mole fraction of CO2 in the gas phase 
 
yco2([1:ns+1]) as realvariable; 
yh2o([1:ns+1]) as realvariable; 
 
// Pco2e is the equilibrium partial pressure of CO2 in the liquid,kPa 
Pco2e([0:2*ns]) as realvariable; 
// Pco2 is the partial pressure of CO2 in the gas phase,kPa 
Pco2([1:ns+1]) as realvariable; 
// Ph2o is the partial pressure of CO2 in the gas phase,kPa 
Ph2o([1:ns]) as realvariable; 
// Total pressure on a segment, kPa 
Pt([1:ns]) as realvariable(160,fixed); 
 
//Murphree efficiency for CO2 
// This is assumed to be 40% for all segments  
// but 100% for the reboiler 
meff([1:ns]) as realvariable(fixed); 
 
// Heat of desorption of CO2, kcal/gmol CO2 
dH([1:ns+1]) as realvariable; 
 
// Tref is the reference temperature, K 
Tref as realvariable(298.15,fixed); 
// T and Ts are the temperatures of the liquid and side liquid stream temperatures, Kelvin 
T([0:2*ns]) as realvariable; 
Ts([0:ns-1]) as realvariable; 
// Treb is the reboiler temperature, K 
Treb as realvariable; 
// Tcond is the condensing steam temperature, K 
// In this model this is set at 10K higher than the reboiler temperature 
Tcond as realvariable; 
// Tcool is the temperature of cooling water with a 10K driving force,K 
Tcool as realvariable(313.15,fixed); 
 
// Qkcal is the reboiler duty, kcal/gmol CO2 
Qkcal as realvariable; 
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// Work of compression, kcal 
Wcomp([1:ns]) as realvariable; 
 
// Weq1 is the equivalent work, kcal 
Weq1 as realvariable; 
// Weq2 is the equivalent work, kcal/gmol CO2 
Weq2 as realvariable; 
// heat associated with compression on a segment, kcal 
Qcomp([1:ns]) as realvariable; 
 
// Heat input and rejection from any segment, kcal 
Q([1:ns]) as realvariable; 
// This is the reboiler duty, kcal/gmol CO2 
Qreboiler as realvariable; 
 
// This is the Universal gas constant 
R as realvariable(0.08206,fixed); 
 
// This is the ratio of heat capacity at constant pressure 
// to that at constant volume i.e. k = cp/cv 
k as realvariable(1.3,fixed); 
// nn1 = n/(n-1) 
// n/(n-1) = k/(k-1)  *  polyeff 
nn1 as realvariable; 
 
// polyeff is the polytropic efficiency set to 75% 
polyeff as realvariable(0.75,fixed); 
 
//heat capacity coefficients for co2 
cpco2([1:ns+1]) as realvariable; 
// The constants from the DIPPR database  
cpc([1:5]) as realvariable; 
cpc(1) : 29370,fixed; 
cpc(2):34540,fixed; 
cpc(3):1428,fixed; 
cpc(4):26400,fixed; 
cpc(5): 588,fixed; 
 
//heat capacity coefficients for h20 
cph2o([1:ns+1]) as realvariable; 
// The constants from the DIPPR database 
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cph([1:5]) as realvariable; 
cph(1) : 33363.0,fixed; 
cph(2):26790,fixed; 
cph(3):2610.5,fixed; 
cph(4):8896.0,fixed; 
cph(5): 1169.0,fixed; 
 
// Heat of vaporisation of water for a stage,kcal/gmol  
Hvap as realvariable(10.47,fixed); 
 
//Constants for water vapor pressure 
AA as realvariable(73.649,fixed); 
BB as realvariable(-7258.2,fixed); 
CC as realvariable(-7.3037,fixed); 
DD as realvariable(4.1653e-6,fixed); 
EE as realvariable(2.0,fixed);  
 
 
 
// Temperature approach in cross exchanger, K 
Tapp as realvariable; 
// Temperature of the gas 
// assumed to be equal to that of the liquid 
Tg([1:ns+1]) as realvariable; 
 
// heat capacity constants for solvent 
// assumes molar heat capacities of co2,amine and water  
// are equal to those of one mole of water 
cp([1:5]) as realvariable; 
cp(1) : 276370.0,fixed; 
cp(2):-2090.1,fixed; 
cp(3):8.125,fixed; 
cp(4):-0.014116,fixed; 
cp(5): 9.3701e-006,fixed; 
 
 
//gas free amine mole fraction from Posey et al (1996) 
Xamine as realvariable ; 
 
//acid gas liquid mole fraction 
Xco2([0:2*ns]) as realvariable; 
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// Equilibrium constant 
Kco2([0:2*ns]) as realvariable; 
 
//constants for equilibrium constant expression 
 
KA as realvariable ; 
 
KB as realvariable ; 
 
KC as realvariable ; 
 
KD as realvariable; 
 
 
 
molalK as realvariable; 
molalPZ as realvariable; 
molalMEA as realvariable; 
molalAmine as realvariable; 
molaltotalk as realvariable; 
co2moles as realvariable; 
h2omoles as realvariable; 
factor as realvariable(fixed); 
 
totalmoles as realvariable; 
 
molaltotalk = molalK + molalPZ + molalMEA + molalAmine; 
 
 
co2moles = ldgin * molaltotalk; 
 
h2omoles = 1000/18.02; 
 
 
totalmoles = co2moles + h2omoles + molaltotalk; 
 
 
lamine(0) = molaltotalk * (L(0)/totalmoles); 
 
 
if Solvent == "KS-1"  then 
molalK = 0; 

1483



  211

molalPZ = 0; 
molalMEA = 0; 
molalAmine = 8.39; 
KA = 32.45; 
KB = -8807; 
KC = 52; 
KD =-15; 
Xamine = 0.1313; 
else 
if Solvent == "50 wt% MDEA"  then 
molalK = 0; 
molalPZ = 0; 
molalMEA = 0; 
molalAmine = 8.39; 
KA = 32.45; 
KB = -7440; 
KC = 33; 
KD =-18.5; 
Xamine = 0.1313; 
endif 
endif 
 
 
// Specified variables 
Tg(ns+1) : 0,fixed; 
Pco2(ns+1):0,fixed; 
G(ns+1):0,fixed; 
 
 
for i in [0:ns-1] do 
Q(i):0,fixed; 
endfor 
 
 
in_r as input RichPort; 
out_l as output LeanPort; 
out_p as output VapPort; 
 
 
//Rich stream 
in_r.ldg = ldg(0); 
//in_r.CpL = CpL(0); 
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//in_r.Pco2e = Pco2e(0); 
in_r.T = T(0); 
in_r.L = L(0); 
 
//Lean stream 
out_l.ldg = ldg(2*ns); 
//out_l.CpL = CpL(0); 
//out_l.Pco2e = Pco2e(0); 
out_l.T = T(2*ns); 
out_l.L = L(2*ns); 
 
//vapor stream 
 
out_p.G = G(1); 
out_p.yco2 = yco2(1); 
out_p.yh2o = yh2o(1); 
out_p.Pco2 = Pco2(1); 
out_p.Ph2o = Ph2o(1); 
out_p.T = T(1); 
out_p.Pt = Pt(1); 
 
 
 
nn1 = (k/(k-1))*polyeff; 
 
for i in [0:2*ns] do 
 
L(i) = lco2(i) + lh2o(i) + lamine(i); 
 
ldg(i) = lco2(i)/lamine(i); 
 
endfor 
 
for i in [0:ns-1] do 
S(i) = sco2(i) + sh2o(i) + samine(i); 
endfor 
 
for i in [0:ns-1] do 
lco2((2*i)+1) = lco2(2*i) + sco2(i); 
lh2o((2*i)+1) = lh2o(2*i) + sh2o(i); 
lamine((2*i)+1) = lamine(2*i) + samine(i); 
endfor 
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for i in [0:2*ns] do 
 
CpL(i) = (cp(1) + (cp(2)*T(i))  + (cp(3) * (T(i)^2))+ (cp(4)*(T(i)^3))+ 
(cp(5)*(T(i)^4)))*(0.000000239); 
 
endfor 
 
for i in [0:ns-1] do 
CpS(i) = (cp(1) + (cp(2)*Ts(i))  + (cp(3) * (Ts(i)^2))+ (cp(4)*(Ts(i)^3))+ 
(cp(5)*(Ts(i)^4)))*(0.000000239); 
endfor 
 
 
//Mixing operation 
 
 for i in [0:ns-1] do 
(L(2*i) * CpL(2*i) * (T(2*i)-Tref)) + (S(i)*CpS(i)*(Ts(i)-Tref)) = L(2*i+1) * 
CpL(2*i+1) * (T(2*i+1)-Tref); 
endfor 
 
// heat capacity calculation for the gas phase 
 
for i in [1:ns] do 
cpco2(i)=(cpc(1) + (cpc(2)*(((cpc(3)/Tg(i)) 
/sinh(cpc(3)/Tg(i)))^2))+(cpc(4)*(((cpc(5)/Tg(i)) /cosh(cpc(5)/Tg(i)))^2)))*0.000000239; 
cph2o(i)=(cph(1) + (cph(2)*(((cph(3)/Tg(i)) 
/sinh(cph(3)/Tg(i)))^2))+(cph(4)*(((cph(5)/Tg(i)) 
/cosh(cph(5)/Tg(i)))^2)))*0.000000239; 
endfor 
 
 
cpco2(ns+1):0,fixed; 
cph2o(ns+1):0,fixed; 
 
for i in [1:ns] do 
Tg(i) = T(2*i); 
endfor 
 
 
// Material balance 
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for i in [1:ns] do 
lco2(2*i-1) + (G(i+1)*yco2(i+1)) = lco2(2*i) + (G(i) * yco2(i)); 
 
lh2o(2*i-1) + (G(i+1)*yh2o(i+1)) = lh2o(2*i) + (G(i) * yh2o(i)); 
 
lamine(2*i-1) = lamine(2*i) ; 
 
endfor 
 
 
yco2(ns+1):0,fixed; 
yh2o(ns+1):0,fixed; 
dH(ns+1):0,fixed; 
 
 
// energy balance 
for i in [1:ns] do 
(G(i+1)*((yh2o(i+1)*(Hvap+(cph2o(i+1)*(Tg(i+1)-
Tref))))+(yco2(i+1)*((dH(i+1)/1000)+(cpco2(i+1)*(Tg(i+1)-Tref))))))+(L(2*i-
1)*cpL(2*i-1)*(T(2*i-1)-Tref))+ Q(i)+ Qcomp(i) =(L(2*i)*cpL(2*i)*(T(2*i)-
Tref))+G(i)*(((yh2o(i))*(Hvap+(cph2o(i)*(Tg(i)-
Tref))))+((yco2(i))*((dH(i)/1000)+(cpco2(i)*(Tg(i)-Tref))))); 
endfor 
 
 
for i in [1:ns] do 
 
Pco2(i)= Pco2(i+1) + (meff(i)*(Pco2e(2*i) - Pco2(i+1)));  
 
 
Ph2O(i)= (exp(AA+(BB/Tg(i))+(CC*loge(Tg(i)))+ (DD*(Tg(i)^EE))))/1000; 
endfor 
 
 
for i in [1:ns-1] do 
meff(i):0.2; 
endfor 
 
Tg(ns+1) : 0,fixed; 
Pco2(ns+1):0,fixed; 
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for i in [1:ns] do 
dH(i) = KB * -1.987; 
endfor 
 
// Total pressure on a section 
for i in [1:ns] do 
Pt(i) = Pco2(i) + Ph2o(i); 
endfor 
 
// vapor mole fractions 
 
for i in [1:ns] do 
 
yco2(i) = Pco2(i)/Pt(i); 
 
yh2o(i) = Ph2o(i)/ Pt(i); 
 
endfor 
 
 
T(0) + Tapp = T(2*ns); 
 
G(ns+1):0,fixed; 
 
// equilibrium expression 
 
for i in [0:2*ns] do 
 
loge(Kco2(i)) = KA + (KB/T(i)) + (KC * ldg(i) * Xamine) + (KD* 
((ldg(i)*Xamine)^0.5)); 
 
 
if Solvent == "50 wt% MDEA"  then 
Xco2(i) = (ldg(i) * 0.4195) / ( (ldg(i)*0.4195) + 0.4195 + 2.7747); 
else 
if Solvent == "KS-1"  then 
Xco2(i) = ldg(i) / ( (ldg(i)) + 1 +((1/Xamine)-1)); 
endif 
endif 
 
Pco2e(i) = Kco2(i) * Xco2(i) * (ldg(i)/ (1-ldg(i))); 
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endfor 
 
 
 
 
Qreboiler = Q(ns)/G(1)/yco2(1); 
 
//compression work 
 
for i in [1:ns-1] do 
Wcomp(i) = (G(i)*1.987*Tg(i+1)*nn1*(((Pt(i)/Pt(i+1))^(1/nn1))-1.0))/(1000*polyeff); 
Qcomp(i)= Wcomp(i); 
endfor 
 
Wcomp(ns):0,fixed; 
Qcomp(ns):0,fixed; 
 
for i in [1:ns-1] do 
Q(i):0,fixed; 
endfor 
 
 
 
for i in [0:ns-1] do 
Ts(i):0,fixed; 
S(i):0,fixed; 
sco2(i):0,fixed; 
samine(i):0,fixed; 
endfor 
 
 
 
ldg(2*ns):fixed; 
 
meff(ns):1,fixed; 
 
 
for i in [1:ns-1] do 
Q(i) : 0,fixed; 
endfor 
 
//Ts(nns) = (T(2*ns))-5 ; 
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//Ts(nns)= T(0); 
 
Treb = T(2*ns); 
 
Qkcal = Q(ns); 
 
ldgin = ldg(0); 
 
ldgout = ldg(2*ns); 
 
Tcond = Treb +10; 
 
//Equivalent work , kcal 
 
Weq1 = (0.75*(Q(ns)*((Tcond - Tcool)/Tcond)))   + sigma(Qcomp([1:ns])); 
 
//Equivalent work, kcal/gmol CO2 
 
Weq2 = Weq1 / (Gcf(1)*yco2cf(1)); 
 
 
//UPPER PART OF SECOND COLUMN EQUATIONS 
 
 
for i in [0:nsf] do 
 
Lcf(i) = lco2cf(i) + lh2ocf(i) + laminecf(i); 
 
ldgcf(i) = lco2cf(i)/laminecf(i); 
 
endfor 
 
 
 
for i in [0:nsf] do 
 
CpLcf(i) = (cp(1) + (cp(2)*Tcf(i))  + (cp(3) * (Tcf(i)^2))+ (cp(4)*(Tcf(i)^3))+ 
(cp(5)*(Tcf(i)^4)))*(0.000000239); 
 
endfor 
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// heat capacity calculation for the gas phase 
 
for i in [1:nsf] do 
cpco2cf(i)=(cpc(1) + (cpc(2)*(((cpc(3)/Tgcf(i)) 
/sinh(cpc(3)/Tgcf(i)))^2))+(cpc(4)*(((cpc(5)/Tgcf(i)) 
/cosh(cpc(5)/Tgcf(i)))^2)))*0.000000239; 
cph2ocf(i)=(cph(1) + (cph(2)*(((cph(3)/Tgcf(i)) 
/sinh(cph(3)/Tgcf(i)))^2))+(cph(4)*(((cph(5)/Tgcf(i)) 
/cosh(cph(5)/Tgcf(i)))^2)))*0.000000239; 
endfor 
 
 
for i in [1:nsf] do 
Tgcf(i) = Tcf(i); 
endfor 
 
 
// Material balance 
 
for i in [1:nsf] do 
lco2cf(i-1) + (Gcf(i+1)*yco2cf(i+1)) = lco2cf(i) + (Gcf(i) * yco2cf(i)); 
 
lh2ocf(i-1) + (Gcf(i+1)*yh2ocf(i+1)) = lh2ocf(i) + (Gcf(i) * yh2ocf(i)); 
 
laminecf(i-1) = laminecf(i) ; 
 
endfor 
 
 
 
// energy balance 
for i in [1:nsf] do 
(Gcf(i+1)*((yh2ocf(i+1)*(Hvap+(cph2ocf(i+1)*(Tgcf(i+1)-
Tref))))+(yco2cf(i+1)*((dHcf(i+1)/1000)+(cpco2cf(i+1)*(Tgcf(i+1)-Tref))))))+(Lcf(i-
1)*cpLcf(i-1)*(Tcf(i-1)-Tref))+ Qcf(i)=(Lcf(i)*cpLcf(i)*(Tcf(i)-
Tref))+Gcf(i)*(((yh2ocf(i))*(Hvap+(cph2ocf(i)*(Tgcf(i)-
Tref))))+((yco2cf(i))*((dHcf(i)/1000)+(cpco2cf(i)*(Tgcf(i)-Tref))))); 
endfor 
 
 
for i in [1:nsf] do 
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Pco2cf(i)= Pco2cf(i+1) + (meffcf(i)*(Pco2ecf(i) - Pco2cf(i+1)));  
 
 
Ph2Ocf(i)= (exp(AA+(BB/Tgcf(i))+(CC*loge(Tgcf(i)))+ (DD*(Tgcf(i)^EE))))/1000; 
endfor 
 
 
for i in [1:nsf-1] do 
meffcf(i):0.4; 
endfor 
 
 
for i in [1:nsf] do 
 
dHcf(i) = KB * -1.987; 
 
endfor 
 
// Total pressure on a section 
for i in [1:nsf] do 
Ptcf(i) = Pco2cf(i) + Ph2ocf(i); 
endfor 
 
// vapor mole fractions 
 
for i in [1:nsf] do 
 
yco2cf(i) = Pco2cf(i)/Ptcf(i); 
 
yh2ocf(i) = Ph2ocf(i)/ Ptcf(i); 
 
endfor 
 
 
Tcf(0) + Tapp = Tcf(nsf); 
 
 
 
// equilibrium expression 
Kco2cf([0:nsf]) as realvariable; 
Xco2cf([0:nsf]) as realvariable; 
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for i in [0:nsf] do 
 
loge(Kco2cf(i)) = KA + (KB/Tcf(i)) + (KC * ldgcf(i) * Xamine) + (KD* 
((ldgcf(i)*Xamine)^0.5)); 
 
if Solvent == "50 wt% MDEA"  then 
Xco2cf(i) = (ldgcf(i) * 0.4195) / ( (ldgcf(i)*0.4195) + 0.4195 + 2.7747); 
else 
if Solvent == "KS-1"  then 
Xco2cf(i) = ldgcf(i) / ( (ldgcf(i)) + 1 +((1/Xamine)-1)); 
endif 
endif 
 
Pco2ecf(i) = Kco2cf(i) * Xco2cf(i) * (ldgcf(i)/ (1-ldgcf(i))); 
 
endfor 
 
for i in [1:nsf-1] do 
Qcf(i):0,fixed; 
endfor 
Ptcf(nsf+1):free; 
Ptcf(nsf+1)= Pt(1); 
Ph2ocf(nsf+1)= Ph2o(1); 
Tgcf(nsf+1) = Tg(1); 
Pco2cf(nsf+1)=Pco2(1); 
Gcf(nsf+1)=G(1); 
yco2cf(nsf+1)=yco2(1); 
yh2ocf(nsf+1)=yh2o(1); 
dHcf(nsf+1)=dH(1); 
cpco2cf(nsf+1)=cpco2(1); 
cph2ocf(nsf+1) = cph2o(1); 
 
ldgcf(0):fixed; 
LCF(0): 1000,fixed; 
Laminecf(0)= molaltotalk * (Lcf(0)/totalmoles); 
meffcf(nsf):1,fixed; 
Qcf(nsf):0,fixed; 
ldgwp = ldgcf(nsf); 
 
//END OF UPPER PART OF SECOND COLUMN EQUATIONS 
end 
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Appendix C: Rate Model Using Random Packing 
 

 

 

 

This appendix contains the rate model for 5m K+/2.5m PZ. The model can be used 

for a wide variety of random packings including 1” pall rings, 2” pall rings, CMR #2, 

CMR #2A, IMTP #25 and IMTP #40. The model is available from Dr. Gary Rochelle at 

the University of Texas at Austin. 

Model Rate model with random packing 
 
//declaration of variables 
Contactor as ContactorType; 
ns as integerparameter(12); 
nns as integerparameter; 
 
L([0:2*ns]) as realvariable; 
lco2([0:2*ns]) as realvariable; 
lh2o([0:2*ns]) as realvariable; 
lamine([0:2*ns]) as realvariable; 
 
ldg([0:2*ns]) as realvariable; 
 
S([0:ns-1]) as realvariable; 
sco2([0:ns-1]) as realvariable; 
sh2o([0:ns-1]) as realvariable; 
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samine([0:ns-1]) as realvariable; 
  
CpL([0:2*ns]) as realvariable; 
 
CpS([0:ns-1]) as realvariable; 
 
Tref as realvariable(298.15,fixed); 
 
T([0:2*ns]) as realvariable; 
 
Ts([0:ns-1]) as realvariable; 
 
Treb as realvariable; 
 
 
Tcond as realvariable; 
 
Tcool as realvariable(313.15,fixed); 
 
Qkcal as realvariable; 
 
ldgin as realvariable; 
 
ldgout as realvariable(fixed); 
 
Weq1 as realvariable; 
 
Weq2 as realvariable; 
 
G([1:ns+1]) as realvariable; 
 
yco2([1:ns+1]) as realvariable; 
 
yh2o([1:ns+1]) as realvariable; 
 
Pco2e([0:2*ns]) as realvariable; 
 
Pco2([1:ns+1]) as realvariable; 
 
meff([1:ns]) as realvariable(fixed); 
 
dH([1:ns+1]) as realvariable; 
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Pt([1:ns]) as realvariable(30); 
 
Ph2o([1:ns]) as realvariable; 
 
Q([1:ns]) as realvariable; 
 
Qreboiler as realvariable; 
 
 
Qx([1:ns]) as realvariable; 
 
Wcomp([1:ns]) as realvariable; 
 
Qcomp([1:ns]) as realvariable; 
 
R as realvariable(0.08206,fixed); 
 
k as realvariable(1.3,fixed); 
 
nn1 as realvariable; 
 
compeff as realvariable(0.75,fixed); 
 
polyeff as realvariable(0.75,fixed); 
 
cpco2([1:ns+1]) as realvariable; 
 
UA as realvariable(1,fixed); 
 
Tx([1:ns]) as realvariable; 
 
Txdiff([1:ns]) as realvariable; 
 
 
//heat capacity coefficients for co2 
cpc([1:5]) as realvariable; 
cpc(1) : 29370,fixed; 
cpc(2):34540,fixed; 
cpc(3):1428,fixed; 
cpc(4):26400,fixed; 
cpc(5): 588,fixed; 
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cph2o([1:ns+1]) as realvariable; 
//heat capacity coefficients for h20 
cph([1:5]) as realvariable; 
cph(1) : 33363.0,fixed; 
cph(2):26790,fixed; 
cph(3):2610.5,fixed; 
cph(4):8896.0,fixed; 
cph(5): 1169.0,fixed; 
 
// Heat of vaporisation of water for a stage,kcal/gmol  
Hvap as realvariable(10.47,fixed); 
 
//Constants for water vapor pressure 
AA as realvariable(73.649,fixed); 
BB as realvariable(-7258.2,fixed); 
CC as realvariable(-7.3037,fixed); 
DD as realvariable(4.1653e-6,fixed); 
EE as realvariable(2.0,fixed);  
 
// Heat of desorption constants 
aeq as realvariable(-4.59244,fixed); 
beq as realvariable (34.21513,fixed); 
ceq as realvariable (-3834.67,fixed); 
deq as realvariable (-1747284,fixed); 
eeq as realvariable (-1712091,fixed); 
feq as realvariable (8186.474,fixed); 
 
Tapp as realvariable(10,fixed); 
 
Tg([1:ns+1]) as realvariable; 
 
// heat capacity constants for solvent 
 
cp([1:5]) as realvariable; 
 
cp(1) : 276370.0,fixed; 
cp(2):-2090.1,fixed; 
cp(3):8.125,fixed; 
cp(4):-0.014116,fixed; 
cp(5): 9.3701e-006,fixed; 
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molalK as realvariable (5,fixed); 
molalPZ as realvariable(5,fixed); 
molalMEA as realvariable(0,fixed); 
molaltotalk as realvariable; 
co2moles as realvariable; 
h2omoles as realvariable; 
 
 
totalmoles as realvariable; 
 
molaltotalk = molalK + molalPZ + molalMEA; 
 
 
co2moles = ldgin * molaltotalk; 
 
h2omoles = 1000/18.02; 
 
 
totalmoles = co2moles + h2omoles + molaltotalk; 
 
 
lamine(0) = molaltotalk * (L(0)/totalmoles); 
 
 
 
 
//  
 
 
//rate equations added here 
 
// Constants for calculation of gas phase viscosity 
// the constants are from the DIPPR database 
 
//muco2 is the gas phase viscosity of co2, Pa-s 
muco2([1:nS]) as realvariable; 
amuco2 as realvariable(fixed,2.148e-6); 
bmuco2 as realvariable(fixed,4.6e-1); 
cmuco2 as realvariable(fixed,2.9e2); 
dmuco2 as realvariable(fixed,0); 
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//muh2o is the gas phase viscosity of h2o - steam, Pa-s 
muh2o([1:nS]) as realvariable; 
amuh2o as realvariable(fixed,1.7096e-8); 
bmuh2o as realvariable(fixed,1.1146); 
cmuh2o as realvariable(fixed,0); 
dmuh2o as realvariable(fixed,0); 
 
// binary mixture gas viscosity 
mugas([1:nS]) as realvariable; 
//constants needed to calculate the viscosity of the binary gas mixture 
phi12([1:nS]) as realvariable; 
phi21([1:nS]) as realvariable; 
 
// Molecular weights of gases 
Mco2 as realvariable(fixed,44.1); 
Mh2o as realvariable(fixed,18.02); 
//Mgas is the molecular weight of the gas stream 
Mgas([1:nS]) as realvariable; 
//Pressure of the gas phase expressed in atm 
Pgas([1:nS]) as realvariable; 
 
//Universal Gas constant expressed as L atm K-1 mol -1 
RR as realvariable(0.08206,fixed); 
 
// Density of the gas phase kg/m3 
rhog([1:nS]) as realvariable; 
 
//Diffusivity of gas m2/s 
Dv([1:nS]) as realvariable; 
 
//Schmidt Number for the gas  
 
Scg([1:nS]) as realvariable; 
 
 
//critical constants for co2 and water 
 
Pcco2 as pressure(72.9,fixed); 
Pch2o as pressure(220,fixed); 
Tcco2 as temperature(304.2,fixed); 
Tch2o as temperature(647,fixed); 
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//density of the  liquid 
rhol([0:2*nS]) as realvariable; 
 
//equivalent weight of PZK expressed as a percent 
 
we as realvariable(22.14,fixed); 
 
//mul is the liquid phase viscosity , Pa-s 
mul([0:2*nS]) as realvariable; 
amul as realvariable; 
bmul as realvariable; 
cmul as realvariable; 
 
//viscosity of liquid water Pa-s 
muliqh2o([0:2*nS]) as realvariable; 
amuliqh2o as realvariable (-5.2843e1,fixed); 
bmuliqh2o as realvariable (3.7036e3,fixed); 
cmuliqh2o as realvariable (5.8660,fixed); 
dmuliqh2o as realvariable (-5.8790e-29,fixed); 
emuliqh2o as realvariable (10,fixed); 
 
// Diffusivity of co2 in pure water m2/s 
Dco2pureh2o([0:2*nS]) as realvariable; 
 
// Diffusivity of the liquid m2/s 
Dl([0:2*nS]) as realvariable; 
 
// Packing factor Fp 
Fp as realvariable; 
 
// Pressure drop at flooding in H2o per ft of packing 
deltaPflood as realvariable; 
 
//Total surface area of packing m2/m3 
ap as realvariable; 
 
// gas phase mass transfer coefficient from the Onda correlation (1968) 
//the unit of kg is kmol/m2.s.Pa 
 
ONDAkg([1:nS]) as realvariable; 
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//kg for the contactor kmol/m2.s.Pa 
kg([1:nS]) as realvariable; 
 
//liquid phase mass tranfer coefficient from the ONDA correlation (1968) 
//the unit of ONDAkl is m/s 
 
ONDAkl([1:nS]) as realvariable; 
 
//kl of contactor m/s 
kl([1:nS]) as realvariable; 
 
 
//column area m2 
AREA as realvariable(0.143,fixed); 
 
//constant for kg calculation 
CO as realvariable; 
 
// wetted area based on Wilson (2004) experiments 
 
awet([1:nS]) as realvariable; 
 
// nominal diameter of random packing, m 
 
dn as realvariable; 
 
//wetted area from the Onda correlation (1968) 
// the unit of ONDAaw is m2/m3 
 
ONDAaw([1:nS]) as realvariable; 
 
//critical surface tension N/m 
surftenc as realvariable; 
 
//surface tension of the liquid 
surftenl as realvariable(0.04,fixed); 
 
//superficial velocity of the liquid 
sul([0:2*nS]) as realvariable; 
 
 
//correction factor for liq density 
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corrrhol([0:2*nS]) as realvariable; 
 
//correction factor for liq viscosity 
corrmul([0:2*nS]) as realvariable; 
 
//liquid to gas kinetic energy ratio 
 
FLG as realvariable; 
 
//density of liquid water 
rholiqh2o ([0:2*nS]) as realvariable; 
 
//constants in water density equation obtained from the DIPPR database 
 
arh2o as realvariable(1.7863e1,fixed); 
brh2o as realvariable(5.8606e1,fixed); 
crh2o as realvariable(-9.5396e1,fixed); 
drh2o as realvariable(2.1389e2,fixed); 
erh2o as realvariable(-1.4126e2,fixed); 
 
 
// Y axis of Leva GPDC plot  
 
Ygeneral as realvariable; 
 
//Superficial gas velocity m/s 
sug([1:nS]) as realvariable; 
 
//Flooding fraction 
f as fraction(free,0.8); 
 
//superficial gas velocity at flooding 
 
uo as realvariable; 
 
//Diameter of Tower m 
 
DT as realvariable; 
Factor as realvariable(fixed); 
height([1:ns]) as realvariable; 
 
//acceleration due to gravity m/s2 
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gg as realvariable(9.81,fixed); 
//New variables 
Nco2([1:ns]) as realvariable; 
kgprime([1:ns]) as realvariable; 
Pco2i([1:ns]) as realvariable; 
KGbig([1:ns]) as realvariable; 
Nh2o([1:ns]) as realvariable; 
Ph2oi([1:ns]) as realvariable; 
volseg([1:ns]) as realvariable; 
awetted([1:ns]) as realvariable(10); 
heightseg([1:ns]) as realvariable(1.5); 
kla([1:ns]) as realvariable; 
kga([1:ns]) as realvariable; 
 
// heat tranfer coefficient in the gas phase 
hg([1:ns]) as realvariable; 
// heat capacity of the gas 
cpgas([1:ns]) as realvariable; 
//Prandtl number of the gas 
Prgas([1:ns]) as realvariable; 
//thermal conductivity 
thermalk as realvariable (0.02,fixed); 
//heat transfer at the interface 
Qint([1:ns]) as realvariable; 
 
gasvelflood as realvariable;//ft/s 
sugflood as realvariable; 
 
Flowrate as realvariable(fixed);//gallons per sec 
 
// definition of rate equation variables end here 
 
// rate equations start 
 
//calculation of gas phase viscosities 
 
for i in[1:nS] do 
muco2(i)= (amuco2*(Tg(i)^bmuco2))/(1+(cmuco2/Tg(i))+(dmuco2/Tg(i)/Tg(i))); 
muh2o(i)= (amuh2o*(Tg(i)^bmuh2o))/(1+(cmuh2o/Tg(i))+(dmuh2o/Tg(i)/Tg(i))); 
mugas(i)= 
(muco2(i)/(1+((yh2o(i)/yco2(i))*phi12(i))))+(muh2o(i)/(1+((yco2(i)/yh2o(i))*phi21(i)))); 
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//calculation of constants in binary gas mixture viscosity equation 
phi12(i) = ((1+(((muco2(i)/muh2o(i))^0.5)* 
((Mh2o/Mco2)^0.25)))^2)/(2*sqrt(2.0)*((1+(Mco2/Mh2o))^0.5)); 
phi21(i) = ((1+(((muh2o(i)/muco2(i))^0.5)* 
((Mco2/Mh2o)^0.25)))^2)/(2*sqrt(2.0)*((1+(Mh2o/Mco2))^0.5)); 
 
// calculation of gas density in kg/m3 
 
Mgas(i)= (yco2(i)*Mco2)  + (yh2o(i)*Mh2o); 
Pgas(i) = Pt(i)*0.009869;//This converts the pressure from kPa to atm// 
rhog(i)= Pgas(i)*Mgas(i)/RR/Tg(i); 
 
 
 
//Calculation of diffusivity of the gas m2/s from BSL 
Dv(i)=(((3.64e-
4*((Tg(i)/sqrt(Tcco2*Tch2o))^2.334))*((Pcco2*Pch2o)^(1/3))*((Tcco2*Tch2o)^(5/12))*
sqrt((1/Mco2)+(1/Mh2o)))/Pgas(i))/10000; 
 
//calculation of Schmidt number for the gas  
Scg(i)= mugas(i)/rhog(i)/Dv(i); 
 
endfor 
 
amul = (2.79e-7 *we*we)-(2.04e-6*we) + 9.65e-5; 
bmul = (-2e-4 *we*we)+(1.37e-3*we) - 7.23e-2; 
cmul = (3.63e-2 *we*we)-(0.225*we) + 13.86; 
 
 
for i in [0:2*ns] do  
 
// density of the liquid kg/m3 
rhol(i)= ((((-1.93e-6*we)-(4.74e-4))*T(i))+(9.787e-3*we)+1.147)*1000; 
 
// viscosity of the liquid Pa-s 
// 0.001 is the conversion factor from cP to Pa-s 
 
mul(i)= ((amul*T(i)*T(i))+(bmul*T(i))+cmul)*0.001; 
 
//viscosity of pure liquid water Pa-s 
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muliqh2o(i) = exp(amuliqh2o+(bmuliqh2o/T(i))+ (cmuliqh2o*loge(T(i))) + 
(dmuliqh2o*(T(i)^emuliqh2o))); 
 
//Diffusivity of co2 in pure water 
//This is given by Versteeg and van Swaaij(1998) 
 
Dco2pureh2o(i) = (0.0240 * exp(-2122/T(i)))*0.0001; 
 
// calculation of the density of liquid water 
 
rholiqh2o(i) = (arh2o + (brh2o*((1-(T(i)/Tch2o))^0.35)) + (crh2o*((1-
(T(i)/Tch2o))^0.67)) + (drh2o*((1-(T(i)/Tch2o))^1.0))+ (erh2o*((1-
(T(i)/Tch2o))^1.33)))*Mh2o; 
 
// calculation of correction factor for liquid density 
 
corrrhol(i) = (1.7995*(rholiqh2o(i)/rhol(i)))-0.6469; 
 
// calculation of correction factor for liquid viscosity 
 
corrmul(i) = (0.1119*(mul(i)/0.001))+0.6664; 
 
// Diffusivity of co2 in the liquid m2/s 
// This is based on the Ratcliff and Holdcroft correlation (1963) 
// factor 0.82 proposed by Joosten and Danckwerts (1972) 
 
Dl(i) = Dco2pureh2o(i) / ((mul(i)/ muliqh2o(i))^0.82); 
 
//calculation of the superficial velocity of the liquid 
sul(i)=flowrate * 0.00378/AREA; 
endfor 
 
//for i in [1:ns] do 
// calculation of liquid to gas kinetic energy ratio 
 
FLG^2 = (L(2*0)*25.5/G(ns)/Mgas(ns))^2*(rhog(ns)/rhol(2*0)); 
 
deltaPpacking as realvariable; 
gasvel as realvariable; 
 
/* 
// calculation of the superficial velocity of the gas m/s 

1505



  233

Ygeneral = (-0.3148 * loge(FLG)) + 0.7936  ; 
//deltaP as realvariable; 
 
f = sug(ns)/sugflood; 
 
//deltaPpacking = f * deltaPflood; 
 
//f = 0.8; 
 
Csb as realvariable; 
 
Ygeneral = Csb * (Fp^0.5) 
*(((amul*T(0)*T(0))+(bmul*T(0))+cmul)*1000/rhol(2*0))^0.05; 
 
Csb = gasvelflood  / sqrt(((rhol(2*0))-(rhog(ns)))/(rhog(ns))); 
 
//(gasvel)^2 = (Ygeneral*32.2*1000/Fp/rhog(ns)/corrrhol(2*0)/corrmul(2*0)); 
 
sugflood = gasvelflood * 0.3048; 
*/ 
 
(gasvel)^2 = (Ygeneral*32.2*1000/Fp/rhog(ns)/corrrhol(2*0)/corrmul(2*0)); 
sugflood = gasvel *0.3048; 
 
sug(ns) = f * sugflood; 
 
DT = (4 * G(ns) * Mgas(ns)/f/1000/sugflood/3.142/rhog(ns))^0.5; 
Ygeneral = 0.0238 * (FLG^-0.5666); 
 
//sug(ns) = G(ns) * Mgas(ns)/1000/rhog(ns)/area; 
 
for i in [1:ns-1] do  
sug(i) = G(i) * Mgas(i)/1000/rhog(i)/AREA; 
 
 
endfor 
 
// calculation of pressure drop at flooding 
//deltaPflood = 0.115 * (fp^0.7); 
 
//Area of the column, m2 
AREA = 3.142*DT*DT/4; 
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for i in [1:ns-1] do 
 
//wetted area based on ONDA m2/m3 
///* 
ONDAaw(i)=ap*(1-exp(-
1.45*((surftenc/surftenl)^0.75)*((rhol(2*i)*sul(2*i)/ap/mul(2*i))^0.1)*((ap*sul(2*i)*sul(
2*i)/gg)^-0.05)*((rhol(2*i)*sul(2*i)*sul(2*i)/ap/surftenl)^0.2)));  
// calculation of the gas phase mass transfer coeficient kg in units of kmol/m2.s.Pa 
 
ONDAkg(i)= 
CO*((G(i)*Mgas(i)/1000/AREA/ONDAaw(i)/mugas(i))^0.7)*((Scg(i))^0.33)*((ap*dn)^-
2.0)* (ap*Dv(i)/8314/Tg(i)); 
 
//wetted area from Wilson (2004) 
//awet(i) = ONDAaw(i)+ (ONDAaw(i)*(-6.47 + 
(5.9*((rhog(i)*sug(i)/ap/mugas(i))^0.06)) + (8.49e-4*((ap*sul(2*i)*sul(2*i)/gg)^-0.53)) 
+ (7.28e-4*((rhol(2*i)*sul(2*i)*sul(2*i)/ap/surftenl)^1.13))- (3.97*((ap*dn)^-0.41)))); 
//awet(i) = ONDAaw(i)* (5.28 - (7.77*((G(i)*Mgas(i)/1000/AREA/ap/mugas(i))^-
0.08))+ (2.07e-9* (((L(2*i)*25.5/1000/AREA)^2)*ap/rhol(2*i) / rhol(2*i)/gg)^-1.54) + 
(1.41e-9 * (((L(2*i)*25.5/1000/AREA)/ap/mul(2*i))^1.03)) + (1.09e-3* ((ap*dn)^3))); 
//awet(i) =ap * (0.518756 + (0.008482*flowrate*60*0.093/area) + (0.077196 * 
sug(i)/0.3048)); 
//awet(i) = exp(4.54) * ((G(i) * Mgas(i)/1000/area)^0.121) * 
((L(i)*25.5/1000/area)^0.148); 
//New correlation based on SRP wetted area data 
 
awet(i) = exp(4.733) * ((sug(i))^0.061) * ((L(i)*25.5/1000/area)^0.148); 
 
//calculation of gas phase mass transfer coefficient of the packing kmol/m2.s.Pa 
 
kg(i)= ONDAkg(i)*ONDAaw(i)/awet(i); 
//kg(i) = 3e-9; 
kga(i) = kg(i) * awet(i);//unit kmol/s.Pa.m3 
 
// calculation of liquid phase mass transfer coefficient of the packing m/s 
ONDAkl(i) = 0.0051 * ((mul(2*i)*gg/rhol(2*i))^0.333) *  
((L(2*i)*25.5/1000/AREA/ONDAaw(i)/mul(2*i))^0.67) * 
((Dl(2*i)*rhol(2*i)/mul(2*i))^0.5)* ((ap*dn)^0.4); 
 
//calculation of liquid phase mass transfer coefficient of the packing m/s 
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kl(i) = ONDAkl(i)*ONDAaw(i)/awet(i); 
kla(i) = kl(i) * awet(i); 
//Factor / awet(i) = height(i) * AREA; 
//*/ 
 //Flux based on the gas phase 
///* 
Nco2(i) = ((kg(i)*1000 * Pt (i) * loge (Pco2i(i)/Pco2(i))) + Nh2o(i)) * (Pco2i(i) - 
Pco2(i))/(Pco2i(i) - Pco2(i) + (Pt(i) * loge(Pco2i(i)/Pco2(i)))); 
 
Nco2(i) = KGbig(i)*1000*(Pco2e(2*i)-Pco2(i)); 
 
 
//Nh2o(i) = ((kg(i)*1000 * Pt (i) * loge (Ph2oi(i)/Ph2o(i))) + Nco2(i)) * (Ph2oi(i) - 
Ph2o(i))/(Ph2oi(i) - Ph2o(i) + (Pt(i) * loge(Ph2oi(i)/Ph2o(i)))); 
 
Ph2oi(i) + Pco2i(i) = Pt(i); 
 
Nco2(i) = kgprime(i) *1000* (Pco2e(2*i) - Pco2i(i)); 
 
kgprime(i) = exp(-46.6868 + (-11.5447*ldg(2*i)) + (8197.802/T(2*i)) + (10050.46* kl(i)) 
+ (0.012346*Pco2i(i)) + (69294.95 * ldg(2*i)/T(2*i))+(-3182533*kl(i)/T(2*i))+(-
6.06135*Pco2i(i)/T(2*i)) +(-87538.9*ldg(2*i)*ldg(2*i)/T(2*i))+(-
2e7*ldg(2*i)/T(2*i)/T(2*i))+(26254990*ldg(2*i)*ldg(2*i)/T(2*i)/T(2*i))); 
 
KGbig (i) = 1 / ((1/kg(i)) + (1/kgprime(i))); 
lco2(2*i-1) = lco2(2*i) + (Nco2(i) * awetted(i) *1000); 
//lh2o(2*i-1) = lh2o(2*i) + (Nh2o(i) * awetted(i) *1000); 
volseg(i) = awetted(i) / awet(i); 
volseg(i) = heightseg(i)*AREA; 
 
//*/ 
endfor 
 
/* 
for i in [1:ns] do 
cpgas(i) = (cpco2(i) *4184*1000* G(i) * yco2(i)/44) + (cph2o(i) *4184*1000* G(i) * 
yh2o(i) /18.02); 
Prgas(i) = cpgas(i) * mugas(i)/ thermalk; 
kg(i) * 1000 *Mgas(i) * Pco2(i) * (Scg(i)^(2/3)) = hg(i) * (Prgas(i)^(2/3))/ cpgas(i); 
Qint(i) = hg(i)* awetted(i) * (T(2*i) - Tg(i)) * 0.000239; 
//(L(2*i-1)*cpL(2*i-1)*(T(2*i-1)-Tref)) - Qint(i) = (L(2*i)*cpL(2*i)*(T(2*i)-Tref)); 

1508



  236

endfor 
*/ 
 
 
 
//recall dn is in meters 
 
if dn <= 0.015 then 
CO = 2.00; 
else 
CO = 5.23; 
endif 
 
 
if Contactor == "1in Pall Rings" then 
dn = 0.025; 
ap = 223.5;//Billet 
Fp = 48;//AIChE cheresources 
surftenc=0.075; 
else  
if Contactor == "2in Pall Rings" then 
dn = 0.051; 
ap = 115; 
Fp = 20; 
surftenc=0.075; 
 
 
else 
if Contactor == "IMTP #25" then 
dn = 0.025; 
ap = 230; 
Fp = 41; 
surftenc=0.075; 
else 
if Contactor == "IMTP #40" then 
dn = 0.040; 
ap = 145; 
Fp = 24; 
surftenc=0.075; 
else 
 
if Contactor == "CMR #2" then 
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dn = 0.051; 
ap = 148; 
Fp = 80; 
surftenc=0.075; 
else 
 
if Contactor == "CMR #2A" then 
dn = 0.051; 
ap = 106; 
Fp = 22; 
surftenc=0.075; 
endif 
endif 
endif 
endif 
endif 
endif 
 
 
// rate equations end 
 
 
 
nn1 = (k/(k-1))*polyeff; 
 
for i in [0:2*ns] do 
 
L(i) = lco2(i) + lh2o(i) + lamine(i); 
 
ldg(i) = lco2(i)/lamine(i); 
 
endfor 
 
for i in [0:ns-1] do 
S(i) = sco2(i) + sh2o(i) + samine(i); 
endfor 
 
for i in [0:ns-1] do 
lco2((2*i)+1) = lco2(2*i) + sco2(i); 
lh2o((2*i)+1) = lh2o(2*i) + sh2o(i); 
lamine((2*i)+1) = lamine(2*i) + samine(i); 
endfor 
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for i in [0:2*ns] do 
 
CpL(i) = 0.888*((cp(1) + (cp(2)*T(i))  + (cp(3) * (T(i)^2))+ (cp(4)*(T(i)^3))+ 
(cp(5)*(T(i)^4)))*(0.000000239)); 
 
endfor 
 
for i in [0:ns-1] do 
CpS(i) = (cp(1) + (cp(2)*Ts(i))  + (cp(3) * (Ts(i)^2))+ (cp(4)*(Ts(i)^3))+ 
(cp(5)*(Ts(i)^4)))*(0.000000239); 
endfor 
 
 
//Mixing operation 
 
 for i in [0:ns-1] do 
(L(2*i) * CpL(2*i) * (T(2*i)-Tref)) + (S(i)*CpS(i)*(Ts(i)-Tref)) = L(2*i+1) * 
CpL(2*i+1) * (T(2*i+1)-Tref); 
endfor 
 
// heat capacity calculation for the gas phase 
 
for i in [1:ns] do 
cpco2(i)=(cpc(1) + (cpc(2)*(((cpc(3)/Tg(i)) 
/sinh(cpc(3)/Tg(i)))^2))+(cpc(4)*(((cpc(5)/Tg(i)) /cosh(cpc(5)/Tg(i)))^2)))*0.000000239; 
cph2o(i)=(cph(1) + (cph(2)*(((cph(3)/Tg(i)) 
/sinh(cph(3)/Tg(i)))^2))+(cph(4)*(((cph(5)/Tg(i)) 
/cosh(cph(5)/Tg(i)))^2)))*0.000000239; 
endfor 
 
 
cpco2(ns+1):0,fixed; 
cph2o(ns+1):0,fixed; 
 
for i in [1:ns] do 
Tg(i) = T(2*i); 
endfor 
 
 
// Material balance 
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for i in [1:ns] do 
lco2(2*i-1) + (G(i+1)*yco2(i+1)) = lco2(2*i) + (G(i) * yco2(i)); 
 
lh2o(2*i-1) + (G(i+1)*yh2o(i+1)) = lh2o(2*i) + (G(i) * yh2o(i)); 
 
lamine(2*i-1) = lamine(2*i) ; 
 
endfor 
 
 
yco2(ns+1):0,fixed; 
yh2o(ns+1):0,fixed; 
dH(ns+1):0,fixed; 
 
//temperature at the interface 
Ti([1:ns]) as realvariable(330,free); 
 
 
// energy balance 
for i in [1:ns] do 
(G(i+1)*((yh2o(i+1)*(Hvap+(cph2o(i+1)*(Tg(i+1)-
Tref))))+(yco2(i+1)*((dH(i+1)/1000)+(cpco2(i+1)*(Tg(i+1)-Tref))))))+(L(2*i-
1)*cpL(2*i-1)*(T(2*i-1)-Tref))+ Q(i)+ Qcomp(i) + Qx(i)  =(L(2*i)*cpL(2*i)*(T(2*i)-
Tref))+G(i)*(((yh2o(i))*(Hvap+(cph2o(i)*(Tg(i)-
Tref))))+((yco2(i))*((dH(i)/1000)+(cpco2(i)*(Tg(i)-Tref))))); 
endfor 
 
 
act1 as realvariable (0.97752477,fixed); 
act2 as realvariable (-0.049949161,fixed); 
act3 as realvariable (-31.55650762,fixed); 
act([1:ns]) as realvariable; 
 
for i in [1:ns] do 
act(i) = act1 + (act2* ldg(2*i)) + (act3 * (1/T(2*i))); 
endfor 
 
//equilibrum reboiler assumption 
//Pco2(ns)= Pco2e(2*ns);  
Ph2o(ns)= act(ns) * ((exp(AA+(BB/T(2*ns))+(CC*loge(T(2*ns)))+ 
(DD*(T(2*ns)^EE))))/1000); 
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Pco2(ns)= Pco2(ns+1) + (meff(ns)*(Pco2e(2*ns) - Pco2(ns+1))); 
 
for i in [1:ns-1] do 
 
//Pco2(i)= Pco2(i+1) + (meff(i)*(Pco2e(2*i) - Pco2(i+1)));  
//Ph2oi(i)= (exp(AA+(BB/Ti(i))+(CC*loge(Ti(i)))+ (DD*(Ti(i)^EE))))/1000; 
Ph2o(i)= act(i) * ((exp(AA+(BB/T(2*i))+(CC*loge(T(2*i)))+ 
(DD*(T(2*i)^EE))))/1000); 
endfor 
 
 
 
/* 
for i in [1:ns-1] do 
meff(i):0.4; 
endfor 
*/ 
Tg(ns+1) : 0,fixed; 
Pco2(ns+1):0,fixed; 
 
//Calculation of heat of desorption of solvent based on generic constants 
for i in [1:ns] do 
dH(i) = (ceq+(2*deq*ldg(2*i)*ldg(2*i)/T(2*i)) + (2*eeq*ldg(2*i)/T(2*i)) + 
(feq*ldg(2*i)) )* -1.987; 
endfor 
 
 
// Total pressure on a section 
for i in [1:ns] do 
Pt(i) = Pco2(i) + Ph2o(i); 
endfor 
 
// vapor mole fractions 
 
for i in [1:ns] do 
 
yco2(i) = Pco2(i)/Pt(i); 
 
yh2o(i) = Ph2o(i)/ Pt(i); 
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endfor 
 
 
 
G(ns+1):0,fixed; 
 
// equilibrium vapor pressure of CO2 expression 
for i in [0:2*ns] do 
Pco2e(i) = exp(aeq + (beq*ldg(i)) + (ceq/T(i)) 
+(deq*ldg(i)*ldg(i)/T(i)/T(i))+(eeq*ldg(i)/T(i)/T(i))+(feq*ldg(i)/T(i))); 
endfor 
 
 
//Normalized reboiler duty 
Qreboiler = Q(ns)/G(1)/yco2(1); 
 
//compression work 
 
for i in [1:ns-1] do 
Wcomp(i) = (G(i+1)*1.987*Tg(i+1)*nn1*(((Pt(i)/Pt(i+1))^(1/nn1))-
1.0))/(1000*compeff); 
Qcomp(i)= Wcomp(i); 
endfor 
 
Wcomp(ns):0,fixed; 
Qcomp(ns):0,fixed; 
 
for i in [1:ns-1] do 
Q(i):0,fixed; 
endfor 
 
 
 
for i in [0:ns-1] do 
Ts(i):0,fixed; 
S(i):0,fixed; 
sco2(i):0,fixed; 
samine(i):0,fixed; 
endfor 
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meff(ns):1,fixed; 
 
 
for i in [1:ns-1] do 
Q(i) : 0,fixed; 
endfor 
 
Treb = T(2*ns); 
 
Qkcal = Q(ns); 
 
ldgin = ldg(0); 
 
ldgout = ldg(2*ns); 
 
Tcond = Treb +10; 
 
 
/* 
for i in [1:ns-1] do 
//Qx(i) =0; 
 
Qx(i) = UA * ((Tx(i)-T(2*i))-(Tx(i+1)-T(2*i))) / (loge((Tx(i)-T(2*i))/(Tx(i+1)-T(2*i)))); 
 
Qx(i) = L(2*i) * CpL(2*i) * (Tx(i+1)-Tx(i)); 
 
Txdiff(i) = Tx(i)- T(2*i); 
 
endfor 
 
Qx(ns)=0; 
 
Tx(1) = T(0)+Tapp; 
 
Tx(ns) = T(2*ns); 
*/ 
 
for i in [1:ns] do 
Qx(i) :0,fixed; 
endfor 
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T(0)+ Tapp = T(2*ns); 
 
L(0) = 0.00378 * flowrate / (0.0255/rhol(0)); 
 
LD([0:ns]) as realvariable; 
 
Temp([0:ns]) as realvariable; 
 
Pco2eq([0:ns]) as realvariable; 
 
for i in [0:ns] do 
LD(i) = ldg(2*i); 
Temp(i) = T(2*i); 
Pco2eq(i) = Pco2e(2*i); 
endfor 
 
Totalawettedarea as realvariable; 
Totalvolseg as realvariable; 
 
Totalawettedarea = sigma(awetted([1:ns-1])); 
Totalvolseg = sigma(volseg([1:ns-1])); 
 
 
heightseg(1):fixed; 
for i in [2:ns-1] do 
heightseg(i) = heightseg(1); 
endfor 
 
Pt(ns):fixed; 
for i in [1:ns-1] do 
Pt(i) = Pt(i+1) - (f*f*1.63 * heightseg(i)); 
endfor 
 
// Pump head 
Pumphead as realvariable; 
// Pump work kcal/s 
Wpump as realvariable; 
//Equivalent work of the reboiler 
Wreboiler as realvariable; 
//Equivalent work of internal compression 
Wintcomp as realvariable; 
// stripperCO2 flow 
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stripperCO2flow as realvariable; 
Pumpeff as realvariable(0.65,fixed); 
 
stripperCO2flow = G(1) * yco2(1); 
totalheightseg as realvariable; 
 
// The terms on the right hand side of the pump head equation are  
// The head due to DPstr-abs, head due to height of packing in stripper 
// head due to Dpabs-str and  Dp across cross exchanger, sump and above feed point in 
both  
//absorber and stripper 
Pumphead = ((((Pt(1) - 101.325)*1000) / (rhol(0)*gg)) + totalheightseg)+ (((101.325 - 
Pt(1))*1000) / (rhol(2*ns)*gg)) + 36.6 ; 
 
totalheightseg = sigma(heightseg([1:ns-1])); 
 
Wpump = ((flowrate * 0.00378541178)* rhol(0)*gg *Pumphead/Pumpeff)*(0.000239); 
 
Wreboiler = (0.75*(Q(ns)*((Tcond - Tcool)/Tcond))) ; 
 
Wintcomp = (sigma(Qcomp([1:ns]))); 
 
 
 
//Equivalent work , kcal 
 
Weq1 = (0.75*(Q(ns)*((Tcond - Tcool)/Tcond)))   + (sigma(Qcomp([1:ns]))) + Wpump; 
 
//Equivalent work, kcal/gmol CO2 
 
Weq2 = Weq1 / (G(1)*yco2(1)); 
 
end 
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Appendix D 
 

 

 

 

 Appendices D-1 through D-5 were obtained from The University of Texas at 

Austin Separation Research Program (UTSRP). The drawings have been reproduced with 

permission from the UTSRP. 
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Appendix D-1: Detailed Process Flow Diagram for Pilot Plant 
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Appendix D-2: Detailed Distributor Drawings 
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Appendix D-3: Detailed Reboiler and Tube Drawings 
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Appendix D-4:Detailed Cross Exchanger Drawing 
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Appendix D-5: Detailed Condenser Drawings 
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Appendix D-6: Sample Calculation of Actual Reboiler Duty 
 

This appendix details a sample calculation for the actual normalized reboiler duty 

(kJ/gmol CO2) obtained from the pilot plant tests. The case shown is that for run 5.13. 

Table 5-6 shows the detailed stripper test results with 5m K+/2.5m PZ. 

The steam rate (QIC202)  = 0.8687 MMBTU/hr =  868708.82 Btu/hr 

 

The enthalpy of the rich feed is calculated by: 

∆Hrich = Lrich * Cp,rich * (Trich – Tlean) 

The actual rich solution flow rate is the sum of the absorber rich flow rate (FT200) and 

the stripper return feed (FT203).  

where Lrich = FT200 +FT203 (flow rates in gpm) 

                   = (23.86 + 0.46) *60 * 0.13368 * (density of FT200)  [=] lb/hr 

          Cp,rich     = 0.81 Btu/lb-oF 

(Trich – Tlean)   = 241 – 221 oF 

A material and energy balance across the mixing point of the absorber rich stream and the 

stripper water reflux stream calculates the rich stream temperature. 

 

The enthalpy of the lean stream is calculated by: 

∆Hlean = Llean * Cp,lean * (Tlean – Tlean) 

           = 0 
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The sensible heat contribution to the reboiler duty is given as: 

Qsensible = ∆Hrich - ∆Hlean  

 

The heat consumed in the overhead condenser is calculated from an energy balance 

around the condenser.  

Qcond = Qoverhead –QCO2,overhead – QH2O reflux 

 

Qoverhead [=] Btu/hr =((FT216*44.01/6.32)*(0.002)*(TT216-T209)) + 
(FT216*44.01/6.32*15*3.96566831/44.01/0.0022) + 
(((FT203+FT204)*60*0.133680556*62.4*1*(TT216-
T209))+(((FT203+FT204)*60*0.133680556*62.4*10*3.96566831/18.02/0.0022))) 
                             =  383092 
 
FT216 is the CO2 flow in scfm 
TT216 is the Overhead vapor temperature 
T209 is the lean solution temperature in oF 
FT203 is the water reflux rate (gpm) 
FT204 is the water that makes it through the condenser with the CO2 
 
Qwater reflux [=] Btu/hr = (FT203+FT204)*(60*0.133680556)*62.4*1*(T225-T209)  
                                  = -48625  
 
T225 is the condensing liquid temperature (oF) 
 
QCO2,overhead = =((FT216*44.01/6.32)*(0.002)*(T225-T209)) + 
(FT216*44.01/6.32*15*3.96566831/44.01/0.0022) 
= 119924 
 
Qcond  = 311793 Btu/hr 
 
 

The steam rate Qsteam rate is given by: 

Qsteam rate = Qsensible + Qcond + QCO2,overhead + Qloss 
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From where the heat loss can be calculated as: 

Qloss = Qreboiler - Qsensible - Qcond - QCO2,overhead 

 
Qloss = 197180 Btu/hr 
 
 
Actual steam rate (measured steam rate  –heat loss)  
 
= 671529 Btu/hr 
 
Actual steam  (measured –loss)  
 
= 172187 kcal/hr 
 
CO2 production rate  
=FT216*44.01/6.32/0.0022 
=88778 g/hr 
 
CO2 production rate  
=2017 gmol/hr 
 

The actual reboiler duty (kJ/gmol CO2) is given as: 

Qactual reb duty =  Qactual steam rate  / CO2 rate 

= 85 kcal/gmol CO2 
 
= 359 kJ/gmol CO2 
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Appendix D-7: Rate Model With Structured Packing 
 
 

This appendix contains the rate model for 5m K+/2.5m PZ. The model can be used 

for columns equipped with Montz B1-250 and Flexipac AQ Style 20 structured  packing. 

The characteristics of other structured packing can be added to the model. The code can 

be obtained from Dr. Gary Rochelle at the University of Texas at Austin. 

 
Model Rate Model using structured packing 
 
//declaration of variables 
Contactor as ContactorType; 
// contactor refers to the different column internals 
 
ns as integerparameter(2); 
// ns is the number of segments into which the column has been divided. 
// The first segment is the flash segment. This segment is quantified in terms of the height 
of a normal  
// segment i.e. under conditions where flashing occurs, this segment serves as an 
additional segment. 
 
nns as integerparameter; 
// nns is the segment at which a side stream is introduced 
 
Solvent as SolventType; 
// solvent refers to the different solvent formulations 
 
L([0:2*ns]) as realvariable; 
// This is the total solvent rate in mol/s 
lco2([0:2*ns]) as realvariable; 
// This is the amount of co2 in the solvent in mol/s 
lh2o([0:2*ns]) as realvariable; 
// This is the amount of water in the solvent in mol/s 
lamine([0:2*ns]) as realvariable; 
// This is the amount of water in the solvent in mol/s 
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ldg([0:2*ns]) as realvariable; 
//This is the loading of the solution in mol Co2/mol Alk 
//mol Alk is defined as [mol MEA + mol K + mol 2 PZ + mol MDEA + mol KS-1]  
ldgin as realvariable; 
// This is the rich loading also equal to ldg (0) in mol CO2/ mol Alk  
ldgout as realvariable; 
// This is the lean loading also equal to ldg (2*ns) in mol CO2/ mol Alk 
 
S([0:ns-1]) as realvariable; 
// This is the total side solvent rate in mol/s 
sco2([0:ns-1]) as realvariable; 
// This is the amount of co2 in the side solvent in mol/s 
sh2o([0:ns-1]) as realvariable; 
// This is the amount of water in the side solvent in mol/s 
samine([0:ns-1]) as realvariable; 
// This is the amount of water in the side solvent in mol/s 
 
 
CpL([0:2*ns]) as realvariable; 
// Heat capacity of the solvent 
CpS([0:ns-1]) as realvariable; 
// Heat capacity of the side liquid stream  
Tref as realvariable(298.15,fixed); 
// reference temperature in Kelvin 
 
T([0:2*ns]) as realvariable; 
// Solvent temperature in Kelvin 
Ts([0:ns-1]) as realvariable; 
// Side solvent temperature in Kelvin 
Treb as realvariable; 
// Reboiler temperature in Kelvin 
Tcond as realvariable; 
// Condensing steam temperature in Kelvin 
Tcool as realvariable(313.15,fixed); 
// Temperature sink equal to cooling water temperature plus a 10K driving force in 
Kelvin 
Tx([1:ns]) as realvariable; 
// lean solution temperature flowing up the column in the internal exchange configuration 
Txdiff([1:ns]) as realvariable; 
// temperature difference between solvent temperature and lean solvent flowing up the 
column 
// in the internal exchnage configuration 
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Qkcal as realvariable; 
//This is the reboiler duty in kcal 
Q([1:ns]) as realvariable; 
//This is the heat stream on each segment in kcal 
// It represents both heat addition (+) and heat removal (-) 
Qreboiler as realvariable; 
// This is the normalized reboiler duty in kcal/gmol CO2 
// It is the reboiler duty (Qkcal) divided by the CO2 rate in the overhead gas stream 
Qx([1:ns]) as realvariable; 
// This referes to the heat addition or removal on a segment due to the heat exchange 
// as a result of the internal exchange configuration 
Qcomp([1:ns]) as realvariable; 
// compression heat in kcal 
 
 
 
Weq1 as realvariable; 
// This is the total equivalent work to the maximum pressure of the stripper in kcal 
Weq2 as realvariable; 
// This is the normalized equivalent work in kcal/gmol CO2 
// It is the equivalent work (Weq1) divided by the CO2 rate in the overhead gas stream 
Wcomp([1:ns]) as realvariable; 
//work of compression in kcal 
  
G([1:ns+1]) as realvariable; 
// This is the gas rate in mol/s 
yco2([1:ns+1]) as realvariable; 
// This is the CO2 mole fraction in the gas phase 
yh2o([1:ns+1]) as realvariable; 
// This is the water vapor mole fraction in the gas phase 
 
 
Pco2e([0:2*ns]) as realvariable; 
// This is the equilibrium partial pressure of CO2 in the liquid in kPa 
Pco2([1:ns+1]) as realvariable; 
//This is the partial pressure of CO2 in the gas phase in kPa 
Ph2o([1:ns]) as realvariable; 
// This is the partial pressure of water vapor in the gas phase in kPa 
Pt([1:ns]) as realvariable(30); 
// This is the total pressure on a segment in kPa 
// It is equal to the sum of Pco2 and Ph2o 
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meff([1:ns]) as realvariable(fixed); 
//Murphree efficiency for the reboiler 
dH([1:ns+1]) as realvariable; 
// heat of desorption of co2 from the amine 
R as realvariable(0.08206,fixed); 
// Universal gas constant 
 
k as realvariable(1.3,fixed); 
 
nn1 as realvariable; 
 
compeff as realvariable(0.75,fixed); 
// compressor efficiency 
polyeff as realvariable(0.75,fixed); 
// polytropic efficiency 
 
 
cpco2([1:ns+1]) as realvariable; 
// heat capacity of the co2 in the gas phase 
 
UA as realvariable(1,fixed); 
// overall heat transfer coefficient 
 
 
ggeff([1:ns-1]) as realvariable; 
// effective gravity in m/s2 
 
//heat capacity coefficients for co2 
cpc([1:5]) as realvariable; 
cpc(1) : 29370,fixed; 
cpc(2):34540,fixed; 
cpc(3):1428,fixed; 
cpc(4):26400,fixed; 
cpc(5): 588,fixed; 
 
cph2o([1:ns+1]) as realvariable; 
//heat capacity coefficients for h20 
cph([1:5]) as realvariable; 
cph(1) : 33363.0,fixed; 
cph(2):26790,fixed; 
cph(3):2610.5,fixed; 
cph(4):8896.0,fixed; 
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cph(5): 1169.0,fixed; 
 
// Heat of vaporisation of water for a stage,kcal/gmol  
Hvap as realvariable(10.47,fixed); 
 
//Constants for water vapor pressure 
AA as realvariable(73.649,fixed); 
BB as realvariable(-7258.2,fixed); 
CC as realvariable(-7.3037,fixed); 
DD as realvariable(4.1653e-6,fixed); 
EE as realvariable(2.0,fixed);  
 
// Heat of desorption constants 
aeq as realvariable(-4.59244,fixed); 
beq as realvariable (34.21513,fixed); 
ceq as realvariable (-3834.67,fixed); 
deq as realvariable (-1747284,fixed); 
eeq as realvariable (-1712091,fixed); 
feq as realvariable (8186.474,fixed); 
 
 
molalK as realvariable (5,fixed); 
molalPZ as realvariable(5,fixed); 
molalMEA as realvariable(0,fixed); 
molaltotalk as realvariable; 
co2moles as realvariable; 
h2omoles as realvariable; 
 
 
totalmoles as realvariable; 
 
molaltotalk = molalK + molalPZ + molalMEA; 
 
 
co2moles = ldgin * molaltotalk; 
 
h2omoles = 1000/18.02; 
 
 
totalmoles = co2moles + h2omoles + molaltotalk; 
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lamine(0) = molaltotalk * (L(0)/totalmoles); 
 
 
Tapp as realvariable(10,fixed); 
// temperature approach in the cross exchanger 
 
Tg([1:ns+1]) as realvariable; 
 
// heat capacity constants for solvent 
cp([1:5]) as realvariable; 
 
cp(1) : 276370.0,fixed; 
cp(2):-2090.1,fixed; 
cp(3):8.125,fixed; 
cp(4):-0.014116,fixed; 
cp(5): 9.3701e-006,fixed; 
 
// Structured packing variables spec start here 
 
 
// packing characteristics are specified here 
//packarea1, packarea2 and packarea3 are regression constants based on the wetted area 
data obtained by the SRP 
 
// Packing factor Fp 
Fp as realvariable; 
 
packarea1 as realvariable; 
packarea2 as realvariable; 
packarea3 as realvariable; 
 
// b is the crimp height 
b as realvariable; 
 
//void fraction of the packing 
voidfrac as realvariable; 
 
//angle with horizontal for corrugated channel 
theta as realvariable; 
 
// characteristic length 
ss as realvariable; 
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//dry specific surface area of packing 
apstr as realvariable; 
 
 
if Contactor == "Montz B1-250" then 
packarea1 = 0.617584; 
packarea2 = 0.005441; 
packarea3 = 0.036232; 
b = 0.0225; 
theta = 45; 
ss = 0.01645; 
apstr = 244; 
voidfrac = 0.98; 
Fp = 24; 
else 
if Contactor == "Flexipac AQ" then 
 
b = 0.0388; 
theta = 45; 
ss = 0.022352; 
apstr = 213; 
voidfrac = 0.97; 
Fp=17; 
endif 
endif 
 
//Weber number of the liquid 
WeL([0:2*ns]) as realvariable; 
//Froude number of the liquid 
FrL([0:2*ns]) as realvariable; 
//Reynold's number of the liquid 
ReL([0:2*ns]) as realvariable; 
 
GaL([1:2*ns]) as realvariable; 
 
lratio as realvariable; 
Schl([1:2*ns]) as realvariable; 
 
pi as realvariable (22/7,fixed); 
 
//correction factor for total hold up 
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Ft([1:ns]) as realvariable; 
//dPdzflood , Pa/m 
dPdzflood as realvariable(2000,fixed); 
//specific wetted area of the structured packing 
awetstr([1:ns]) as realvariable; 
//dry packing pressure drop 
//dpdzdry([1:ns]) as realvariable; 
//dpdz actual pressure drop 
dpdz([1:ns]) as realvariable; 
//hold up dimensionless 
holdup([1:ns]) as realvariable; 
//liquid phase mass transfer coefficient for structured packing 
SRPklstr([1:ns]) as realvariable;// units of m/s 
//gas phase mass transfer coefficient for structured packing 
SRPkgstr([1:ns]) as realvariable;// units of m/s 
klastr([1:ns]) as realvariable;//unit 1/s 
kgastr([1:ns]) as realvariable;// unit 1/s 
 
//Effective liquid superficial velocity 
Ule([1:2*ns]) as realvariable; 
//Effective gas superficial velocity 
Uge([1:ns]) as realvariable; 
//specific area of structured packing 
//apstr as realvariable; 
 
// definition of rate equation variables end here 
 
//rate equations added here 
 
// Constants for calculation of gas phase viscosity 
// the constants are from the DIPPR database 
 
//muco2 is the gas phase viscosity of co2, Pa-s 
muco2([1:nS]) as realvariable; 
amuco2 as realvariable(fixed,2.148e-6); 
bmuco2 as realvariable(fixed,4.6e-1); 
cmuco2 as realvariable(fixed,2.9e2); 
dmuco2 as realvariable(fixed,0); 
 
//muh2o is the gas phase viscosity of h2o - steam, Pa-s 
muh2o([1:nS]) as realvariable; 
amuh2o as realvariable(fixed,1.7096e-8); 
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bmuh2o as realvariable(fixed,1.1146); 
cmuh2o as realvariable(fixed,0); 
dmuh2o as realvariable(fixed,0); 
 
// binary mixture gas viscosity 
mugas([1:nS]) as realvariable; 
//constants needed to calculate the viscosity of the binary gas mixture 
phi12([1:nS]) as realvariable; 
phi21([1:nS]) as realvariable; 
 
// Molecular weights of gases 
Mco2 as realvariable(fixed,44.1); 
Mh2o as realvariable(fixed,18.02); 
//Mgas is the molecular weight of the gas stream 
Mgas([1:nS]) as realvariable; 
//Pressure of the gas phase expressed in atm 
Pgas([1:nS]) as realvariable; 
 
//Universal Gas constant expressed as L atm K-1 mol -1 
RR as realvariable(0.08206,fixed); 
 
// Density of the gas phase kg/m3 
rhog([1:nS]) as realvariable; 
 
//Diffusivity of gas m2/s 
Dv([1:nS]) as realvariable; 
 
//Schmidt Number for the gas  
 
Scg([1:nS]) as realvariable; 
 
 
//critical constants for co2 and water 
 
Pcco2 as pressure(72.9,fixed); 
Pch2o as pressure(220,fixed); 
Tcco2 as temperature(304.2,fixed); 
Tch2o as temperature(647,fixed); 
 
//density of the  liquid 
rhol([0:2*nS]) as realvariable; 
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//equivalent weight of PZK expressed as a percent 
 
we as realvariable(22.14,fixed); 
 
//mul is the liquid phase viscosity , Pa-s 
mul([0:2*nS]) as realvariable; 
amul as realvariable; 
bmul as realvariable; 
cmul as realvariable; 
 
//viscosity of liquid water Pa-s 
muliqh2o([0:2*nS]) as realvariable; 
amuliqh2o as realvariable (-5.2843e1,fixed); 
bmuliqh2o as realvariable (3.7036e3,fixed); 
cmuliqh2o as realvariable (5.8660,fixed); 
dmuliqh2o as realvariable (-5.8790e-29,fixed); 
emuliqh2o as realvariable (10,fixed); 
 
// Diffusivity of co2 in pure water m2/s 
Dco2pureh2o([0:2*nS]) as realvariable; 
 
// Diffusivity of the liquid m2/s 
Dl([0:2*nS]) as realvariable; 
 
 
// Pressure drop at flooding in H2o per ft of packing 
deltaPflood as realvariable; 
 
//Total surface area of packing m2/m3 
ap as realvariable; 
 
// gas phase mass transfer coefficient from the Onda correlation (1968) 
//the unit of kg is kmol/m2.s.Pa 
 
ONDAkg([1:nS]) as realvariable; 
 
//kg for the contactor kmol/m2.s.Pa 
kg([1:nS]) as realvariable; 
 
//liquid phase mass tranfer coefficient from the ONDA correlation (1968) 
//the unit of ONDAkl is m/s 
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ONDAkl([1:nS]) as realvariable; 
 
//kl of contactor m/s 
kl([1:nS]) as realvariable; 
 
 
//column area m2 
AREA as realvariable(0.143,fixed); 
 
//constant for kg calculation 
CO as realvariable; 
 
// wetted area based on Wilson (2004) experiments 
 
awet([1:nS]) as realvariable; 
 
// nominal diameter of random packing, m 
 
dn as realvariable; 
 
//wetted area from the Onda correlation (1968) 
// the unit of ONDAaw is m2/m3 
 
ONDAaw([1:nS]) as realvariable; 
 
//critical surface tension N/m 
surftenc as realvariable; 
 
//surface tension of the liquid 
surftenl as realvariable(0.04,fixed); 
 
//superficial velocity of the liquid 
sul([0:2*nS]) as realvariable; 
 
 
//correction factor for liq density 
corrrhol([0:2*nS]) as realvariable; 
 
//correction factor for liq viscosity 
corrmul([0:2*nS]) as realvariable; 
 
//liquid to gas kinetic energy ratio 
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FLG as realvariable; 
 
//density of liquid water 
rholiqh2o ([0:2*nS]) as realvariable; 
 
//constants in water density equation obtained from the DIPPR database 
 
arh2o as realvariable(1.7863e1,fixed); 
brh2o as realvariable(5.8606e1,fixed); 
crh2o as realvariable(-9.5396e1,fixed); 
drh2o as realvariable(2.1389e2,fixed); 
erh2o as realvariable(-1.4126e2,fixed); 
 
 
// Y axis of Leva GPDC plot  
 
Ygeneral as realvariable; 
 
//Superficial gas velocity m/s 
sug([1:nS]) as realvariable; 
 
//Flooding fraction 
f as fraction(free,0.8); 
 
//superficial gas velocity at flooding 
 
uo as realvariable; 
 
//Diameter of Tower m 
 
DT as realvariable; 
Factor as realvariable(fixed); 
height([1:ns]) as realvariable; 
 
//acceleration due to gravity m/s2 
gg as realvariable(9.81,fixed); 
//New variables 
Nco2([1:ns]) as realvariable; 
kgprime([1:ns]) as realvariable; 
Pco2i([1:ns]) as realvariable; 
KGbig([1:ns]) as realvariable; 
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Nh2o([1:ns]) as realvariable; 
Ph2oi([1:ns]) as realvariable; 
volseg([1:ns]) as realvariable; 
awetted([1:ns]) as realvariable(10); 
heightseg([1:ns]) as realvariable(1.5); 
kla([1:ns]) as realvariable; 
kga([1:ns]) as realvariable; 
 
// heat tranfer coefficient in the gas phase 
hg([1:ns]) as realvariable; 
// heat capacity of the gas 
cpgas([1:ns]) as realvariable; 
//Prandtl number of the gas 
Prgas([1:ns]) as realvariable; 
//thermal conductivity 
thermalk as realvariable (0.02,fixed); 
//heat transfer at the interface 
Qint([1:ns]) as realvariable; 
 
gasvelflood as realvariable;//ft/s 
sugflood as realvariable; 
 
Flowrate as realvariable(fixed);//gallons per sec 
 
Fse as realvariable(0.35,fixed); 
klstr([1:ns-1]) as realvariable; 
kgstr([1:ns-1]) as realvariable; 
SRPawetstr([1:ns-1]) as realvariable; 
ffactor([1:ns]) as realvariable; 
 
// friction facor 
frictionfactor([1:ns-1]) as realvariable; 
// constants for friction factor expression 
Afric as realvariable(0.194,fixed); 
Bfric as realvariable(212.929,fixed); 
// Dry prssure drop 
dpdzdry([1:ns-1]) as realvariable; 
//pressure drop at preload 
dpdzpreload([1:ns-1]) as realvariable; 
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// definition of rate equation variables end here 
 
// rate equations start 
 
//calculation of gas phase viscosities 
 
for i in[1:nS] do 
muco2(i)= (amuco2*(Tg(i)^bmuco2))/(1+(cmuco2/Tg(i))+(dmuco2/Tg(i)/Tg(i))); 
muh2o(i)= (amuh2o*(Tg(i)^bmuh2o))/(1+(cmuh2o/Tg(i))+(dmuh2o/Tg(i)/Tg(i))); 
mugas(i)= 
(muco2(i)/(1+((yh2o(i)/yco2(i))*phi12(i))))+(muh2o(i)/(1+((yco2(i)/yh2o(i))*phi21(i)))); 
 
 
//calculation of constants in binary gas mixture viscosity equation 
phi12(i) = ((1+(((muco2(i)/muh2o(i))^0.5)* 
((Mh2o/Mco2)^0.25)))^2)/(2*sqrt(2.0)*((1+(Mco2/Mh2o))^0.5)); 
phi21(i) = ((1+(((muh2o(i)/muco2(i))^0.5)* 
((Mco2/Mh2o)^0.25)))^2)/(2*sqrt(2.0)*((1+(Mh2o/Mco2))^0.5)); 
 
// calculation of gas density in kg/m3 
 
Mgas(i)= (yco2(i)*Mco2)  + (yh2o(i)*Mh2o); 
Pgas(i) = Pt(i)*0.009869;//This converts the pressure from kPa to atm// 
rhog(i)= Pgas(i)*Mgas(i)/RR/Tg(i); 
 
 
 
//Calculation of diffusivity of the gas m2/s from BSL 
Dv(i)=(((3.64e-
4*((Tg(i)/sqrt(Tcco2*Tch2o))^2.334))*((Pcco2*Pch2o)^(1/3))*((Tcco2*Tch2o)^(5/12))*
sqrt((1/Mco2)+(1/Mh2o)))/Pgas(i))/10000; 
 
//calculation of Schmidt number for the gas  
Scg(i)= mugas(i)/rhog(i)/Dv(i); 
 
endfor 
 
amul = (2.79e-7 *we*we)-(2.04e-6*we) + 9.65e-5; 
bmul = (-2e-4 *we*we)+(1.37e-3*we) - 7.23e-2; 
cmul = (3.63e-2 *we*we)-(0.225*we) + 13.86; 
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for i in [0:2*ns] do  
 
// density of the liquid kg/m3 
rhol(i)= ((((-1.93e-6*we)-(4.74e-4))*T(i))+(9.787e-3*we)+1.147)*1000; 
 
// viscosity of the liquid Pa-s 
// 0.001 is the conversion factor from cP to Pa-s 
 
mul(i)= ((amul*T(i)*T(i))+(bmul*T(i))+cmul)*0.001; 
 
//viscosity of pure liquid water Pa-s 
 
muliqh2o(i) = exp(amuliqh2o+(bmuliqh2o/T(i))+ (cmuliqh2o*loge(T(i))) + 
(dmuliqh2o*(T(i)^emuliqh2o))); 
 
//Diffusivity of co2 in pure water 
//This is given by Versteeg and van Swaaij(1998) 
 
Dco2pureh2o(i) = (0.0240 * exp(-2122/T(i)))*0.0001; 
 
// calculation of the density of liquid water 
 
rholiqh2o(i) = (arh2o + (brh2o*((1-(T(i)/Tch2o))^0.35)) + (crh2o*((1-
(T(i)/Tch2o))^0.67)) + (drh2o*((1-(T(i)/Tch2o))^1.0))+ (erh2o*((1-
(T(i)/Tch2o))^1.33)))*Mh2o; 
 
// calculation of correction factor for liquid density 
 
corrrhol(i) = (1.7995*(rholiqh2o(i)/rhol(i)))-0.6469; 
 
// calculation of correction factor for liquid viscosity 
 
corrmul(i) = (0.1119*(mul(i)/0.001))+0.6664; 
 
// Diffusivity of co2 in the liquid m2/s 
// This is based on the Ratcliff and Holdcroft correlation (1963) 
// factor 0.82 proposed by Joosten and Danckwerts (1972) 
 
Dl(i) = Dco2pureh2o(i) / ((mul(i)/ muliqh2o(i))^0.82); 
 
//calculation of the superficial velocity of the liquid 
sul(i)=flowrate * 0.00358/AREA; 
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endfor 
 
 
 
for i in [1:ns-1] do 
 
frictionfactor(i) = Afric + (Bfric/(rhog(i)*sug(i)*ss/mugas(i))); 
// the dry pressure drop is in Pa/m 
dpdzdry(i) = (frictionfactor(i) *(rhog(i)/ss)* ((Uge(i)/voidfrac/0.7071)^2)); 
//the preload pressure drop is in Pa/m 
dpdzdry(i) - (dpdzpreload(i) * ((1 - ((0.614 + 71.35 *ss)*holdup(i)))^5))=0; 
 
 
endfor 
 
 
 
 
//for i in [1:ns] do 
// calculation of liquid to gas kinetic energy ratio 
 
FLG^2 = (L(2*0)*25.5/G(ns)/Mgas(ns))^2*(rhog(ns)/rhol(2*0)); 
 
deltaPpacking as realvariable; 
 
// calculation of the superficial velocity of the gas m/s 
Ygeneral = (-0.3148 * loge(FLG)) + 0.7936  ; 
 
f = sug(ns)/sugflood; 
 
//deltaPpacking = f * deltaPflood; 
 
//f = 0.8; 
 
Csb as realvariable; 
Ygeneral = Csb * (Fp^0.5) * ((mul(2*0)*1000*2.15)^.05); 
 
 
Csb = gasvelflood  / sqrt(((rhol(2*0))-(rhog(ns)))/(rhog(ns))); 
 
//(gasvel)^2 = (Ygeneral*32.2*1000/Fp/rhog(ns)/corrrhol(2*0)/corrmul(2*0)); 
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sugflood = gasvelflood * 0.3048; 
for i in [1:ns] do  
sug(i) = G(i) * Mgas(i)/1000/rhog(i)/AREA; 
endfor 
//AREA = ((Flowrate/60) * 0.00378)/sug(ns);   
 
// Y axis for Leva GPDC plot calculation 
 
//Ygeneral = (0.0238 *(FLG^-0.5666)); 
//endfor 
//Diameter of column in m 
//DT^2 = (4.0*G(nS)*Mgas(nS)/1000/f/uo/3.142/rhog(nS)); 
//uo = sug(ns); 
 
//f =deltaPpacking/deltaPflood; 
 
// calculation of pressure drop at flooding 
deltaPflood = 1.5; 
 
//Area of the column, m2 
AREA = 3.142*DT*DT/4; 
 
//L(0)   * 0.00378 /60  = AREA * sug(ns); 
for i in [1:ns-1] do 
 
 //Flux based on the liquid phase 
///* 
Nco2(i) = ((kg(i)*1000 * Pt (i) * loge (Pco2i(i)/Pco2(i))) + Nh2o(i)) * (Pco2i(i) - 
Pco2(i))/(Pco2i(i) - Pco2(i) + (Pt(i) * loge(Pco2i(i)/Pco2(i)))); 
 
Nco2(i) = KGbig(i)*1000*(Pco2e(2*i)-Pco2(i)); 
 
 
//Nh2o(i) = ((kg(i)*1000 * Pt (i) * loge (Ph2oi(i)/Ph2o(i))) + Nco2(i)) * (Ph2oi(i) - 
Ph2o(i))/(Ph2oi(i) - Ph2o(i) + (Pt(i) * loge(Ph2oi(i)/Ph2o(i)))); 
 
Ph2oi(i) + Pco2i(i) = Pt(i); 
 
Nco2(i) = kgprime(i) *1000* (Pco2e(2*i) - Pco2i(i)); 
 
kgprime(i) = 0.2 * (exp(-46.6868 + (-11.5447*ldg(2*i)) + (8197.802/T(2*i)) + 
(10050.46* kl(i)) + (0.012346*Pco2i(i)) + (69294.95 * ldg(2*i)/T(2*i))+(-
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3182533*kl(i)/T(2*i))+(-6.06135*Pco2i(i)/T(2*i)) +(-
87538.9*ldg(2*i)*ldg(2*i)/T(2*i))+(-
2e7*ldg(2*i)/T(2*i)/T(2*i))+(26254990*ldg(2*i)*ldg(2*i)/T(2*i)/T(2*i)))); 
 
KGbig (i) = 1 / ((1/kg(i)) + (1/kgprime(i))); 
lco2(2*i-1) = lco2(2*i) + (Nco2(i) * awetted(i) *1000); 
//lh2o(2*i-1) = lh2o(2*i) + (Nh2o(i) * awetted(i) *1000); 
volseg(i) = awetted(i) / awetstr(i); 
volseg(i) = heightseg(i)*AREA; 
 
endfor 
 
/* 
for i in [1:ns] do 
cpgas(i) = (cpco2(i) *4184*1000* G(i) * yco2(i)/44) + (cph2o(i) *4184*1000* G(i) * 
yh2o(i) /18.02); 
Prgas(i) = cpgas(i) * mugas(i)/ thermalk; 
kg(i) * 1000 *Mgas(i) * Pco2(i) * (Scg(i)^(2/3)) = hg(i) * (Prgas(i)^(2/3))/ cpgas(i); 
Qint(i) = hg(i)* awetted(i) * (T(2*i) - Tg(i)) * 0.000239; 
//(L(2*i-1)*cpL(2*i-1)*(T(2*i-1)-Tref)) - Qint(i) = (L(2*i)*cpL(2*i)*(T(2*i)-Tref)); 
 
 
endfor 
*/ 
 
 
 
// rate equations end 
 
 
 
nn1 = (k/(k-1))*polyeff; 
 
for i in [0:2*ns] do 
 
L(i) = lco2(i) + lh2o(i) + lamine(i); 
 
ldg(i) = lco2(i)/lamine(i); 
 
endfor 
 
for i in [0:ns-1] do 
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S(i) = sco2(i) + sh2o(i) + samine(i); 
endfor 
 
for i in [0:ns-1] do 
lco2((2*i)+1) = lco2(2*i) + sco2(i); 
lh2o((2*i)+1) = lh2o(2*i) + sh2o(i); 
lamine((2*i)+1) = lamine(2*i) + samine(i); 
endfor 
 
 
for i in [0:2*ns] do 
 
CpL(i) = 0.8888 * ((cp(1) + (cp(2)*T(i))  + (cp(3) * (T(i)^2))+ (cp(4)*(T(i)^3))+ 
(cp(5)*(T(i)^4)))*(0.000000239)); 
 
endfor 
 
for i in [0:ns-1] do 
CpS(i) = (cp(1) + (cp(2)*Ts(i))  + (cp(3) * (Ts(i)^2))+ (cp(4)*(Ts(i)^3))+ 
(cp(5)*(Ts(i)^4)))*(0.000000239); 
endfor 
 
 
//Mixing operation 
 
 for i in [0:ns-1] do 
(L(2*i) * CpL(2*i) * (T(2*i)-Tref)) + (S(i)*CpS(i)*(Ts(i)-Tref)) = L(2*i+1) * 
CpL(2*i+1) * (T(2*i+1)-Tref); 
endfor 
 
// heat capacity calculation for the gas phase 
 
for i in [1:ns] do 
cpco2(i)=(cpc(1) + (cpc(2)*(((cpc(3)/Tg(i)) 
/sinh(cpc(3)/Tg(i)))^2))+(cpc(4)*(((cpc(5)/Tg(i)) /cosh(cpc(5)/Tg(i)))^2)))*0.000000239; 
cph2o(i)=(cph(1) + (cph(2)*(((cph(3)/Tg(i)) 
/sinh(cph(3)/Tg(i)))^2))+(cph(4)*(((cph(5)/Tg(i)) 
/cosh(cph(5)/Tg(i)))^2)))*0.000000239; 
endfor 
 
 
cpco2(ns+1):0,fixed; 
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cph2o(ns+1):0,fixed; 
 
for i in [1:ns] do 
Tg(i) = T(2*i); 
endfor 
 
 
// Material balance 
 
for i in [1:ns] do 
lco2(2*i-1) + (G(i+1)*yco2(i+1)) = lco2(2*i) + (G(i) * yco2(i)); 
 
lh2o(2*i-1) + (G(i+1)*yh2o(i+1)) = lh2o(2*i) + (G(i) * yh2o(i)); 
 
lamine(2*i-1) = lamine(2*i) ; 
 
endfor 
 
 
yco2(ns+1):0,fixed; 
yh2o(ns+1):0,fixed; 
dH(ns+1):0,fixed; 
 
//temperature at the interface 
Ti([1:ns]) as realvariable(330,free); 
 
 
// energy balance 
for i in [1:ns] do 
(G(i+1)*((yh2o(i+1)*(Hvap+(cph2o(i+1)*(Tg(i+1)-
Tref))))+(yco2(i+1)*((dH(i+1)/1000)+(cpco2(i+1)*(Tg(i+1)-Tref))))))+(L(2*i-
1)*cpL(2*i-1)*(T(2*i-1)-Tref))+ Q(i)+ Qcomp(i) + Qx(i)  =(L(2*i)*cpL(2*i)*(T(2*i)-
Tref))+G(i)*(((yh2o(i))*(Hvap+(cph2o(i)*(Tg(i)-
Tref))))+((yco2(i))*((dH(i)/1000)+(cpco2(i)*(Tg(i)-Tref))))); 
endfor 
 
act1 as realvariable (0.97752477,fixed); 
act2 as realvariable (-0.049949161,fixed); 
act3 as realvariable (-31.55650762,fixed); 
act([1:ns]) as realvariable; 
 
for i in [1:ns] do 
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act(i) = act1 + (act2* ldg(2*i)) + (act3 * (1/T(2*i))); 
endfor 
 
 
 
//equilibrum reboiler assumption 
//Pco2(ns)= Pco2e(2*ns);  
Ph2o(ns)= act(ns) * ((exp(AA+(BB/T(2*ns))+(CC*loge(T(2*ns)))+ 
(DD*(T(2*ns)^EE))))/1000); 
 
 
Pco2(ns)= Pco2(ns+1) + (meff(ns)*(Pco2e(2*ns) - Pco2(ns+1))); 
 
 
for i in [1:ns-1] do 
 
//Pco2(i)= Pco2(i+1) + (meff(i)*(Pco2e(2*i) - Pco2(i+1)));  
//Ph2oi(i)= (exp(AA+(BB/Ti(i))+(CC*loge(Ti(i)))+ (DD*(Ti(i)^EE))))/1000; 
Ph2o(i)= act(i) * ((exp(AA+(BB/T(2*i))+(CC*loge(T(2*i)))+ 
(DD*(T(2*i)^EE))))/1000); 
endfor 
 
 
 
/* 
for i in [1:ns-1] do 
meff(i):0.2; 
endfor 
*/ 
Tg(ns+1) : 0,fixed; 
Pco2(ns+1):0,fixed; 
 
//Calculation of heat of desorption of solvent based on generic constants 
for i in [1:ns] do 
dH(i) = (ceq+(2*deq*ldg(2*i)*ldg(2*i)/T(2*i)) + (2*eeq*ldg(2*i)/T(2*i)) + 
(feq*ldg(2*i)) )* -1.987; 
endfor 
 
 
// Total pressure on a section 
for i in [1:ns] do 
Pt(i) = Pco2(i) + Ph2o(i); 
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endfor 
 
// vapor mole fractions 
 
for i in [1:ns] do 
 
yco2(i) = Pco2(i)/Pt(i); 
 
yh2o(i) = Ph2o(i)/ Pt(i); 
 
endfor 
 
 
//T(0) + Tapp = T(2*ns); 
 
G(ns+1):0,fixed; 
 
// equilibrium vapor pressure of CO2 expression 
for i in [0:2*ns] do 
Pco2e(i) = (exp(aeq + (beq*ldg(i)) + (ceq/T(i)) 
+(deq*ldg(i)*ldg(i)/T(i)/T(i))+(eeq*ldg(i)/T(i)/T(i))+(feq*ldg(i)/T(i)))); 
Endfor 
 
 
 
Qreboiler = Q(ns)/G(1)/yco2(1); 
 
//compression work 
 
for i in [1:ns-1] do 
//Wcomp(i) = (G(i+1)*1.987*Tg(i+1)*nn1*(((Pt(i)/Pt(i+1))^(1/nn1))-
1.0))/(1000*compeff); 
Wcomp(i) =0; 
Qcomp(i)= Wcomp(i); 
endfor 
 
Wcomp(ns):0,fixed; 
Qcomp(ns):0,fixed; 
 
for i in [1:ns-1] do 
Q(i):0,fixed; 
endfor 
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for i in [0:ns-1] do 
Ts(i):0,fixed; 
S(i):0,fixed; 
sco2(i):0,fixed; 
samine(i):0,fixed; 
endfor 
 
 
 
ldg(2*ns):fixed; 
 
meff(ns):1,fixed; 
 
 
for i in [1:ns-1] do 
Q(i) : 0,fixed; 
endfor 
 
//Ts(nns) = T(2*ns) - 2 ; 
 
Treb = T(2*ns); 
 
Qkcal = Q(ns); 
 
ldgin = ldg(0); 
 
ldgout = ldg(2*ns); 
 
Tcond = Treb +10; 
 
 
/* 
for i in [1:ns-1] do 
//Qx(i) =0; 
 
Qx(i) = UA * ((Tx(i)-T(2*i))-(Tx(i+1)-T(2*i))) / (loge((Tx(i)-T(2*i))/(Tx(i+1)-T(2*i)))); 
 
Qx(i) = L(2*i) * CpL(2*i) * (Tx(i+1)-Tx(i)); 
 
Txdiff(i) = Tx(i)- T(2*i); 
 
endfor 
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Qx(ns)=0; 
 
Tx(1) = T(0)+Tapp; 
 
Tx(ns) = T(2*ns); 
*/ 
 
for i in [1:ns] do 
Qx(i) :0,fixed; 
endfor 
 
T(0)+ Tapp = T(2*ns); 
 
L(0) = 0.00378 * flowrate / (0.0255/rhol(0)); 
 
//L(0) /7.082 = lamine(0); 
 
LD([0:ns]) as realvariable; 
 
Temp([0:ns]) as realvariable; 
 
Pco2eq([0:ns]) as realvariable; 
 
for i in [0:ns] do 
LD(i) = ldg(2*i); 
Temp(i) = T(2*i); 
Pco2eq(i) = Pco2e(2*i); 
endfor 
 
//for i in [2:ns] do 
//Pt(i) = Pt(1); 
//endfor 
 
//for i in [2:ns] do 
//volseg(i) = volseg(1); 
//endfor 
 
 
// Structured packing equations start here 
lratio = 3.617  - (0.12299*(pi/(180/theta))) + (0.001976*((pi/(180/theta))^2)) - 
(0.000011167*((pi/(180/theta))^3)); 
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//Refined model 
 
 
 
for i in [1:ns] do 
ffactor(i) = sug(i) * sqrt(rhog(i)); 
endfor 
 
 
for i in [1:ns-1] do 
 
ReL(2*i) = rhol(2*i) * sul(2*i) * b / mul(2*i); 
GaL(2*i) = gg * b*b*b *rhol(2*i) * rhol (2*i)/mul(2*i)/mul(2*i); 
Ft(i) *  (ReL(2*i)^0.2) * (voidfrac^0.6) * (1-(0.93*0.9))* ((sin(3.142/4))^0.3) = (29.12 * 
((WeL(2*i)* FrL(2*i))^0.15) * (ss^0.359));  
 
 
WeL(2*i) = (sul(2*i)^2) *  rhol(2*i) * ss / surftenl; 
FrL(2*i) = (sul(2*i)^2) /  ss / gg; 
holdup(i) = ((4 * Ft(i) /ss) ^(2/3))  * (( 3 * mul(2*i) * sul(2*i) / rhol(2*i) / voidfrac/ 
ggeff(i)/ sin (pi/4))^(1/3));   
 
ggeff(i) = gg * ((rhol(2*i) - rhog(i))/rhol(2*i)) * (1- (dpdzpreload(i)/dpdzflood)); 
 
Uge(i) = sug(i)/(voidfrac/(1-holdup(i))/0.7071); 
Ule(2*i) = sul(2*i) /voidfrac/holdup(i)/0.7071; 
 
 
SRPawetstr(i) = apstr * Ft(i) * Fse; 
SRPklstr(i)^2 = 4 * (Dl(2*i) * Ule(2*i)/pi/0.9/ss); 
SRPkgstr(i) = 0.054 * (Dv(i)/ss)* ( ((Uge(i) + Ule(2*i))*rhog(i)*ss/mugas(i))^0.8) * 
((mugas(i)/Dv(i)/rhog(i))^0.33); 
 
//awetstr(i) =apstr * (packarea1 + (packarea2*flowrate*60*0.093/area) + (packarea3 * 
sug(i)/0.3048)); 
 
//awetstr(i) = exp(5.289) * ((sug(i))^0.082) * ((L(i)*25.5/1000/area)^0.086); 
 
//awetstr(i) = 0.7*apstr; 
(SRPklstr(i) * SRPawetstr(i)/ awetstr(i)) = klstr(i); 
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klastr(i) = klstr(i) * awetstr(i); 
klstr(i) = kl(i); 
 
 
 
SRPkgstr(i) * SRPawetstr(i)/ awetstr(i) = kgstr(i); 
 
 
kgastr(i) = kg(i) * awetstr(i); 
kg(i) * Pt(i) *1000 * Mgas(i) / rhog(i) = kgstr(i); 
 
 
 
endfor 
 
 
Totalwettedarea as realvariable; 
Totalwettedarea = sigma(awetted([1:ns-1])); 
Totalvolpacking as realvariable; 
Totalvolpacking = sigma(volseg([1:ns-1])); 
 
Pt(ns):fixed; 
 
for i in [2:ns-1] do 
//Pt(i) = Pt(i+1) - (f*f*1.63 * heightseg(i)); 
Pt(i) = Pt(i-1) + ((Pt(ns)- Pt(1))/11); 
endfor 
 
heightseg(1) :fixed; 
 
for i in [2:ns-1] do 
heightseg(i) = heightseg(1); 
endfor 
 
// Pump head 
Pumphead as realvariable; 
// Pump work kcal/s 
Wpump as realvariable; 
//Equivalent work of the reboiler 
Wreboiler as realvariable; 
//Equivalent work of internal compression 
Wintcomp as realvariable; 
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// stripperCO2 flow 
stripperCO2flow as realvariable; 
 
stripperCO2flow = G(1) * yco2(1); 
totalheightseg as realvariable; 
 
Pumphead = ((((Pt(1) - 101.325)*1000) / (rhol(0)*gg)) + totalheightseg); 
 
totalheightseg = sigma(heightseg([1:ns-1])); 
 
Wpump = ((flowrate * 0.00378541178)* rhol(0)*gg *Pumphead/0.65)*(0.000239); 
 
Wreboiler = (0.75*(Q(ns)*((Tcond - Tcool)/Tcond))) ; 
 
Wintcomp = (sigma(Qcomp([1:ns]))); 
 
 
 
//Equivalent work , kcal 
 
Weq1 = (0.75*(Q(ns)*((Tcond - Tcool)/Tcond)))   + (sigma(Qcomp([1:ns]))) + Wpump; 
 
//Equivalent work, kcal/gmol CO2 
 
Weq2 = Weq1 / (G(1)*yco2(1)); 
 
 
 
for i in [1:6] do 
awetstr(i) = 0.1*apstr; 
endfor 
 
for i in [7:11] do 
awetstr(i) = 0.7*apstr; 
endfor 
 
end 
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A large-scale pilot plant (0.43 m ID) was extensively modified and 

converted into an absorber/stripper system to demonstrate CO2 capture 

technology using aqueous piperazine promoted potassium carbonate for coal-

fired power plants.  Four pilot plant campaigns were completed.  Three 

campaigns were conducted using 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ.  

Flexipac 1Y and Flexipac AQ Style 20 structured packing were used in the 

absorber.  The stripper was tested with 14 sieve trays, IMTP #40 random packing, 

and Flexipac AQ Style 20 packing.  Monoethanolamine (7 m) was tested in the 

third campaign to establish a base case.  An approximate rate analysis showed 

that 5 m K+/2.5 m PZ is two times faster than 7 m MEA and three times faster 

than 6.4 m K+/1.6 m PZ.  The location of the temperature bulge moves from the 

top of the column to bottom as the liquid to gas flow rate ratio is increased.  

Foaming occurred in the absorber in the first two campaigns and occurred in the 

stripper in the fourth campaign. 
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 x 

Data from the pilot plant was used to develop a K+/PZ absorber model in 

Aspen Plus® RateSep™.  The Hilliard (2005) Aspen Plus® VLE model and the 

kinetics developed by Cullinane (2005) were incorporated in the model.  Data-Fit 

was simultaneously used to reconcile pilot plant data and perform a regression 

of the interfacial area and heat loss parameters for the RateSep™ absorber model.  

The lean loading for the pilot plant data was shifted down by 10% to account for 

a discrepancy with the Cullinane vapor–liquid equilibrium data.  The Data-Fit 

results showed that the average interfacial area for Flexipac 1Y was 80% of the 

value measure by the air-water column.  The average interfacial area for Flexipac 

AQ Style 20 for 5 m K+/2.5 m PZ was 56% of the air-water measurement.  The 

CO2 heat of absorption may not have been adequately predicted by the 

RateSep™ absorber model because the regressed values of heat loss were 

consistent with forced convection. 
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Chapter 1: Introduction 

 

 

 

As the debate over global warming continues, it is indisputable that many 

countries have begun adopting policies aimed at reducing greenhouse gas 

(GHG) emissions such as carbon dioxide (CO2).  Within the last 10 years, 

research on CO2 capture and sequestration has intensified dramatically.  While 

the capture and sequestration of carbon dioxide is not a new technology, in its 

current state, it is very expensive.  A combination of regulations and economics 

will drive the future of CO2 capture and sequestration research and its ultimate 

implementation. 

1.1 SOURCES AND TRENDS OF U.S. CARBON DIOXIDE EMISSIONS 

One major source of anthropogenic emissions of carbon dioxide is the 

combustion of fossil fuel for energy.  In 2004, 86 percent of the energy consumed 

in the United States was derived from the combustion of fossil fuels such as coal, 

natural gas, and petroleum.  The combustion of fossil fuel accounted for 94 

percent of U.S. CO2 emissions in 2004 (U.S. EPA, 2006).  According to Marland 

(2006), global CO2 emissions from fossil fuel burning, cement manufacture, and 

gas flaring produced 26,760 Tg CO2 eq. in 2003, of which the United States 

accounted for approximately 21 percent. 

From 1990 to 2004, total CO2 emissions from fossil fuel combustion have 

increased by about 20 percent, from 4,697 to 5657 Tg CO2 eq. (U.S. EPA, 2006).  

Carbon dioxide emissions from electricity generation and transportation have 

increased by 26 and 28 percent, respectively, over the 14 year period.  In 1990, 

1601



 2 

electricity generation accounted for 38 percent of all U.S. CO2 emissions and the 

trend remained relatively constant, increasing to 40.5 percent in 2004, with coal 

combustion accounting for approximately 83 percent of the emissions from 

electricity generation.  In 2004, coal-fired utility plants accounted for 34 percent 

of all carbon dioxide emissions in the United States (Figure 1-1). 

The flue gases of coal-fired power plants typically contain between 10 to 

15% CO2, while gas-fired turbine plants contain about 2–3%.  Therefore, the 

capture and sequestration of CO2 from flue gases of coal-fired utility plants 

would represent a significant reduction in CO2 emissions.  It would represent the 

first and most cost effective method since utility plants are point sources.  The 

target CO2 removal rate from coal-fired power plants would be approximately 

90%. 

Coal - Electricity
33.5%

Petroleum
41.4%

Natural Gas
15.8% Natural Gas - Electricity

5.2%
Petroleum - Electricity

1.7%
 

Figure 1-1. United States CO2 Emissions by Fuel-Type and Sector in 2004, Total 
Emissions: 5657 Tg CO2 Eq.  
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1.2 CO2 CAPTURE AND SEQUESTRATION 

There are a number of ways to remove CO2 from the combustion process.  

Carbon dioxide capture processes can be divided into three categories: pre-

combustion, post-combustion, and oxy-fuel combustion.  Within each capture 

process, a number of separation technologies can employed as standalone 

technology or coupled with another separation processes to capture CO2 for the 

purpose of sequestration.  Once the CO2 is removed, it is typically compressed 

and placed into storage.  The carbon dioxide can be stored in abandoned gas and 

oil wells or used for enhanced oil recovery (EOR) when the market price of oil is 

favorable. 

1.3 CO2 CAPTURE PROCESSES 

1.3.1 Oxy-fuel Combustion 

In oxy-fuel combustion, pure oxygen is used in the combustion process 

instead of air.  First, an air separation unit (ASU) separates oxygen from air.  This 

is typically done with a cryogenic process.  Membranes and adsorption processes 

can also be potentially used to separate out the oxygen.  The fuel is combusted 

with pure oxygen to produce CO2 and H2O.  A portion of the flue gas is recycled 

to control the flame temperature because of current material limitations.  Pure 

CO2 can be recovered once the water has been condensed.  Oxy-fuel combustion 

power plants have been touted as zero emission technology.  The production of 

thermal NOx is also low because of the absence of nitrogen, but nitrogen in the 

fuel can still result in the production of NOx.  Pilot studies have shown that 

existing boilers can be retrofitted for oxy-fuel combustion.  However, the 

development of new gas turbines (combustor and compressor) for oxy-

combustion is needed.  Existing technology for gas turbines cannot be used. 
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1.3.2 Pre-Combustion 

There are a number of viable CO2 capture technologies currently being 

researched for pre-combustion.  One such technology that has been touted as 

“capture ready” is integrated gasification combined cycle (IGCC).  In a typical 

IGCC system, synthesis gas is first produced from a gasification unit and 

possible feeds include coal, biomass, natural gas, and heavy petroleum residues.  

After the gasification process, the water gas shift reaction can be used to convert 

CO to CO2 and H2.  The CO2 can be separated at high partial pressure (15–40% at 

15–40 bar) and the hydrogen is used as fuel for the gas turbine to generate 

electricity.  A heat recovery steam generator (HRSG) produces superheated 

steam from the gas turbine exhaust heat at various pressures, which is used drive 

the steam turbines.  Hence, the two power cycles are used to produce electricity.  

The efficiency of an IGCC plant is lower than a conventional pulverized coal-

fired and has a much higher capital cost.  In addition, several demonstration 

IGCC plants built in the U.S. have been plagued with numerous problems and 

resulted in unreliable operation.  Physical absorption is the leading technology 

used for CO2 removal.  Chemical absorption can be used when the partial 

pressure is low, but the fuel gas must be cooled down to 40 °C. 

1.3.3 Post-Combustion 

While the pre-combustion technologies are typically more efficient, the 

large number of existing power plants, some of which may have 20 to 30 more 

years of life, will require the development of post-combustion technologies.  In 

post combustion processes, the removal of CO2 occurs at the tail end, where the 

flue gas is typically at low pressure (~1 bar) and the partial pressure of CO2 

varies between 3 to 20%.  The CO2 capture processes can be retrofitted to existing 

natural gas combined cycle (NGCC) and pulverized coal (PC) plants.  Chemical 
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absorption is the leading technology for post combustion capture.  This 

technology has been established for over 60 years.  Other alternative technologies 

include adsorption, cryogenics, and membranes. 

1.4 CO2 SEPARATION TECHNOLOGIES 

A number of post-combustion technologies are available for CO2 removal.  

These include chemical and physical absorption, membranes, adsorption, and 

cryogenic processes.  A number of these processes are well established and 

commercially used.  Other technologies require further development or a 

technological breakthrough in order to become competitive with existing 

technologies. 

1.4.1.1 Adsorption 

In this separation process, carbon dioxide is selectively removed from the 

flue gas via solid adsorbents that have a high surface area and desorbed through 

a regeneration process.  Some solid adsorbents include natural or synthetic 

zeolites, activated carbon, alumina, molecular sieves, and polymers.  The 

adsorption process is typically cycled between two beds of adsorbents.  While 

one bed is adsorbing CO2, the other bed is being regenerated.  In the regeneration 

process, CO2 can be desorbed by either pressure swing adsorption (PSA), 

temperature swing adsorption (TSA), or electrical swing adsorption (ESA), 

where a low voltage electric current is passed through the adsorbents.  However, 

the technology suffers drawbacks from low capacity and selectivity for current 

adsorbents and is not ready for large scale CO2 removal (CO2Net, 2006).  In 

addition, the compression energy required for PSA is cost prohibitive. 

1.4.1.2 Cryogenics 

In cryogenic technology, the carbon dioxide is separated from other 

components by compression, cooling, condensation, and distillation to produce 
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liquid CO2.  However, as with any cooling process, there is a large energy 

penalty and the process would not be efficient for dilute streams of carbon 

dioxide.  In addition, prior to the cooling process, water would need to be 

removed.  Cryogenic technology would be most applicable for oxy-fuel and pre-

combustion processes, where the partial pressure of carbon dioxide is high.  

1.4.1.3 Membranes 

Selective membrane gas separation is based on the diffusion rate of 

individual components through a thin membrane barrier.  Membranes are 

commercially used to remove carbon dioxide from natural gas streams, which 

are at high pressure and have a high partial pressure of CO2.  Additional 

advantages include no moving parts, modularity, small footprint, and no 

regeneration energy.  However, there is still a need to improve membrane 

selectivity, permeability and durability at high temperatures for CO2 capture 

(CO2Net, 2006).  Membrane technology is most suitable for bulk removal, but 

higher purities can be achieved when multiple stages and recycle streams are 

used.  More recently, some researchers have focused on developing hybrid 

membrane technology, where membranes are combined with another separation 

process such as chemical absorption (Ducroux and Jean-Bapiste, 2004).  

1.4.1.4 Physical Absorption 

Physical absorption processes require relatively concentrated streams of 

CO2 at high pressures, but have low energy requirements.  They are 

commercially used to remove CO2 and H2S from natural gas (acid gas treating) 

and for removing CO2 from synthesis gas in ammonia, hydrogen, and methanol 

production.  Some commercially available solvents include dimethyl ether and 

polyethylene glycol (Selexol) and cold methanol (Rectisol).  In physical 

absorption, the untreated gas is contacted with the solvent in an absorber column 
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and CO2 is absorbed by the solvent.  The CO2 rich liquid stream exits the bottom 

of the absorber and then passes through a series of flash drums at varying 

pressures.  The depressurization releases the carbon dioxide from the solvent.  

The lean solvent is then recycled back to the absorber column.  Physical 

absorption processes typically operate near 40 °C and therefore the flue gas must 

be cooled accordingly.  Physical absorption processes are the preferred method 

of CO2 removal for pre-combustion processes. 

1.4.1.5 Chemical Absorption 

The technology for chemical absorption has existed for more than 60 years 

and was developed primarily for acid gas treating (Kohl and Neilsen, 1997).  In 

this process, carbon dioxide chemically reacts with the solvent.  The equipment 

for a typical chemical absorption process consists of an absorber column, a 

stripper column, and a cross-exchanger (Figure 1-2).   Untreated gas enters the 

bottom of the absorber and lean solvent is fed to the top of the column.  The lean 

solvent counter-currently contacts the flue gas and removes the CO2.  The CO2 

rich solvent leaves the bottom of the absorber and passes through the cross-

exchanger where it preheated by the stream leaving the stripper.  A temperature 

approach of 10 °C relative to the reboiler temperature is usually achieved in 

commercial practice.  The pre-heated stream is fed into the top of the stripper 

column where the CO2 is stripped out by the steam from the reboiler.  The lean 

solvent exits the bottom of the stripper and is used to preheat the stripper feed 

stream.  The lean stream is usually cooled before being returned to the absorber, 

where the process is repeated. 
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Figure 1-2. Schematic of Absorption and Stripping Process for CO2 Removal 

1.5 COST OF CO2 CAPTURE 

Economic studies on CO2 capture for power plants have shown that while 

technically feasible, the high cost may make it impractical to implement in its 

current technological state.  For a pulverized coal (PC) power plant based on 

current technology, the capture, transport and storage (CCS) of CO2 would 

increase the cost of electricity (CoE) by 43–91% and for a natural gas combine 

cycle (NGCC) power plant the cost would increase by 37–85% (IPCC, 2005).  For 

an IGCC power plant, the cost of electricity would increase by 21–78%.  The bulk 

of the cost is from the CO2 capture process and compression.  For a PC plant, the 

cost of mitigation was $30–71/tCO2 avoided.  Transportation and storage costs 

were estimated to be $0–5/tCO2 and $0.6–8.3/tCO2, respectively.  Approximately 
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80% of the costs are attributed to capture and compression.  Another study 

suggests that 70–80% of the operating cost is due to solvent regeneration and 50–

80% of the capital cost is determined by the solvent circulation rate, which sets 

the absorber and stripper column size, pumps, and piping (Saxena and Flintoff, 

2006).  The IPCC study suggests that improvements to the current commercial 

technologies can reduce capture costs by 20–30% in the next decade. 

1.6 RESEARCH AREAS 

Improvements to the current chemical absorption technology will mostly 

likely occur with the development of better solvents and contactors.  Some of the 

desirable solvent properties include: fast CO2 absorption rate, high capacity for 

CO2, low energy requirements for regeneration, low corrosivity, low degradation 

rates, low volatility, low solvent costs.  Solvents with a fast reaction rate will 

result in a smaller absorber, less packing, and reduced pressure drop.  As an 

alternative, the absorber could be operated closer to equilibrium, which would 

result in a more efficient stripper and lower regeneration costs.  The working 

solvent capacity is defined as the amount of CO2 that can be absorbed over a 

range of CO2 partial pressures and is directly related to the vapor–liquid 

equilibrium characteristics of the solvent.  Solvents with a high capacity typically 

result in a lower circulation rate and a lower energy requirement for regeneration.  

Solvents with low corrosivity can be used with equipment made of carbon steel, 

instead of stainless steel or other exotic alloys, which will dramatically reduce 

capital costs.  In addition, low volatility and solvent stability will result in less 

solvent makeup and reduce the need for solvent reclaiming and reduce 

operating costs.  Finally, there will a tradeoff between the cost of the solvent itself 

and the cost benefits derived from its use. 

1609



 10 

The selection of an efficient contactor has become more important as the 

difference in costs for random and structured packing has gradually been 

reduced.  Random packing has been extensively used in the current gas treating 

industry.  However, the newer generations of structured packing offer more 

surface area, lower pressure drop, lower liquid holdup and better mass transfer 

performance.  More surface area will reduce the size of the absorber and stripper 

columns and lower pressure drop will eliminate the need for booster fans.  In 

addition, one often overlooked piece of equipment is the distributor.  For 

structured packing, proper liquid distribution is imperative. 

1.7 PREVIOUS WORK 

1.7.1 Solvents for Chemical Absorption 

Over the years, there has been a lot of research that has focused on finding 

the ultimate solvent for chemical absorption.  These solvents include the various 

classes of amines (primary, secondary, tertiary, and hindered).  Some of these 

amines include monoethanolamine (MEA), diethanolamine (DEA), 

methyldiethanolamine (MDEA), and isobutanolamine (AMP).  Promoted hot 

potassium carbonate (K2CO3) solvents have also been used in the acid gas 

treating industry (Littel et al., 1990, Littel et al., 1992a, b, Sartori and Savage, 1983, 

Say et al., 1984). 

Amines are generally considered to have fast reaction rates with CO2, but 

have high heats of absorption.  Potassium carbonate systems, on the other hand, 

have slower rates and a lower heat of absorption.  The heat of absorption has 

been generally thought to be important in determining the steam requirement for 

the regeneration of the solvent, where high heats of absorption results in higher 

heat duties.  However, this has been proven to be not necessarily the case in 

recent research published by Oyenekan (2007). 
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The current state of the art solvent is 15–30 wt% aqueous MEA with the 

addition of a corrosion inhibitor.  Corrosion limits the use of MEA at higher 

concentrations until better corrosion inhibitors can be found.  Acid gas treating 

technology was adapted for CO2 capture from flue gas and MEA was one of the 

few solvents that could be used successfully at low partial pressures of CO2.  

MEA has a fast absorption rate and a high capacity for CO2.  On the other hand, 

it has a high heat of absorption, is corrosive, and is prone to thermal and 

oxidative degradation.  One approach to improving solvent performance is to 

blend the amine with potassium carbonate or with another amines (Bishnoi and 

Rochelle, 2002, Bosch et al., 1989, Cullinane, 2002, Furukawa and Bartoo, 1997, 

Tseng et al., 1988, 1998, Xiao et al., 2000). 

1.7.2 Aqueous Piperazine Promoted Potassium Carbonate 

Cullinane (2005) developed a new solvent containing a blend of 

piperazine (PZ) and aqueous potassium carbonate.  Piperazine is a diamine, 

which means it can absorb two moles of CO2 per mole of amine and potentially 

results in a higher capacity for CO2.  It also has a fast CO2 absorption rate that is 

comparable or even faster than MEA.  When piperazine is blended with K2CO3, 

the amount of amine protonation is reduced by the buffering capacity of the 

potassium bicarbonate/carbonate, which leaves more amine free to react with 

CO2. 

In the Cullinane work, the vapor–liquid equilibrium of CO2 over 0.0 to 6.2 

molal (m) K+ and 0.0 to 3.6 molal PZ was measured in a wetted wall column at 40 

to 110 °C (Cullinane, 2005).  In addition, equilibrium speciation of PZ in 2.5 to 6.2 

m K+ and 0.6 to 3.6 m PZ was measured using proton nuclear magnetic 

resonance (NMR).  Using the same wetted wall column, Cullinane also measured 

the rate of CO2 absorption in 0.0 to 6.2 m K+ and 0.0 to 3.6 m PZ from 25 to 110 °C.  
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In addition, a thermodynamic model was developed using the electrolyte non-

random two liquid (ENRTL) model and rate constants were regressed using a 

termolecular reaction mechanism. 

Based on his bench-scale work, Cullinane found that a solution of 5 m 

K+/2.5 m PZ has an absorption rate of CO2 that is 1–1.5 times faster than 30 wt% 

MEA.  Also, the heat of absorption is also approximately 10–25% less than MEA.  

The capacity of this solution is comparable or slightly less than that of 30 wt% 

MEA. 

1.7.3 CO2 Capture Pilot Plants 

While there have been numerous bench-scale studies measuring the 

kinetics and VLE data of the various solvents, pilot plants are needed to 

complete the transition to a commercially operating system.  Computer models 

can be used to simulate plant performance, but only a pilot plant study can truly 

demonstrate how a particular solvent or column internal will perform in an 

industrial operating environment and provide practical operating experience.  

Pilot plants also provide an opportunity to validate data obtained by bench-scale 

experiments.  Pilot plants are expensive to build, maintain, and operate; as such, 

there only a handful of organizations that have pilot plants. 

The International Test Centre (ITC) for CO2 Capture has two pilot plant 

facilities (Wilson et al., 2004a, Wilson et al., 2004b).  The Boundary Dam (BD) unit 

captures CO2 from a coal-fired power plant and has a capture capacity of 4 tons 

of CO2 per day.  The diameters of the absorber and stripper columns are 45.7 and 

40.6 cm, respectively.  The other pilot unit is located at the University of Regina 

(UR) and removes CO2 from the flue gas of natural gas fired boiler.  The pilot 

unit has a removal capacity of 1 ton/day and the diameter of the absorption and 

desorption columns are both 30.5 cm.  Experiments have been conducted on the 
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BD unit using 5 kmol/m3 (30 wt%) MEA and a 4:1 MEA/MDEA blended solvent 

(Idem et al., 2006). Experiments on the UR unit have been conducted with 5, 7, 

and 9 kmol/m3 MEA and 4:1 MEA/MDEA solvent.  Based on the pilot plant 

experiments, it was found that a reduction in heat duty could be achieved with 

the MEA/MDEA system. 

The Korean Electric Power Research Institute (KEPRI) has a pilot plant 

unit that processes flue gas fired by natural gas (Hee-Moon et al., 2004).  The unit 

has a capacity of 2 ton/day and was operated with 10, 15, 25 wt% MEA using a 

license from ABB/Kerr McGee.  The diameter of the absorber is 0.46 m and has a 

height of 18.8 m.  The diameter of the stripper is 0.34 m and the height is 16.7 m.  

The plant was operated to attain 90% CO2 removal and it was found that the CO2 

recovery rate is the same at 15 and 25 wt% MEA for high MEA liquid flow rates.  

It is possible that at the high MEA concentration (25 wt%), the absorber may 

have been pinched because the lean loading conditions were not optimized. 

As part of the European Capture and Storage project (CASTOR), Europe’s 

first CO2 capture pilot plant was recently constructed at a coal-fired power plant 

in Esbjerg, Denmark (Knudsen et al., 2006).  The pilot plant has the capacity to 

process 24 tons of CO2 per day.  The absorber has an inner diameter of 1.1 m and 

was packed with IMTP #50 random packing, divided into 4 beds of 4.3 m.  At the 

top of the absorber, the water wash section consisted of 3.0 m of 252Y Mellapak 

structured packing.  The stripper has an inner diameter of 1.1 m and was packed 

with 10 meters of IMTP #50 random packing, divided into 2 beds.  There was 

3.0m water wash section containing IMTP #50 above the top bed.  The first test 

was conducted from January to February 2006 using 25.4 wt% MEA.  However, 

due to some of the problems encountered in the first test, Test 1 was to be 

repeated in August 2006, still using MEA.  Additional tests will be conducted 

using two proprietary solvents, CASTOR-1 and CASTOR-2, for 5000 hrs. 
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The Kansai–Mitsubishi proprietary carbon dioxide recovery process (KM-

CDR) was jointly developed by Kansai Electric Power Company and Mitsubishi 

Heavy Industries.  The process used KS-1, a proprietary solvent that contains a 

hindered amine, which is resistant to O2 degradation.  KEPCO/MHI has also 

developed KP-1, a low pressure drop packing.  KEPCO/MHI has several 

pilot/demo plants and a few commercial plants that utilize KM-CDR technology 

(Iijama et al., 2004, Ohishi et al., 2006, Yagi et al., 2005).  A summary of these 

plants are shown in Table 1-1. 

Table 1-1. KEPCO/MHI CO2 Capture Plants 

Plant Name Year in Operation Capacity 
 (ton/day) 

Fuel 

Nanko (Pilot) 1991 2 Nat Gas 
MHI R&D (Pilot) 2004 1 Coal 
Matsushima (Demo) 2006 10 Coal 
Malaysia (Comm) 1999 210 Nat Gas 
Malaysia (Comm) 2005 330 Nat Gas 
India 2006 2 x 450 Nat Gas 

  

A summary of the various CO2 capture pilot plants is presented in Table 

1-2.  The steam requirements from the various pilot plant studies for MEA vary 

quite widely.  Based on the literature review of the pilot plants, it appears that a 

number of pilot plant MEA baseline cases have been established.  The studies 

also show that KS-1 and MEA with an inhibitor have similar heat requirements.  

In addition, structured packing is becoming a viable option because the cost of 

structured packing has dramatically decreased in the last 5 years.  A pilot plant 

study is important because it confirms bench-scale experimental data and 

provides operational experience which cannot be simulated or obtained 

elsewhere. 
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Table 1-2. Pilot Plant Comparison 

Pilot Plant Capacity 
(ton/day) 

Solvent Steam  
(kcal/mol) 

CASTOR 24 MEA 42 
ITC – UR 1 MEA 39–75 
ITC – BD 4 MEA 26–42 

KEPCO/MHI 2 KS-1 27 
KEPRI 2 MEA – 

 

1.8 RESEARCH OBJECTIVES AND SCOPE OF WORK 

The motivation behind this work is to extrapolate the bench-scale work 

developed for aqueous piperazine promoted potassium carbonate into an 

industrial operating environment.  This work aims to verify the results of the 

bench-scale work through a pilot plant study.  The results from this study will 

focus on the absorber.  An absorber model will be developed and validated with 

the pilot plant data and also be used to reconcile the pilot plant and bench scale 

results.  Ultimately, the model can be used as a design and optimization tool for 

scale-up and also be used to dictate further bench-scale work to fill in gaps the 

needed for the model.  A schematic of the process is illustrated in Figure 1-3. 

 
Figure 1-3. Schematic of Process Design Framework   
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The research objectives of this work are to: 

1. Construct and demonstrate reliable operation of a pilot scale 

absorber/stripper system for CO2 capture 

2. Obtain good and consistent pilot plant data for the absorption of CO2 

into aqueous piperazine and potassium carbonate and verify bench-

scale results with the pilot scale results through the extrapolation of 

raw data 

3. Develop a rigorous rate-based absorber model in a commercially 

available simulation package 

4. Validate the absorber model and reconcile the results from the pilot 

plant experiments 

The first objective was accomplished through the extensive modification 

of the pilot plant facility operated by the Separation Research Program (SRP) at 

the University of Texas at Austin.  The pilot distillation and extraction system 

was converted into an absorber/stripper system.  The pilot plant has a removal 

capacity of 4 tons/day and unlike the other pilot facilities it is a closed loop 

system.  A total of four campaigns were conducted with the pilot plant using 

both random and structured packing.  Tests were performed with 30 wt% MEA 

to establish a baseline and with two piperazine and potassium carbonate solvent 

compositions, 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ. 

The second objective was fulfilled through the material balances for the 

gas, liquid, and CO2 recycle streams in the absorber and stripper.  Engineering 

judgment and practical considerations were used to interpret and make 

corrections to the raw data.  Mass transfer performance in the absorber was 

compared to the wetted wall column kg’.  The temperature profile was 

quantified and used to help with the interpretation of the results.  Effective 
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interfacial area measurements and performance evaluation of the Flexipac 1Y 

and Flexipac AQ Style 20 structured packing were also carried out.  

The third objective was completed through the development of a rigorous 

rate-based model using Aspen Plus® RateSep™.  The model uses the Aspen 

Plus® thermodynamic package developed by Hilliard (2005) and uses the rate 

constants obtained by Cullinane (2005) from the bench-scale wetted wall column.  

In addition, parameters for density and viscosity were regressed with Aspen 

Plus® Data Regression System (DRS) using bench-scale data and inputted into 

the absorber model.  

Finally, the fourth objective was satisfied by simultaneously validating the 

absorber model and reconciling the pilot plant data using the Aspen Plus® Data-

Fit regression package.  The model parameters regressed by Data-Fit were the 

interfacial area factor and column heat loss.  Reconciliation of the pilot plant data 

was made by Data-Fit through adjustments of the inlet and outlet CO2 gas 

concentration, lean loading, inlet and outlet stream temperatures, and the 

temperature profile. 
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Chapter 2: Pilot Plant Experimental Setup, Methods, and Results 

 

 

 

The experiments for this work were conducted at the pilot plant facility 

operated by the Separations Research Program (SRP) of The University of Texas 

at Austin (UT).  The facility is located at the J.J. Pickle Research Center, 20 

minutes north of the main UT campus.  SRP typically uses the facility to conduct 

distillation and extraction experiments for industrial companies and also aids UT 

graduate students with pilot-scale work. 

As part of this work, the existing pilot plant facility was extensively 

modified and converted into an absorber/stripper system prior to the startup of 

the first CO2 capture campaign.  The modification added new analytical 

equipment, process instrumentation, stainless steel process equipment and 

piping.  A total of four pilot plant campaigns were conducted: three pilot plant 

campaigns that used aqueous piperazine promoted potassium carbonate and one 

campaign with monoethanolamine (MEA) to establish a base case for 

comparison.  The four campaigns were completed over a period of four years.  

When the pilot plant was not being used for this work, it was reconfigured to the 

original setup and used to run distillation and extraction experiments. 

This work focuses on the three potassium carbonate and piperazine 

campaigns.  The results of the MEA campaign can be found in Dugas (2006).  

Incremental improvements and modifications to the pilot absorber/stripper 

system were made over the course of the four campaigns.  This chapter details 

the pilot plant equipment and setup, the modifications that were made for each 
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campaign, sampling and analytical methods developed by this work, and the 

results from each of the K+/PZ campaigns.  An overview of the four campaigns 

is given in Table 2-1. 

Table 2-1. Summary of the Four Pilot Plant Campaigns 

Campaign Solvent Absorber Packing Stripper Packing 
1 5 m K+/2.5 m PZ Flexipac 1Y Sieve Trays 
2 5 m K+/2.5 m PZ Flexipac 1Y IMTP #40 
3 7 m MEA Flexipac 1Y IMTP #40 
 7 m MEA IMTP #40 Flexipac 1Y 
4 5 m K+/2.5 m PZ Flexipac AQ Style 20 Flexipac AQ Style 20 
 6.4 m K+/1.6 m PZ Flexipac AQ Style 20 Flexipac AQ Style 20 

 

2.1 EXECUTIVE SUMMARY OF PILOT PLANT CAMPAIGNS 

This section presents a summary of the major issues that were resolved, 

through trial and error over the course the four pilot plant campaigns.  

Preheating the stripper feed solvent was most efficiently done with a plate and 

frame heat exchanger in terms of performance and relative cost.  The cross 

exchanger is a critical part of the absorption and stripping system.  Preheating 

and saturating the absorber inlet gas was performed most effectively with a 

steam injector. 

The in-situ CO2 analyzers needed to be protected from non-condensing 

water and the extractive sampling system performed best when the sample lines 

were heated to prevent the condensation of water.  Liquid sampling was best 

done using sample bombs to minimize the flashing of CO2, especially at rich 

loadings and high temperatures.  Allowing the hot sample bombs to be cooled 

prior to sample extraction is also recommended.  The liquid analytical techniques 

need to be fully developed prior to the start of pilot plant experiments, and 

sample quality assurance and control are extremely important. 
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Due to the inherent variability of a pilot plant, all the possible unknowns 

must be eliminated for proper interpretation of critical data.  The calibration of 

process equipment to validate the measured flow rates is critical and introduces 

additional unknowns if this is not done.  Gas flow measurements are difficult 

and expensive, but are critical if any data is to be extracted.  Measurement of 

water concentration in the gas may be critical in data interpretation because the 

transfer of enthalpy between the liquid and vapor is dependent on the water 

content of the inlet gas and the temperature of the inlet liquid. 

In the pilot plant, the inlet liquid temperature may not have been 

adequately measured because the nearest temperature measurement was 15 

meters away from the absorber inlet.  Heat loss from the 5.1 cm pipe may have 

resulted in slightly lower temperatures than that measured.  The titration and ion 

chromatography methods developed for measuring piperazine and potassium 

concentration needed to be reconciled.  The difference in CO2 loading between 

the on-campus inorganic carbon analyzer and that of the Shimadzu Total 

Organic Carbon analyzer should also be reconciled, possibly using a standard 

made up of both sodium bicarbonate and carbonate, as well as standards that 

contain only one of each.  Also, the inlet CO2 gas concentration appeared to cycle 

with the opening and closing of the stripper valve.  A new process control 

technique should be developed to address this issue. 

An efficient analysis of the CO2 loading in the liquid is needed to allow a 

rapid material and heat balance during actual operation.  The maintenance of 

water balance, temperature, and CO2 loading is extremely important for the 

piperazine and potassium carbonate system in order to avoid solubility issues, 

which can result in instrument and equipment failure and possible plant 

shutdown. 
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It is recommended that antifoam be continuously added through a 

metering or peristaltic pump.  Antifoam is typically designed for a once through 

process.  In the pilot plant, the liquid solvent is continuously recycled and, over 

time, the antifoam loses its efficacy.  Foaming was observed in all of the K+/PZ 

campaigns.  In the first two campaigns, foaming was observed in the absorber 

and in Campaign 4, foaming was observed in the stripper.  It was found that the 

DOW Corning Q2-3183A antifoam worked well for the piperazine and 

potassium carbonate system. 

2.2 TIMELINE OF PILOT PLANT CAMPAIGNS 

Quarter Action 
2002 Q4   Start of project 
2003 Q1  Order solvent cooler 
2003 Q2  Piping demolition 

 Piping iso drawn 
 Created welding bid 
 Solvent cooler procured 
 Ordered air cooler, 5 Micro Motion® flowmeters, Vaisala CO2 

analyzers, raw materials 
2003 Q3  Test plan 

 Begin welding 
 Air cooler procured 
 Analytical method development,  
 Purchased for RTD for absorber 
 Installation of solvent heater, solvent cooler, control valves, 

Micro Motion® flowmeters, and filters on support racks 
2003 Q4  Pipe welding 
2004 Q1  Welding completed 

 Installation of instrumentation 90% complete 
 Excel absorber model completed 
 Gas line 

2004 Q2  Campaign 1 commenced in May 
 Measured effective interfacial area for Flexipac 1Y 
 Load chemicals 
 Begin operation mid-June for 7 days  
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2004 Q3  Campaign 1 data analysis 
 Campaign 2 modifications 
 Test plan 

2004 Q4  Build sample bombs 
 Construct bypass around blower to heat up gas 
 Campaign 2 (mid-October to mid-November) 
 Campaign 2 loading and data analysis 

2005 Q1  Loading analysis resolution 
 MEA modifications 
 Built new CO2 makeup heater and 0–5%Horiba sampling unit  
 Ordered new stainless steel reboiler  
 Campaign 3 (MEA, mid-March to mid-April) 

2005 Q2  Replaced PVC airline with stainless steel 
 Designed new air heater and cross-exchanger 
 New reboiler procured 
 Data analysis 

2005 Q3  Design carbon filter  
 Procure parts for FTIR 
 Installation of reboiler 
 Test plan 
 Solubility experiments 

2005 Q4  Bench-scale density and pH measurements  
 IC method development 
 Installation of cross-exchanger, carbon filter, heated lines, FTIR 

2006 Q1  Campaign 4 (January to February) 
 

2.3 CAMPAIGN ONE – PILOT PLANT SETUP AND TROUBLESHOOTING 

The main objectives of the first campaign were the design, modification, 

startup, and troubleshooting of the pilot absorber/stripper system.  The existing 

distillation and extraction pilot plant was converted into an absorber and 

stripper system.  The modifications were made such that the pilot plant easily 

could be converted between the two modes of operation.  The second objective 

was to obtain characterization data for the absorber and stripper with Flexipac 

1Y structured packing and sieve trays, respectively. 
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2.3.1 Existing Major Equipment 

The pilot plant facility was constructed in 1986 and originally designed for 

distillation and extraction experiments.  The pilot plant consists of two columns, 

each with an internal diameter of 0.43 m and constructed from 18-inch schedule 

40 carbon steel pipe.  Both columns have a number of penetration points, 

manways, and sight glass windows along the entire length of the vessel.  The 

height of each column is approximately 13.3 meters.  The distillation column is 

insulated with calcium silicate, but the extraction column is not insulated.  In the 

CO2 absorption campaigns, the distillation column was used as the stripper and 

the extraction column was used as the absorber.  The absorption column is 

packed with 6.1 m of packing, which is divided into two beds (3.05 m).  In 

between each packed bed, there is a spool piece that swings out to facilitate 

packing change-outs.  Also, within each spool piece, there is a chimney tray and 

a redistributor just below.  There is no water wash section above the top of the 

absorber packing, as in conventional plants.  When trays are used, it is installed 

as one continuous section from the top of the column to the bottom.  A picture of 

the pilot plant facility is shown in Figure 2-1 and a schematic of the absorber and 

stripper is given by Figure 2-2.  A process and instrumentation diagram of the 

absorber and stripper are shown in Figure 2-3 and Figure 2-4, respectively. 

The majority of the existing equipment was retained, which included a 

blower, six centrifugal pumps, several feed tanks, a reboiler, condenser, and 

vacuum pump (Table 2-2).  The blower (C-103) is normally operated as a 

standalone unit and used to provide ambient air to the air-water column.  During 

the operation of the CO2 capture campaigns, the blower was used to recycle the 

gas from the top of the absorber back to the inlet.  The silencer of the blower was 

removed and new piping was installed to connect the blower inlet to the outlet of 

the water knockout.  The blower is also equipped with a variable speed drive. 
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In the first campaign, only four of the centrifugal pumps were used.  The 

pumps have capacities that range from 3.4 to 22.7 m3/hr (15 to 100 gpm).  The 

impellers of the pumps are made of carbon steel.  During the course of the 

campaigns, it was discovered that the pump seals needed to be made out of 

Ethylene–Propylene–Diene Monomer (EPDM) rubber.  Other types of rubber 

seals eventually resulted in leaks.  There are two pumps associated with the 

absorber, one that pumps lean solvent from the absorber feed tank to the top of 

the absorber (P-106) and one that pumps rich solvent from the bottom of the 

absorber to the stripper (P-104).  There are two pumps associated with the 

stripper.  One pump is used to pump liquid solvent from the bottom stripper 

reboiler to the solvent cooler (P-102).  The other pump is used to pump the reflux 

from the overhead liquid condenser back to the stripper feed (P-103).  Most of the 

pumps have variable speed drives, which eliminates the need for control valves 

and dramatically improves flow control. 

In the existing facility, there are two identical liquid feed-tanks, one for 

each of the columns.  For the CO2 capture campaigns, only the absorber feed-

tank was used (V-105).  The feed tank is constructed out of carbon steel and has a 

volume of 3.6 m3.  The top of the feed-tank vented to the atmosphere to prevent a 

vapor lock.  In addition, a portion of the solvent in the absorber feed-tank is 

continuously re-circulated.  The overhead gas accumulator stores CO2 gas from 

the condenser (V-103).  It has a volume of 2.4 m3 and is made of carbon steel.  A 

control valve is installed downstream of the gas accumulator to regulate the 

pressure in the stripper column.  There is also a vent on the gas accumulator 

which is regulated by a control valve.  Water from the condenser is stored in the 

overhead liquid accumulator (V-106) before it is pumped back to the stripper 

feed as reflux.  The overhead liquid accumulator has a volume of 0.2 m3 and is 

made of carbon steel. 
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The carbon steel reboiler (H-102) on the stripper is a kettle-type boiler and 

has a surface area of 18.6 m2.  Liquid is circulated from the bottom of the stripper 

to the bottom of the reboiler.  Liquid is pumped from the bottom of the reboiler, 

on the opposite end of the feed nozzle.  Vapor generated by the reboiler is fed 

through a nozzle on the side of the stripper, just above the liquid level in the 

sump.  The reboiler and associated piping are all insulated.  Low pressure steam 

from the university gas-fired steam boiler at 930 kPa (135 psia) is used to heat the 

reboiler.  The reboiler is located adjacent to the stripper and the reboiler level 

varies from 14 to 37 cm (5.4 – 15 in). 

 
Figure 2-1. Pilot Plant Facility at UT SRP with the Stripper Column and 

Reboiler on the Left Side, Absorber Column on the Right Side, Absorber Feed 
Tank and Overhead Gas Accumulator on the First Platform (Picture Taken by 

C. Lewis)
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Figure 2-2. Process Flowsheet of Absorber/Stripper Pilot Plant for Campaign 1 
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Figure 2-3. Process and Instrumentation Diagram of the Absorber for Campaign 1 
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Figure 2-4. Process and Instrumentation Diagram of the Stripper for Campaign 1 
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Table 2-2. Pilot Plant Equipment Specifications 

Equipment Function Status Equipment Specification MOC TDSGN (°C) PDSGN (kPag) Phase 
Vessels   Vol (m3) ID (cm) No. Bed Bed Ht (m)          
V-102 Stripper Existing - 42.7 2 3.05  CS 200 520 G/L 
V-104 Absorber Existing - 42.7 2 3.05  CS 180 520 G/L 
V-103 OVHD Horiz. Acc. Existing 2.4 - - -  CS 200 520 G 
V-105 Absorber Feed Tank Existing 3.6 - - -  CS 230 520 L 
V-106 OVHD Liq. Acc. Existing 0.2 - - -  CS 150 520 L 

                
Heat Exchangers  Type Duty 

(MJ/hr) 
Area 
(m2) 

Passes  Shell Tube Shell Tube Shell Tube Shell Tube 

H-101A Feed Heater New Hairpin 840 9.9 1-1  CS 316 340 200 3450 3450 STM L 
H-101B Feed Heater New Hairpin 840 9.9 1-1  CS 316 340 200 3450 3450 STM L 
H-107 Solvent Cooler New Fixed 1800 13.4 1-2  316 316 230 230 1550 1030 L CW 
H-111 Condenser Preheater Existing Fixed 230 1.5 1-4  316 316 230 230 1550 1030 STM L 
H-112 Air Cooler New Fixed 490 19.8 -  316 316 - - - - G CW 

                
Condensers/Reboilers  Type Duty 

(MJ/hr) 
Area 
(m2) 

Passes  Shell Tube Shell Tube Shell Tube Shell Tube 

H-102 Reboiler Existing Fixed 2500 18.6 1-2  CS CS 200 200 690 1210 G/L STM 
H-104 Condenser Existing Fixed 2480 14.3 1-1  CS CS 150 180 1030 1030 G/L CW 

                
Pumps   Cap 

(m3/hr) 
Diff Hd 

(m) 
Eff. (%) Type Power 

(kW) 
        

P-102-DI Stripper Bottoms Pump Existing 6.8 59.4 27 Centrifugal 5.6 CS 180 1310 L 
P-103-DI OVHD Acc Pump Existing 3.4 61.0 15 Centrifugal 5.6 CS 180 1310 L 
P-104-DI Absorber Pump Existing 22.7 36.6 59 Centrifugal 5.6 CS 180 1660 L 
P-105-DI Absorber Pump Existing 3.4 36.6 16 Centrifugal 3.7 CS 180 1660 L 
P-106-DI Absorber Feed Pump Existing 11.4 41.1 42.5 Centrifugal 3.7 CS 180 1660 L 

Blower/Vacuum Pump  Cap 
(m3/hr) 

DP 
(kPa) 

  Power 
(kW) 

        

C-102A Vacuum Pump Existing 730 100   11.2 CS - 70 G 
C-103 Blower Existing 2550 20   29.8 CS 650 35 G 

Notes: 
DSGN = Design 
ID = Inner Diameter 
MOC = Material of Construction 
OVHD = Overhead 
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The two phase condenser (H-104) for the stripper is located on the top 

level of the pilot plant structure.  The 1–1 single pass condenser has a surface 

area of 14.3 m2 and is constructed of carbon steel.  In the condenser, water and 

CO2 from the overhead vapor of the stripper are separated.  Water is condensed 

as liquid and fed to the overhead liquid accumulator from the bottom of the 

condenser.  The non-condensable CO2 vapor is sent to the overhead gas 

accumulator, before being recycled back to the feed gas. 

The vacuum pump (C-102A) is used when the stripper is configured for 

vacuum operation.  The vacuum pump is connected to a 2.5 cm (1 in.) nozzle on 

the CO2 vapor outlet of the condenser.  Due to the size of the nozzle, there is a 

limitation in the amount of CO2 that could be stripped, which reduces the range 

of gas flow rates used for vacuum operation.  During the operation of the 

vacuum pump, the CO2 vapor comes into intimate contact with the lubricating 

oil.  An oil separator is installed downstream to minimize the amount of 

entrainment.  The vacuum pump is made of carbon steel. 

A reflux heater (H-111) is available, but was not used.  The condensed 

water from the overhead liquid accumulator is pumped through the reflux 

before being mixed with the stripper feed stream. 

The cooling water system consists of a feed-tank (T-101-CW), a heat 

exchanger (H-101-CW), and two pumps (P-101-CW and P-102-CW).  The cooling 

water system is designed so that it is isolated from the university cooling water 

system.  The pilot plant cooling water is cross-exchanged with the cooling water 

from the university and then stored in the cooling water feed-tank.  Cooling 

water from the feed-tank is then pumped through the pilot plant system, in this 

case to the condenser of the stripper and/or the air cooler.  If there is ever a leak 

in one of the process exchangers, only the pilot plant cooling water system 

becomes contaminated. 
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Figure 2-5. Vacuum Pump (C-102A) Draws Gas from the Right Side and 

Discharges from the Top of the Oil Reservoir (Picture Taken by C. Lewis) 

2.3.2 New Major Equipment 

In a typical industrial application, the rich solvent from the absorber is 

preheated by the lean stream leaving the stripper bottom through a plate and 

frame cross-exchanger.  The exchanger is typically designed to achieve a 

temperature approach of 5–10 °C with the temperature of the reboiler.  

Preheating the rich solvent minimizes the reboiler heat duty.  Due to the 

constraints of the pilot plant being a multi–use facility, the solvent preheater and 

cooler are kept as separate pieces of equipment.  As part of this work, the 

existing solvent cooler and preheater were replaced and a new air cooler was 

purchased. 

The existing solvent preheater was undersized and was replaced with two 

Brown Fintube heat exchangers (H-101A and H-101B) that were installed in 
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parallel (Figure 2-6).  The hairpin exchangers were donated by Huntsman 

Chemical from an existing nearby facility.  The U-tube heat exchangers each have 

a surface area of 9.9 m2, 2.5 cm OD tubes, 7.6 cm shells, and 2.4 cm longitudinal 

fins.  Exchanger drawings obtained from a local distributor showed that the tube 

side was constructed from stainless steel and the shell side was constructed of 

carbon steel.  Therefore, in all of the CO2 capture campaigns, the preheater 

exchangers were operated with the process stream on the tube side and 930 kPa 

(135 psi) low pressure steam was used on the shell side. 

 
Figure 2-6. Solvent Preheater (H-101A & B), Micro Motion® Flowmeters, and 

Control Valves Installed on Support Rack (Picture Taken by C. Lewis) 

An ITT standard model 08084 SSCFC heat exchanger was purchased and 

used as the new solvent cooler (H-107). The BEM type heat exchanger is 
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constructed from type-316 stainless steel and has an area of 144 ft2 (Figure 2-7).  

The exchanger has a total of 210 tubes and is designed as a single pass on the 

shell side and 2 passes on the tube side.  In the solvent cooler, the process stream 

flowed on the shell side and cooling water at 10 °C flowed on the tube side.  The 

lean solvent from the stripper bottoms was cooled to approximately 40 °C before 

being pumped into the lean solvent feed tank.  The solvent cooler and solvent 

heaters were mounted on custom–built support racks to centralize operational 

procedures and to minimize the footprint.  The welding shop at the PRC campus 

fabricated the support racks. 

 
Figure 2-7. Solvent Cooler (H-107) Installed on Support Rack.  Cooling Water 

Piping (Green) Flows Tube Side (Picture Taken by C. Lewis) 
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Water in the gas leaving the top of the absorber column needed to be 

removed in order to protect the downstream blower and Vaisala CO2 analyzer.  

A new air cooler (H-112) was purchased from Super Radiator Coils, model 

number 27x27-12R-58/156.  The air cooler was sized to remove approximately 

490 MJ/hr and has an area of 19.8 m2.  The cooler is constructed much like a 

radiator with a large number of coils consisting of 1.6 cm (5/8 in.) OD 316L 

stainless steel tubing.  The rest of the structure is constructed from type 316 

stainless steel.  Cooling water at 10 °C was used to cool the process gas.  Water 

condensed from the air cooler was drained back to the absorber feed tank. 

 
Figure 2-8. Air Cooler (H-112) Installed on Top Platform of Structure.  Radiator 

Coils are Located on the Opposite Side (Picture Taken by C. Lewis) 

Downstream of the air cooler, a new water knockout was purchased and 

installed.  The water knockout was used to remove entrained water that may 

have bypassed the air cooler and prevented water droplets from damaging the 
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impeller of the blower that was located downstream.  The water knockout works 

as a centrifugal type separator.  Gas enters the vessel tangentially near the 

bottom and exits out the top.  The condensed liquid drains from the bottom of 

the knockout and to the lean feed tank.  

Rosedale bagged filters were used to remove rust and debris in order to 

protect the Micro Motion® flowmeters downstream of the filters.  The filter 

housing is made of type 316 stainless steel and the bag filters were made of 

cotton.  Another bagged filter is used to filter the solvent from the reboiler.  It 

was discovered through trial and error, that only the filter bag made of cotton 

could withstand the high temperature and corrosiveness of the piperazine and 

potassium carbonate solvent.  The solvent eventually dissolved the bag filters 

made of polypropylene.  If the manufacturer uses stitching made of synthetic 

material on the cotton bag filter, this also results in bag filter failure.  Cotton 

filters with cotton stitching were requested for all of the bagged filters used in 

the campaigns. 

2.3.3 Piping Modification 

Due to the corrosive nature of the aqueous piperazine promoted 

potassium carbonate solvent, all of the carbon steel piping was replaced by type 

304L stainless steel pipe.  As part of this work, demolition of a portion of the 

carbon steel piping was performed as well as installation of the new stainless 

piping.  The personnel at SRP performed the layout of the new piping iso and 

also purchased the new stainless steel pipe, flanges, and gaskets.  Schedule 10 

304L stainless steel pipe, 150# flanges, and Garlock gaskets were used for 

construction.  The majority of the new stainless steel piping was welded by an 

outside contractor and took six months to complete.  
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2.3.4 CO2 Delivery System 

A carbon dioxide delivery system was required to initially charge the 

liquid solvent with CO2 prior to startup and also for CO2 makeup during the 

operation of the pilot plant.  As part of this work, a steam heated CO2 pressure 

regulator was purchased from Andon Specialties, model number H2-

1A55Q5G114, and a storage rack was constructed of Unistrut to house up to 

three large CO2 cylinders.  The capacity of the cylinders varied in size from 150, 

200, and 300 L.  The CO2 delivery system was housed indoors. 

The steam–heated regulator was found to be inadequate.  As the liquid 

carbon dioxide from the cylinder was being released, over time the lines would 

begin to freeze and eventually stop flowing.  A simple shell and tube heat 

exchanger was built using 1.3 cm and 1.9 cm OD type 316 stainless steel tubing 

and stainless steel fitting from Swagelok.  University steam was used to vaporize 

the liquid carbon dioxide from the shell side.  A steam trap was also installed.  

The preheater worked adequately for makeup, but the initial charging of the 

liquid solvent required patience.  Stainless steel tubing (1.3 cm OD) was run from 

the steam regulator to a control valve located outside.  Initially, the makeup CO2 

was discharged downstream of blower.  Later, the CO2 makeup was discharged 

into the overhead gas accumulator because the CO2 concentration could be better 

controlled. 

2.3.5 Process Flowsheet 

The pilot plant was operated as a closed-loop system, where both the gas 

and liquid were continuously recirculated.  The aqueous piperazine and 

potassium carbonate solvent was stored in the absorber feed tank.  The feed tank 

was used to maintain a constant lean loading and minimize any flow 

interruptions in the system.  The residence time in the feed tank varied from 0.5 
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to 1.5 hr depending on the liquid flow rate.  Lean solvent from the feed tank was 

pumped through a filter and then through a Micro Motion® flowmeter before 

being pumped to the top of the absorber column. 

A distributor uniformly disperses the liquid onto the top of the packing.  

The solvent flows downward by gravity along the surface of the first section of 

packing, promoting gas liquid contact area.  The liquid solvent at the gas–liquid 

interface of the wetted packing surface absorbs carbon dioxide from the 

upwardly flowing gas.  At the middle of the column is a chimney tray to recollect 

the liquid and a redistributor for spreading the liquid over the second section of 

packing. 

The solvent rich in CO2 exits out the bottom of the absorber and is then 

pumped to another filter before passing through a second Micro Motion® 

flowmeter.  After the flowmeter, the solvent flow is split and passes through the 

two solvent pre-heaters.  Near the top of the column, the preheated stripper feed 

is mixed with the reflux and then fed at the top of the stripper column to a 

distributor.  In the first campaign, sieve trays were used in the stripper.  In later 

campaigns, random and structured packing were used.  A chimney tray and 

distributor similar to the one in the absorber was used only when there was 

packing in the stripper.  The rich solvent flows downward and the CO2 is 

stripped by the steam generated from the solvent by the reboiler. 

The lean liquid at the bottom of the stripper is circulated through the 

reboiler before being pumped to the solvent cooler.  Instead of passing through 

the cooler, a portion of the lean solvent is diverted and pumped to the stripper 

sump.  The solvent is cooled to approximately 40 °C and flows back into the 

absorber feed tank where the entire process is repeated. 

The gas consists of ambient air with the addition of CO2 from large 

compressed gas cylinders.  The CO2 concentration in the gas is varied from 3 to 
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17 mol%.  The CO2 rich gas enters the bottom of the absorber and counter-

currently contacts the liquid solvent.  The absorber column contains structured 

packing to maximize the amount of effective interfacial area and minimize 

pressure drop.  Carbon dioxide is absorbed by the liquid solvent at the gas –

liquid interface.  The “clean” gas then exits out the top of the absorber and passes 

through the air cooler, where it chills to approximately 10 °C and most of the 

moisture is removed to protect the CO2 analyzers and the blower located 

downstream. 

The cooled gas then passes through the water knockout drum where any 

residual water that may have been entrained is finally removed.  The gas is then 

mixed with the CO2 from the overhead gas accumulator and recycled back to the 

blower, where the gas is, and the process is repeated.  During the operation of 

the pilot plant, makeup CO2 was added into the overhead gas accumulator.  The 

overhead gas accumulator has a split vent valve.  When the vent is 0–50%, the 

accumulator is vented where the vent is fully open at 0%.  For 50–100%, nitrogen 

is added to the system, where at 100%, the vent is fully open for nitrogen 

addition.  When the vent is 50%, both the vent and nitrogen valves are closed.  In 

all of the campaigns, although the vent was at 100%, the gate valve for the 

nitrogen was closed shut, which resulted in zero nitrogen addition.  There is a 

vent on the impeller housing of the blower; the casing around the hub has an 

opening that is approximately 2.5 cm in width.  The absorber feed tank is vented 

to the absorber in order to equalize the pressure.  During the steady state 

operation of the pilot plant, it is assumed that there is no leakage.  Only when the 

process conditions are changed is there expected to be any leakage through the 

blower vent. 

The vapor exiting the top of stripper contains carbon dioxide and water 

and flows to the two–phase condenser.  The water is condensed out as liquid and 
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flows into the overhead liquid accumulator.  The water is then pumped through 

the reflux heater and mixed with the stripper feed.  In all of the campaigns, the 

reflux heater was not used and therefore the reflux was cooler than the stripper 

feed.  The CO2 gas exits the top of the condenser and then flows to the overhead 

gas accumulator.  The CO2 in the gas accumulator was mixed with the “clean” air 

that had passed through the absorber.  A control valve downstream of the 

accumulator controlled the CO2 concentration in the inlet gas to the absorber.  

Makeup CO2 was added to the overhead gas accumulator.  During vacuum 

operation, the vacuum pump was used to draw suction from the gas 

accumulator. 

2.3.6 Online Process Instrumentation 

As part of the pilot plant modification, a number of upgrades were made 

to the measurements of gas and liquid flow, pressure, and temperature.  In 

addition, the capability of online pH measurement and gas phase CO2 analysis 

were added.  A list of process instrumentation used in the CO2 capture pilot 

plant is given by Table 2-3. 

Pressure measurements were performed using Ashcroft, Rosemount 1151 

and Rosemount 3051 Series pressure transmitters.  The Ashcroft pressure 

transmitters were used with the AN-75 Dietrich Standard annubar for gas flow 

measurements in Campaigns 1 and 2.  The 3051 Series transmitters are smart 

transmitters and contain a microprocessor that allows communication through 

the HART protocol.  The 3051 transmitters have an accuracy of ±0.1% of the 

reading and ranged from 0–3, 0–25, and 0–40 inches of water.  The 1151 Series 

transmitters are analog and have a 4–20 mA output.  The 1151 transmitters have 

an accuracy of ±0.5% of the calibrated span and ranged from 0–5, 0–30, and 0–150 

inches of water.  The pressure transmitters were used to measure absolute, 
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differential, and gauge pressure throughout the pilot plant.  The pressure 

transmitters were also used to measure liquid level in the sump of the two 

columns, the absorber feed tank, overhead liquid accumulator and the reboiler. 

Temperature measurements of the process streams and column profiles 

were made using K-type thermocouples and Rosemount Series 68 Platinum 

Resistance Temperature Detector (RTD) sensors.  Rosemount 848T 8-Input 

temperature transmitters were used in conjunction with the RTD sensors.  The 

RTD sensors have an accuracy of ±0.6 °C.  In the first campaign, the temperature 

measurements on the stripper side were performed with thermocouples and on 

the absorber side, the thermocouples were replaced with RTD sensors.  In later 

campaigns, all of the thermocouples in the pilot plant were gradually replaced 

with the Rosemount RTD sensors.  As part of this work, some of the conduit and 

cabling associated with the RTD sensors were installed.  Also, in Campaign 1, an 

infrared temperature gun was used to measure the surface temperature of the 

absorber column. 

The liquid flow rate, temperature and density of the absorber lean and 

rich solvent streams were measured using Micro Motion® F-series Coriolis 

flowmeters and are manufactured by Emerson Process Management.  The F-

series flowmeters have an accuracy of ±0.20 vol% for the flow rate, ±2.0 kg/m3 

for the density, and ±1 °C for the temperature.  The Micro Motion® flowmeters 

were used to measure the flow rates of the absorber inlet, stripper inlet, stripper 

reflux, and absorber feed tank inlet.  The density measurement was used to 

monitor changes in the water balance. 
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Table 2-3. Pilot Plant Instrumentation Specification 

Manufacturer Model Number Function Range Method Accuracy 
Dietrich Standard AN-75 Gas Flow – Abs Inlet (C1/C2) - DP ±1% Actual Value 
Dietrich Standard Diamond II Annubar - GCR 15 Gas Flow – Abs Inlet (C3/C4) - DP ±1% Actual Value 

Horiba PIR-2000 CO2 Conc - Abs Gas Mid 0-5/10/20% NDIR ±1% Full-Scale 
Horiba PIR-2000 CO2 Conc - Abs Gas Out  0-1/3/5% NDIR ±1% Full-Scale 

Micro Motion® F-Series  Liquid Flow Rate 0 - 32650 L/hr Coriolis ±0.20 Vol% 
  Liquid Density 0 - 5000 kg/m3 - ±2.0 kg/m3 
  Liquid Temperature -100 to 180 ºC - ±1 ºC 

Rosemount 3095MFA Mass Probar Flowmeter Gas Flow - CO2 Recycle - DP ±0.9% 
Rosemount 389VP pH/ORP Sensor pH - Abs Inlet/Outlet 9 - 12 - 99% Linearity 
Rosemount 5081-P pH/ORP Transmitter pH - Abs Inlet/Outlet - - ±1 mV @ 25ºC, ±0.01 pH  
Rosemount 68 Series Platinum RTD Temperature Sensor -50 to 400C Resistance ±0.6 ºC 
Rosemount 848T 8-Input Temp Transmitter Temperature Transmitter - - - 
Rosemount 3051 Series - DP/GP/AP/LT Pressure Transmitter 0-3/25/40 inch of H2O - ±0.1% Reading  
Rosemount 1151 Series - DP/GP/AP/LT Pressure Transmitter 0-5/30/150 inch of H2O - ±0.5% Calib Span (0.1% Smart)  

Temet Instruments Gasmet DX-4000 FTIR  CO2 Conc - Abs Gas Inlet/Outlet 0-100% FTIR <2% Measuring Range 
Vaisala GMT221 CO2 Conc - Abs Gas Outlet 0-5% CO2 NDIR - CarboCap <±[0.02% CO2 + 2% Reading] @ 25ºC 
Vaisala GMT221 CO2 Conc - Abs Gas Inlet 0-20% CO2 NDIR - CarboCap  <±[0.02% CO2 + 2% Reading] @ 25ºC 
Vaisala GMT222 CO2 Conc - Abs Gas Outlet 0-10,000 ppm NDIR - CarboCap <±[20 ppm CO2 + 2% Reading] @ 25ºC 

Notes: 
AP = Absolute Pressure 
DP = Differential Pressure 
GP = Gauge Pressure 
LT = Level Transmitter 
FTIR = Fourier Transform Infrared Sensor 
NDIR = Nondispersive Infrared Sensor 
RTD = Resistance Temperature Detector 
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In Campaign 1, the inlet gas line to the absorber was 20.3 cm and made of 

PVC.  The gas flow rate was measured using a Dietrich Standard AN-75 annubar, 

differential pressure transmitters with varying pressure ranges, and a 

temperature measurement.  The flowmeter has an accuracy of ±1% of the actual 

value.  The flow meter was calibrated for air and density corrections were made 

in the calculations of the actual gas rate to include CO2 and water.  The steam 

flow to the reboiler was measured using an orifice plate and Rosemount 

differential pressure transmitters. 

The pHs of the absorber inlet and outlet solvent streams were 

continuously measured with Rosemount 389VP pH/ORP sensors and 

Rosemount 5081-P pH/ORP transmitters.  The 389VP pH sensor has a measuring 

range of 9–12 pH units and a linearity of 99%.  The 5081-P transmitters have an 

accuracy of ±0.01 pH units or ±1 mV at 25 °C.  The connection cable is hardwired 

to the Rosemount transmitter and attached to the pH sensor on the other end via 

a quick-connect adapter.  As discovered just before the startup of the first 

campaign, the quick-connect cables may not be waterproof and needed to be 

shielded by a shelter.  Lean loading measurements were correlated to bench-scale 

pH measurements.  The online pH measurements were used to monitor the lean 

loading and rich loading of the solution.  The lean loading of the solution was 

changed by adjusting reboiler heat duty and CO2 makeup flow rate. 

The concentration of CO2 in the gas was measured at the inlet, middle and 

outlet of the absorber column.  The inlet and outlet concentrations were 

measured in situ using Vaisala GMT 221 and GMT 222 CO2 analyzers.  In the 

first campaign, the absorber inlet Vaisala probe was located downstream of the 

blower, while the absorber outlet probe was located just upstream of the air 

cooler.  In later campaigns, the absorber outlet probe was moved downstream of 

the water knockout.  The Vaisala CO2 analyzers use a new silicon based non-
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dispersive infrared (NDIR) sensor and use single-beam dual-wavelength NDIR.  

The probes are interchangeable with the transmitters.  The inlet CO2 

concentration was measured with a 0–20 mol% probe and the outlet 

concentration was measured with either a 0–10,000 ppm or 0–5 mol% probe, 

depending on the range of the outlet gas.  The analyzers have an accuracy 

<±(0.02% CO2 + 2% of the reading) at 25 °C, an operating of limit of 60 °C and 0–

100% relative humidity.  The Vaisala analyzers have a temperature dependence 

of -0.1% of %full-scale/°C and a pressure dependence of +0.15% reading/hPa. 

The concentration of CO2 in the middle of the absorber column was 

measured with a Horiba PIR-2000 CO2 analyzer with a range of 0–1, 0–3, and 0–5 

mol%.  The Horiba is also a NDIR analyzer and has an accuracy of ±1% full-scale.  

Unlike the in situ Vaisala analyzers, the middle gas samples use an extractive 

sampling system.  The gas is extracted from the space between the chimney tray 

and redistributor in the spool piece, where there is no liquid.  A diaphragm 

sample pump extracts the gas and it passes through a water knockout 

immediately after it exits the column (Figure 2-9).  The gas then flows through 

approximately 30 meters of 0.6 cm polyethylene tubing and into a coalescing 

filter that removes water and excess gas, which is adjusted by a downstream 

needle valve.  Next, the gas passes through a membrane filter before it flows to 

the PIR-2000 CO2 analyzer.  A rotameter on the outlet of the analyzer was 

adjusted to maintain a constant flow rate to the analyzer during online operation 

and the calibration process.  The sampled gas was then discharged outside. 
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Figure 2-9. Schematic of Extractive Sampling System for Horiba CO2 Analyzer 

2.3.7 DeltaV Process Control System 

The DeltaV digital automation system version 7.2 was used to log all the 

process data and control the operations of the pilot absorber/stripper system.  

DeltaV is a distributed control system (DCS) based on PlantWeb® digital plant 

architecture and is manufactured by Emerson Process Management.  HART® and 

FOUNDATION™ field bus process instrumentation as well as 4–20 mA analog 

signals were fully integrated into the DeltaV system.  The DeltaV consists of an 

operator interface, control hardware, and control software.  DeltaV Operate, the 

operator interface, is run directly on standard PC hardware and operating 

system and allows the user to monitor and make changes to the process.  The 

control hardware consists of I/O modules connected to a digital control 

computer, which are attached to a larger redundant DeltaV plant-wide network.  

The DeltaV control software can be configured to provide model predictive 

control, neural networks, fuzzy logic, and variability analysis.  A schematic of the 

DeltaV architecture is shown in Figure 2-10. 
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Figure 2-10. Schematic of DeltaV Architecture 

2.3.8 Instrument Calibration 

The Vaisala and Horiba CO2 analyzers were calibrated approximately 

once every 24 to 48 hours with primary standards.  In the first campaign, a total 

of four primary standards were used: 0, 1, 4, and 12 mol% CO2.  In later 

campaigns, calibration standards of 4.9 and 16.9 mol% CO2 were added.  An 

onsite nitrogen source was used as the zero calibration gas.  The calibration gases 

consisted of air and carbon dioxide and were purchased from Praxair Inc.  The 

cylinders were filled gravimetrically and have an analytical accuracy of ±0.02%.  

Certificates of analysis for the calibration gases provided by the vendor are listed 

in the appendix. 
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The calibration system consisted of a calibration panel and two calibration 

chambers, which are located at the inlet and outlet sample points.  The 

calibration chamber is made of 5.1 cm PVC pipe and several tees.  Calibration gas 

flows into the calibration apparatus at one end and exits the opposite end.  The 

Vaisala probe and 0.64 cm tubing for the Horiba are inserted into the 

penetrations along the length of the calibration chamber.  The calibration panel 

consists of several on-off ball valves, a rotameter, the CO2 gas standards and the 

respective regulators, and needle valves for each of the CO2 gas cylinders.  The 

needle valves control the flow of the calibration gas from the individual cylinders 

and the rotameter is used to adjust the flow calibration chamber.  The ball valves 

control to which calibration chambers the calibration gas is directed.  The Horiba 

for absorber middle sample point is calibrated from the inlet calibration chamber.  

Sampling for the Horiba is switched from calibration chamber and absorber 

middle sample location at the calibration panel. 

 
Figure 2-11. Schematic of Calibration Panel for CO2 Analyzers 

During the calibration process, the Vaisala probes were removed from the 

process line and inserted into a calibration chamber.  The sample line of the 

Horiba was disconnected from the absorber and also connected to calibration 
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chamber.  The CO2 calibration gas was metered to the calibration chamber using 

a rotameter on the calibration panel.  The raw output signals from the analyzers 

were recorded and a calibration curve was fitted to a linear equation.  The results 

of the calibration curve were then inputted into DeltaV.  The process to calibrate 

the Horiba analyzer took approximately 20–30 minutes, due to the extractive 

sampling system that was used.  The in situ Vaisala had much quicker response 

time and could be calibrated in less than 10 minutes. The standard operating 

procedure for the calibration of CO2 analyzers is listed in the appendix. 

The Micro Motion® and orifice flowmeters are factory calibrated and are 

periodically checked by measuring the time it takes to fill a known volume.  The 

Deitrich Standard annubar was calibrated using the Pitot tube traverse method.  

The Rosemount pressure transmitters are calibrated approximately once per 

month using manometers and pressure gauges.  The Rosemount RTD sensors are 

calibrated before installation in the pilot plant with a dry block calibrator.  The 

pH meters were calibrated with 7 and 10 pH standard solutions prior to the 

startup of each campaign. 

2.3.9 Offline Analytical Methods 

In this campaign, an acid-base titration method was used to determine the 

concentration of piperazine and potassium.  The standard operating procedure 

for the titration procedure is listed in the appendix.  An abbreviated summary of 

the method is enumerated as follows: 

1. Add methyl orange to the undiluted sample 

2. Titrate with 2N hydrochloric acid (HCl) until the endpoint is reached 

3. Heat the solution to release residual CO2 and allow the solution to cool 

4. Titrate with 2N sodium hydroxide (NaOH) until the pH is approximately -

265 mV.   
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The first endpoint represents the total alkalinity of solution and is given 

by the following equation: 

 PZmolKmolAlkalinityTotal 2+= +   (2.1) 
 
The back-titration endpoint represents the concentration of piperazine in the 

solution.  The concentration of piperazine is calculated by dividing the amount of 

HCl that is added by two because piperazine contains two nitrogen atoms.  The 

potassium concentration was calculated by taking the difference between the 

total alkalinity and piperazine concentration.  The concentration measurements 

for K+ and PZ are reported in units of mol/kg of solution, and not mol/kg of 

H2O.  For the CO2 loading measurements, the piperazine and potassium 

concentrations were reported as total alkalinity. 

The concentration of carbon dioxide (CO2 loading) in the solution was 

measured using the Shimadzu TOC-5050A Total Organic Carbon Analyzer 

(TOC).  The Shimadzu TOC can be used to measure both inorganic (IC) and total 

organic carbon (TC).  For the measurements of inorganic carbon, 25 wt% 

phosphoric acid is used to evolve the CO2 gas from the solvent.  The stream of 

CO2 is analyzed with a NDIR detector.  For total organic carbon analysis, a 

precisely metered slipstream of the sample is combusted over platinum catalyst 

at 680 °C with ultra pure air.  The resulting CO2 is measured with the NDIR 

detector.  The Shimadzu has a detection limit of four ppb and a range up to 4000 

ppm for TOC and 5000 ppm for IC.  The TOC analyzer has an autosampler, 

which allows it to perform up 89 analyses in one run.  A 1000 ppm IC standard 

was prepared from a mixture of Na2CO3, NaHCO3 and deionized (DI) water.  

The Na2CO3 was heated in an oven at 225 °C for several hours and allowed to 

cool in a desiccator jar.  The sodium bicarbonate and carbonate were stored in 

sealed glass bottles in the desiccator jar when not being used.  The 1000 ppm 
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standard was further diluted to make 50, 100, 150 and 200 ppm IC standards for 

the calibration curve.  A new 1000 ppm standard was prepared each month. 

In the first campaign, the total carbon standard was made from a solution 

of piperazine and potassium carbonate.  The total carbon standard recommended 

by Shimadzu is made from hydrogen potassium phthalate (KHP).  Total carbon 

calibration curves were generated with 50, 100, 200, and 300 ppm TC standards.  

The TOC has an auto sampler that allows the analyzer to be continuously 

operated without user intervention.  However, the DI rinse water for the auto-

sampler and the phosphoric acid for the IC analysis needed to be periodically 

monitored and was replenished when necessary.  

The CO2 loading was determined by the inorganic carbon analysis and the 

concentration of piperazine was determined by the taking the difference between 

the organic carbon and inorganic carbon analyses. 

 CarbonPiperazineCarbonInorganicCarbonTotal +=   (2.2) 
 

Prior to analysis, approximately 0.9 grams of liquid sample was weighed and 

diluted to a volume of 1000 mL with DI water.  The samples were pipetted into 8 

mL vials and placed in the auto-sampler.  The TOC measurements seemed drift 

over time.  IC standards (100 ppm) were analyzed every 10th sample in the 

matrix.  The standards appeared to trend upward in concentration at consistent 

rate over time.  After the loading analysis for Campaign 1 had been completed, it 

was found that the 100 ppm IC standards absorbed CO2 from the atmosphere, 

and up to 30% higher concentrations were observed.  The 200 ppm IC standards 

seemed to absorb CO2 at a much slower rate.  It is also entirely possible that the 

diluted sample solutions may have absorbed CO2 from the air.  This problem 

was rectified in Campaign 2, when a new liquid sampling and new TOC analysis 
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method was developed.  In later campaigns, all of vials were covered with 

parafilm to eliminate absorption of CO2 from the atmosphere. 

In Campaign 1, Inductively Coupled Plasma (ICP) emission spectroscopy 

was used to determine the concentration of potassium, vanadium and total iron 

in the solution.  Due to the presence of carbon steel equipment in the system, 

1000 ppm of vanadium (V5+) was added to the solvent as a corrosion inhibitor.  

The iron concentration indicated the amount of rust that was being produced 

from carbon steel equipment in the pilot plant and was used to indirectly 

evaluate corrosion.  The ICP analysis was performed by another member in our 

research group using the ICP analyzer that belonged to the UT Austin Civil 

Engineering Department. 

2.3.10 Raw Materials Inventory 

In Campaign 1, the effective interfacial area of the Flexipac 1Y structured 

packing was determined by absorbing CO2 from ambient air into 0.1 N KOH.  

The solution was made using water (CAS No. 7732-18-5) from the City of Austin 

and KOH (CAS No. 1310-58-3) pellets in 22.7 kg bags purchased from UNIVAR 

USA.  The starting 5 m K+/2.5 m PZ solution was made by removing several 

drums of the KOH solution and adding 68 wt% aqueous piperazine (CAS No. 

111-85-0) and 47 wt% aqueous potassium carbonate (CAS No. 584-08-7) from 300 

kg drums.  In addition, 4 bags of 22.7 kg bags of U.S.P. grade potassium 

bicarbonate (CAS No. 298-14-6) were purchased as makeup.  The piperazine was 

donated by DOW Chemical and the potassium bicarbonate and carbonate were 

purchased from UNIVAR USA.  The makeup CO2 (CAS No. 124-38-9) was 

purchased from Texas Welding Supply and was dispensed from 150, 200, and 

300L cylinders containing liquid carbon dioxide.  Vanadium (V5+) was added as a 

corrosion inhibitor in the form of potassium metavanadate (KVO3).  The 
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metavanadate (CAS No. 13769-43-2) is commercially sold under the trade name 

HotPot-922 by Pechiney World Trade USA and is typically used in hot potassium 

carbonate systems for inhibiting corrosion. 

In the December of 2003, the purchased cost from UNIVAR USA for 6 

drums of 47 wt% aqueous potassium carbonate, 45.5 kg of KOH pellets, and 90.9 

kg of U.S.P. grade KHCO3 was $0.7/kg, $3.04/kg, and $3.85/kg.  Per the 

Armand Products July 1, 2006 truckload price list, 47% K2CO3 solution costs 

$0.45/kg for bulk and $0.62/kg for 300 kg drums, FOB Muscle Shoals, Alabama.  

For U.S.P. grade potassium bicarbonate in 22.7 kg bags from Armand Products, 

the cost is $6.53/kg for quantities less than 455 kg.  The cost per pound decreases 

with increasing quantities.  For quantities greater than 4546/kg, the cost of 

KHCO3 is $2.10/kg.  Piperazine costs were estimated to be $5.50/kg and MEA 

was estimated to cost about 5 times less than piperazine.  The cost of the CO2 gas 

from Texas Welding Supply was approximately $0.37/kg. 

2.3.11 Liquid Sample Collection 

In Campaign 1, the liquid samples were taken at the inlet, middle, and 

outlet of the absorber.  Erlenmeyer flasks with glass stoppers were used to take 

the samples.  The sampling procedure involved opening a valve at the sample 

point and allowing the solution to flow out into the Erlenmeyer flasks.  The pH 

and temperature was recorded for each liquid sample with a handheld pH meter.  

The sample was then poured into a 40 mL glass sample vial and capped.  

Samples were collected once the pilot operation had reached steady state for one 

hour.  Two sets of liquid samples were taken for each run condition.  It was later 

discovered that the sampling process made have resulted in the loss of CO2 from 

the samples due to flashing.  In the second campaign, the liquid sample 
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collection procedure incorporated the use of sample bombs, which minimized 

flashing. 

2.3.12 Campaign 1 Plant Operation 

Pilot plant operations commenced at the end of May 2004.  The effective 

interfacial area of the Flexipac 1Y structured packing in the absorber was 

determined by absorbing CO2 from ambient air into a solution of 0.1 N 

potassium hydroxide (KOH).  The gas and liquid flow rates were varied from 

300 to 770 m3/hr and 8 to 40 m/hr, respectively.  The starting solution inventory 

was 2.9 m3 (14 drums).  A Horiba VIA510 CO2 gas analyzer was used to measure 

the outlet CO2 concentration.  

Upon completion of the effective area tests, 5 drums of the 0.1 N KOH 

solution were removed.  The remaining solution was mixed with 3 drums of 68% 

piperazine AQ, 2 drums of water, 5 drums of 47% liquid K2CO3, and 0.03 m3 (50 

kg) of the HotPot-922 solution to give a vanadium concentration of 1000 ppm.  

Piperazine has a freezing point of 54 °C and is solid at room temperature.  Drum 

heaters were used unsuccessfully to liquefy the solid piperazine.  Numerous 

attempts to solubilize piperazine in the potassium carbonate solution were also 

unsuccessful.  The piperazine was eventually added into the system by first 

adding CO2 into the relatively lean starting potassium solution.  Once the 

solution was loaded, it was heated in the reboiler.  Via a batch process, hot 

bicarbonate solution was pumped into the piperazine drum.  The resulting 

mixture was then pumped into the absorber feed tank.  While the solvent was 

circulating, 40 mL of antifoam was added to the system.  The process of charging 

the piperazine and potassium carbonate took approximately two weeks.  Once 

the chemicals were loaded, troubleshooting on the absorber and stripper began.  

During startup, solids were discovered at the bottom of the absorber feed tank.  
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It was speculated that piperazine had precipitated.  Hot solvent was circulated 

through the entire system to dissolve the piperazine and the absorber feed was 

withdrawn from the side of the absorber feed tank, instead of the bottom. 

The pilot plant was operated for a total of seven days, beginning in mid 

June.  A total of 35 runs and 19 operating conditions were conducted with three 

solvent compositions, while maintaining a K+/PZ ratio of 2:1.  The potassium 

and piperazine concentrations were 2.3, 2.9, and 3.1 mol K+/kg soln and 1.15, 

1.45, and 1.55 mol PZ/kg soln, respectively.  The gas and liquid flow rates were 

varied from 0.5 to 3 kg/m2-s and 1.3 to 5.1 kg/m2-s, respectively.  The liquid to 

gas (L/G) ratio was varied from 0.9 to 5.6 kg/kg.  The synthetic flue gas 

contained 3–13% CO2 in air at 25 to 50 °C. The temperature of the solvent to the 

absorber varied from 35 to 45 °C.  The absorber was operated at atmospheric 

pressure.  The stripper pressure varied from 1 to 1.7 bar.  The absorber contained 

6.1 m of Flexipac 1Y structured packing and the stripper contained 14 sieves 

trays with 45.7 cm tray spacing.  Lean loading and CO2 removal varied from 0.41 

to 0.54 mol CO2/(mol K+ + 2 mol PZ) and from 84.5 to 99.8%, respectively.  

Vanadium concentrations were maintained at approximately 18 mmol/kg soln 

(1000 ppm).  Dissolved iron concentration varied from 0.3 to 0.6 mmol/kg soln. 

Foaming was observed in the absorber after several days of operation.  

Three hundred and seventy-five milliliters of silicone based GE antifoam were 

added throughout the duration of pilot plant operations.  The online Rosemount 

pH meters failed after the first day of the operation.  The rain may have short-

circuited the probes because the quick-connect cables on pH meter were not 

designed for outdoor use. 
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Table 2-4. Campaign 1 Absorber Operation 

Parameter Value 
Inlet CO2 (mol%) 3 – 12 
PZ Concentration (mol/kg of solvent) 1.2 – 1.6 
K+/PZ Ratio 2.0 – 2.05 
Lean Loading (mol CO2/(mol K+ + 2 mol PZ)) 0.39 – 0.50 
G (kg/m2-s) 0.5 – 3.0 
L/G (kg/kg) 2.2 – 5.6 
TGAS,IN (°C), Typical 32 
TLEAN (°C), Typical  40 

 

There were also solubility issues with both the piperazine and the 

potassium carbonate.  The absorber and stripper filters eventually became 

plugged and had to be bypassed.  Based on a visual inspection, the stripper filter 

had plugged up with potassium carbonate and the absorber filter was filled with 

precipitated piperazine.  When the solution is too lean, piperazine will 

precipitate and float.  Potassium carbonate precipitates when the solution 

becomes too rich and sinks to the bottom.  Also, both potassium carbonate and 

piperazine were near their respective solubility limits.  After the loss of the filters, 

it was finally realized that additional water needed to be added to the system 

and that the liquid holdup in the overhead liquid accumulator should be 

minimized because there would always be water inventory in the accumulator.  

The loss of water from the solution resulted in the precipitation of both 

components and wreaked havoc on the plant operation.  In addition, the some of 

the samples for the stripper lean, which tended to be slightly cooler, contained 

precipitate.  

In the first campaign, the solvent was not adequately preheated by the 

heat exchanger.  It was discovered that the steam traps were undersized and that 

the condensate eventually backed up into the exchanger and resulted in poor 
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performance.  This issue was addressed in the next campaign.  The inlet gas 

temperature was also too low.  To much cooling occurred at the air cooler and 

the mechanical work from the blower could not get the temperature up to 40 °C.  

A control valve was not installed for the cooling water to the air cooler cooling 

and the flow rate could not be controlled.  In addition, the inlet gas was not 

saturated with water, which was expected in an industrial process.   

The orifice meter measuring the steam flow to the reboiler was too small.  

In some cases, the reboiler steam rate was operated beyond the measurement 

range.  Finally, the middle absorber CO2 gas sampling system was filled with 

water due to condensation from the saturated gas.  The water knock-out filters 

for the Horiba sampling system were replaced and the entire sampling line was 

blown with compressed air. 

2.3.13 Campaign 1 Results 

The results from the KOH test in the carbon steel absorber column 

showed that the maximum effective area was approximately 49% of the total 

packing surface area.  The specific area of the Flexipac 1Y structured packing is 

410 m2/m3.  The results are plotted in Figure 2-12.  The figure shows that at high 

gas rates, the effective area approaches a maximum.  These results are consistent 

with that obtained by UT-SRP (Separations Research Program) for a high surface 

area structured packing.  The effective area for the 300 and 400 acfm gas rates 

were approximately the same, but the results for the 180 acfm gas rate was much 

lower.  The data for the 180 acfm gas rate may not be reliable because the 

effective area is typically independent of gas flow rate. 

The DeltaV control system was used to log the process data real-time.  

Measurements included the temperature, pressure, flow rate, density, CO2 

concentration, liquid level, steam flow, and cooling water flow.  The logged data 
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was retrieved from DeltaV and imported into Excel spreadsheets on a daily basis.  

The data points were recorded once per minute.  The reported process conditions 

were generated by averaging the points 10 minutes before and after the specified 

sample point.  This reduces the effect from the disturbances caused by the liquid 

sample collection process. 
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Figure 2-12. Effective Area of Flexipac 1Y Structure Packing from the 

Absorption of CO2 into 0.1 N KOH 

Titrations and ICP analyses were performed only at the beginning and 

end of each concentration change (Table 2-5).  CO2 loading and piperazine 

analysis was performed for absorber lean, middle, and rich solutions using the 

Shimadzu TOC.  Some of the rich samples had precipitate and these samples 

were later diluted with water and re-analyzed.  Parafilmed 100-ppm IC 

standards were placed in between every 10th sample, but the samples 

themselves were not parafilmed.  Some of the samples may have absorbed CO2 

from the atmosphere before analysis and the inorganic carbon analysis may be 
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erroneously higher.  The piperazine was calculated by subtracting the 

contribution of the inorganic carbon portion of the analysis.  The loading and 

piperazine data reported in Campaign 1 should be used with caution.  In 

addition, ion chromatography was used to analyze the concentration of 

piperazine and potassium prior to the start of Campaign 4.  The results show that 

ion chromatography results are 15 to 20% higher than that obtained by the 

titration analysis. 

In Run 1.1.1, the concentration of potassium carbonate was slightly low.  

Three-quarters of a drum of 47% potassium carbonate was added to the system.   

In Run 1.2.1 through 1.7.1, the potassium to piperazine concentration was 

maintained at approximately 2:1.  For Runs 1.8.1 to 1.17.2, 5 drums of condensate 

were removed to further concentrate the solvent system.  The potassium 

concentration appeared to have slightly changed and may have been due to 

operations with an increased level in the liquid accumulator.  In the final set of 

runs, an additional drum of condensate was removed and the liquid accumulator 

was operated with a higher liquid level. 

A summary of the absorber gas rate, liquid rate, CO2 gas concentration, 

and stream temperatures is given in Table 2-6.  Five absorber temperature 

profiles were acquired with the infrared temperature gun.  The infrared gun 

measured the surface temperature of the absorber column, which also had a 

layer of white paint, whereas the RTD measurements consisted of probes 

inserted partially into the packing where it may contact gas, liquid or both.  Both 

sets of results indicate that a large bulge occurred towards the top of the column.  

At the spool piece, a large temperature gradient also existed.  The complete raw 

data set for Campaign 1 is listed in the appendix. 
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Table 2-5. Campaign 1 Absorber Analyses 

Run ID Date Time Titration ICP TOC Ion Chromatograph 

   Ln Talk 
mol/kg 

Lean PZ 
mol/kg 

Lean K+ 
mol/kg 

Lean K+ 
mol/kg 

Lean V 
mmol/kg 

Lean Fe 
mmol/kg 

Lean PZ 
mol/kg 

CO2 Loading 
mol/kg 

Ln Talk 
mol/kg 

Lean PZ 
mol/kg 

Lean K+ 
mol/kg 

1.1.1 6/16/04 15:30 4.51 1.22 2.06 2.00 18.7925 0.118 1.09 2.18 - - - 
1.1.2 6/16/04 16:15 - - - - - - 1.17 1.84 - - - 
1.1.3 6/16/04 17:00 4.50 1.20 2.10 1.72 18.23 0.172 1.27 1.91 5.49 1.58 2.33 
Added 3/4 Drum of K2CO3             

1.2.1 6/17/04 11:30 4.65 1.17 2.31 2.11 18.00 0.161 1.15 2.03 - - - 
1.2.2 6/17/04 12:15 - - - - - - 1.09 2.46 - - - 
1.2.3 6/17/04 13:00 - - - - - - 1.16 2.02 5.46 1.44 2.59 
1.3.1 6/17/04 16:15 - - - - - - 1.19 2.19 - - - 
1.3.2 6/17/04 16:45 - - - - - - 1.22 2.30 - - - 
1.3.3 6/17/04 17:45 - - - - - - 1.22 2.25 6.52 1.63 3.25 
1.4.1 6/17/04 18:30 - - - - - - 1.24 2.31 - - - 
1.5.1 6/17/04 19:15 - - - - - - 1.29 2.36 - - - 
1.6.1 6/18/04 15:30 - - - - - - 1.20 2.21 - - - 
1.7.1 6/21/04 16:45 4.63 1.15 2.33 1.98 18.06 0.241 1.24 2.25 - - - 

Removed Water            
1.8.1 6/22/04 17:45 5.66 1.40 2.87 1.87 18.55 0.172 1.41 2.63 - - - 
1.8.2 6/22/04 18:30 - - - - - - 1.48 2.66 - - - 
1.9.1 6/22/04 19:30 - - - - - - 1.46 2.63 6.49 1.63 3.23 
1.9.2 6/22/04 20:15 - - - - - - 1.44 2.67 - - - 
1.10.1 6/22/04 21:15 - - - - - - 1.49 2.76 - - - 
1.10.2 6/22/04 22:00 - - - - - - 1.44 2.70 - - - 
1.11.1 6/23/04 8:15 - - - - - - 1.47 2.75 6.53 1.64 3.25 
1.11.2 6/23/04 9:00 - - - - - - 1.46 2.84 - - - 
1.12.1 6/23/04 14:30 - - - - - - 1.44 2.93 - - - 
1.12.2 6/23/04 15:15 - - - - - - 1.28 3.37 - - - 
1.13.1 6/23/04 17:30 - - - - - - 1.36 2.94 - - - 
1.14.1 6/23/04 18:15 - - - - - - 1.41 3.07 6.64 1.66 3.31 
1.15.1 6/24/04 9:00 - - - - - - 1.42 3.05 - - - 
1.15.2 6/24/04 9:30 - - - - - - 1.49 3.08 - - - 
1.16.1 6/24/04 10:30 - - - - - - 1.48 3.09 - - - 
1.16.2 6/24/04 11:00 - - - - - - 1.48 3.09 - - - 
1.17.1 6/24/04 12:15 - - - - - - 1.42 3.12 - - - 
1.17.2 6/24/04 12:30 5.84 1.44 2.96 2.42 21.97 0.593 1.48 3.15 - - - 

Removed Water            
1.18.1 6/24/04 16:00 6.11 1.54 3.03 2.75 23.64 0.236 1.50 3.25 - - - 
1.18.2 6/24/04 16:15 - - - - - - 1.39 3.20 - - - 
1.19.1 6/24/04 17:00 - - - - - - 1.53 3.31 - - - 
1.19.2 6/24/04 17:30 6.15 1.52 3.11 2.77 22.93 0.129 1.48 3.24 6.53 1.60 3.34 
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Table 2-6. Campaign 1 Absorber Results 

Run# Gas Rate Liquid Rate L/G CO2 CO2 CO2 Temp Temp Temp Temp Density Density pH DP DP 
 Actual   In Out Removal Gas In Gas Out Liq In Liq Out Liq In Liq Out Liq In Bot Bed Top Bed 
 m3/min L/min  kg/kg % % % °C °C °C °C kg/m3 kg/m3 kPa kPa 

1.1.1 15.0 19.0 1.27 2.89 0.16 94.3 38.8 42.6 39.33 29.19 1145 1174 11.4 0.81 0.77 
1.1.2 14.9 18.9 1.26 2.84 0.17 93.9 37.7 42.0 39.11 28.57 1146 1173 11.5 0.63 0.77 
1.1.3 14.9 18.9 1.27 2.78 0.17 93.8 38.8 42.4 38.90 28.95 1147 1174 11.6 0.72 0.76 
1.2.1 7.5 18.8 2.47 2.97 0.00 99.8 28.0 39.8 41.50 32.28 1163 1180 11.6 0.19 0.25 
1.2.2 7.5 18.9 2.49 2.92 0.01 99.8 29.0 41.8 43.16 32.59 1163 1181 11.5 0.20 0.25 
1.2.3 7.5 18.9 2.50 2.88 0.01 99.8 29.4 43.0 44.46 32.58 1162 1181 11.4 0.14 0.25 
1.3.1 7.5 37.7 5.03 2.25 0.02 98.9 32.9 39.5 41.02 38.36 1165 1172 11.4 0.94 0.67 
1.3.2 7.5 37.7 5.03 2.45 0.03 98.9 33.2 39.3 40.67 38.09 1165 1173 11.2 0.92 0.77 
1.3.3 7.5 37.7 5.03 2.37 0.03 98.7 33.3 38.7 40.42 38.06 1166 1173 11.2 1.07 0.85 
1.4.1 7.5 37.6 4.99 3.92 0.04 99.1 33.1 38.0 40.01 39.40 1166 1175 11.3 1.33 0.95 
1.5.1 10.2 32.7 3.20 3.00 0.05 98.3 33.4 38.1 40.08 38.26 1166 1174 11.3 1.42 1.06 
1.6.1 4.5 29.1 6.37 11.72 0.32 97.3 33.5 15.8 39.53 44.04 1165 1180 10.7 0.40 0.21 
1.7.1 3.0 19.0 6.21 11.62 0.73 93.7 32.3 41.5 40.05 39.25 1163 1184 10.6 0.15 0.07 
1.8.1 15.0 19.0 1.33 3.39 0.26 92.3 37.6 43.6 41.16 29.68 1207 1234 10.9 0.72 0.77 
1.8.2 14.9 19.0 1.33 3.47 0.21 93.9 37.6 43.5 41.48 29.45 1207 1237 11.0 0.72 0.77 
1.9.1 19.9 19.0 1.02 3.58 0.56 84.5 46.9 42.1 41.49 31.63 1206 1236 11.0 1.22 1.31 
1.9.2 19.9 19.0 1.02 3.66 0.54 85.2 46.3 41.9 41.55 31.49 1207 1235 11.0 1.23 1.32 
1.10.1 10.0 19.2 1.97 2.98 0.04 98.6 28.4 42.7 41.58 30.13 1208 1232 11.0 0.41 0.43 
1.10.2 10.0 18.7 1.91 2.68 0.03 98.9 27.7 42.7 41.52 29.83 1208 1233 11.2 0.41 0.43 
1.11.1 7.5 9.4 1.27 2.71 0.23 91.5 23.6 35.8 34.63 22.56 1212 1241 11.2 0.23 0.24 
1.11.2 7.5 9.5 1.29 2.48 0.16 93.6 24.1 36.1 35.39 22.66 1211 1241 11.2 0.23 0.24 
1.12.1 20.9 26.5 1.39 2.25 0.33 85.3 52.7 42.9 39.81 34.39 1211 1233 10.6 1.52 1.65 
1.12.2 19.7 24.8 1.37 3.58 0.47 86.9 51.1 43.7 39.64 34.43 1211 1234 10.6 1.35 1.45 
1.13.1 7.2 29.1 4.08 13.99 1.20 91.4 30.7 49.4 40.49 38.54 1211 1236 10.9 0.40 0.30 
1.14.1 5.9 25.5 4.33 13.22 1.15 91.3 29.6 46.2 40.26 41.05 1212 1233 11.1 0.61 0.26 
1.15.1 6.2 29.3 4.69 12.30 1.26 89.7 24.7 35.3 39.59 39.76 1216 1234 11.1 0.32 0.25 
1.15.2 6.2 29.3 4.69 11.30 0.88 92.2 25.6 44.0 43.23 40.86 1214 1234 10.8 0.52 0.32 
1.16.1 7.5 29.4 3.92 12.23 1.74 85.7 27.4 50.8 43.34 38.47 1212 1238 10.8 0.69 0.42 
1.16.2 7.5 29.5 3.95 12.51 1.75 86.0 28.7 49.7 42.48 38.83 1213 1237 11.1 0.70 0.44 
1.17.1 4.0 18.9 4.75 11.59 0.68 94.2 26.8 48.2 41.34 38.39 1214 1239 11.0 0.12 0.13 
1.17.2 4.0 18.9 4.77 11.59 0.55 95.2 26.7 47.7 41.22 38.40 1214 1239 10.9 0.12 0.13 
1.18.1 6.2 29.2 4.84 12.40 0.43 96.5 33.7 52.9 46.24 43.36 1229 1252 10.8 0.83 0.39 
1.18.2 6.2 29.3 4.83 12.65 0.45 96.4 34.2 53.2 46.05 43.54 1228 1252 10.8 0.84 0.38 
1.19.1 4.0 18.8 4.87 11.55 0.58 95.0 32.9 53.7 45.27 40.44 1229 1257 11.0 0.15 0.12 
1.19.2 4.0 18.9 4.89 11.76 0.40 96.6 32.1 53.2 44.84 39.81 1228 1257 11.0 0.13 0.12 
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2.3.14 Campaign 1 Corrosion Evaluation 

Corrosion coupons were purchased from Alabama Specialty Products Inc.  

Five different types of steel materials were tested: carbon steel (C1010), 304L 

stainless steel, 316L stainless steel, 317L stainless steel, and 2205 stainless steel 

(Duplex).  All of the coupons are milled with a 120 grit finish and each coupon is 

stamped with a unique identification number.  The corrosion coupons were 

mounted onto a 316L stainless steel 5 cm pipeline insertion rack with a 20 cm 

stem and three mounting holes.  The coupons were mounted to the stem with 0.6 

cm Teflon shoulder washers and 0.3 cm Teflon spacers were used in between 

each coupon.  In all of the campaigns, the two sets of each material type were 

installed on two of the mounting holes.  In addition, Z-core resin coupons 

manufactured by Smith Fibercast, which represented advance fiber reinforced 

plastic (FRP) material, was tested. 

Corrosion coupons were inserted into a 5 cm pipe just downstream of the 

feed heater and left in the system over a one week period.  Each coupon was 

weighed at the beginning and end of the week-long run and only visually 

inspected.  Preliminary results show that all of the steel coupons remained 

relatively unchanged (Table 2-7).  However, the FRP seemed to have absorbed 

some of the solvent, as the final weight was slightly higher. 
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Table 2-7. Campaign 1 Corrosion Coupon Results 

Sample ID Initial Mass 
g 

Final Mass 
g 

Difference 
 

C1010-1 15.6816 15.6824 -0.0008 
C1010-2 15.8699 15.8705 -0.0006 
304L-1 14.6760 14.6762 -0.0002 
304L-2 14.7226 14.7232 -0.0006 
316L-1 14.3783 14.3791 -0.0008 
316L-2 14.3493 14.3496 -0.0003 
317L-1 14.7838 14.7839 -0.0001 
317L-2 14.7172 14.7179 -0.0007 
2205-1 15.1899 15.1903 -0.0004 
2205-2 15.3256 15.3267 -0.0011 

FRP 10.4145 10.4408 -0.0263 
 

2.3.15 Campaign 1 Summary 

In Campaign 1, an existing extraction/distillation pilot plant was 

modified into an absorber/stripper system for CO2 capture.  New process 

equipment and instrumentation was added to the existing system.  The carbon 

steel piping was replaced with type 304 stainless steel.  The pilot plant was 

operated for approximately one month, which included troubleshooting and one 

week of operation.  The absorber contained Flexipac 1Y structured packing and 

the stripper contained 14 sieve trays at 45.7 cm spacing.  The pilot plant was 

operated with 5 molal potassium carbonate and 2.5 molal piperazine. 

In Campaign 1, several problems arose that needed to be resolved in latter 

campaigns.  These issues include: (1) The loss of water from the solvent and low 

temperature points in the system resulted in the precipitation of piperazine and 

potassium compounds in the instrument lines and equipment.  This created a 

number of problems during the operation plant and the pilot plant was shut 

down several times.  (2) Foaming was observed in the absorber, which limited 
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the operating range of liquid and gas flow rates for pilot plant and required the 

addition of antifoam.  (3) The steam traps for the stripper feed preheater were 

undersized.  As a result, the stripper feed was not adequately preheated and the 

stripper had an excessively high heat duty.  (4) The liquid sampling method used 

in Campaign 1 may have resulted in the loss of CO2 from flashing.  (5) The 

absorber inlet gas was not representative of expected flue gas conditions.  The 

temperature was too low and was not saturated with water at 40 °C.  (6) Due to 

the loss of both pH meters, at times the pilot plant was blindly operated because 

there was significant delay with the liquid loading analyses.  (7) The CO2 loading 

analysis may have been compromised by the absorption of CO2 into the diluted 

samples.  The samples were analyzed using an autosampler and may have been 

exposed to the atmosphere for an extended period prior to analysis.  (8) The 

DeltaV log sheet recorded the raw signal for the inlet and outlet Vaisala CO2 gas 

analyzers and not the calibrated values. 

2.4 CAMPAIGN TWO – ABSORBER/STRIPPER CHARACTERIZATION 

The first objective of Campaign 2 was to obtain a more complete data set 

on absorber performance as a function of gas rate, liquid rate, CO2 gas 

concentration, and CO2 lean loading with Flexipac 1Y structured packing.  Due 

to the problems encountered during Campaign 1, a portion of Campaign 2 was 

devoted to obtaining additional absorber data with Flexipac 1Y.  The second 

objective was to obtain performance data for the stripper over a range of solvent 

rates, rich loadings, and stripper pressures with IMTP #40 random packing. 

2.4.1 Campaign 2 Modifications 

Before the commencement of Campaign 2, several issues were resolved.  

The two online Rosemount pH meters that failed were replaced.  The original 

probes and transmitters were sent to Rosemount Analytical for examination, but 
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it appeared that nothing was wrong.  In the original setup, one end of the cable is 

hardwired to the transmitter and the pH probe is connected to the opposite end 

via a quick-connect.  Apparently, the pH probes and transmitters are not 

designed for outdoor use.  It was suspected that heavy rains had shorted the 

connection between the probe and transmitter, causing the pH meters to 

malfunction.  Rosemount Analytical sent two new pH meters with one of the 

probes hardwired to the transmitter.  Electrical tape was wrapped around the 

probe with the quick-connect cable to prevent water intrusion. 

At 12% CO2, the 0–5% Horiba analyzer was over-ranged when taking 

measurements at the middle of the absorber.  An existing Horiba PIR-2000 CO 

analyzer was converted by the manufacturer to a 0–20% CO2 analyzer.  The new 

analyzer was initially used to measure the absorber middle CO2 gas 

concentration.  However, due to the new blower configuration, the saturated 

inlet gas caused the Vaisala analyzer to malfunction at the beginning of the 

campaign.  The absorber middle Horiba sampling system was then used to 

measure absorber inlet CO2 gas concentration and no absorber middle gas 

samples were analyzed during Campaign 2. 

At the conclusion of the first campaign, it was discovered that the 

polyethylene bag filter for the reboiler had completely dissolved.  The filters 

were replaced with bags made from cotton.  The polyethylene bag filter had 

previously been used in a C6/C7 system with no adverse effects at 

approximately the same temperatures (~120 °C).  Therefore, temperature should 

not have been an issue.  However, it was discovered that although the new bags 

were made from cotton, the stitching was still made of a synthetic fiber, which 

eventually caused the bags to fail.  In the third and fourth campaign, cotton filter 

bags with cotton stitching were used. 
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In the first campaign, the steam traps on the stripper feed heater were 

undersized.  As a result, the solvent was not adequately heated.  New steam 

traps were installed on the stripper feed heater to rectify the problem.  A larger 

orifice was installed for steam flow measurement to the reboiler because the 

steam flow rates exceeded the measuring range of the orifice in the first 

campaign.  The cooling water to the air cooler was blinded to permit operation at 

higher gas temperatures.  A bypass around the blower was constructed with 

PVC pipe.  The bypass allowed a portion of the gas to be recycled and increased 

the temperature of the inlet absorber gas to reach 40 °C.  A manually adjusted 

butterfly valve was used to regulate the gas flow rate through the blower recycle.  

The process flowsheet and process and instrumentation diagram for Campaign 2 

is shown below. 
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Figure 2-13. Process Flowsheet of Absorber/Stripper Pilot Plant for Campaign 2 
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Figure 2-14. Process and Instrumentation Diagram of the Absorber for Campaign 2 
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Figure 2-15. Process and Instrumentation Diagram of the Stripper for Campaign 2
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2.4.2 Campaign 2 Liquid Sample Collection Method 

In the first campaign, there were issues with material balance closure in 

the absorber column. It was believed that the CO2 in the rich samples were 

flashing during the sample collection process.  Sample bombs were constructed 

and used to take samples to eliminate this.  The sample bombs were made from 

1.3 cm OD stainless steel tubing and Swagelok® quick-connects and had a 

volume of about 10 mL.  The stock o-rings in the quick-connects were replaced 

with EPDM o-rings. 

A total of five liquid sample points were taken for Campaign 2: absorber 

lean, absorber middle, absorber rich, stripper middle, and stripper lean.  Quick-

connects and braided stainless steel hoses were attached to the pump discharge 

and suction of the pumps for the absorber lean, absorber rich, and stripper lean 

streams.  The sample bomb was connected to the two ends of the sample hose 

and fluid was allowed to circulate for several minutes before the valves were 

shut and the sample bomb was disconnected.  For the pump samples, the 

discharge valve was always shut first and then the suction side valve was closed.  

The sample bombs were colored coded to match the sample location. 

For the absorber middle sample, fluid from the collector plate was 

allowed to flow through the sample bomb and discharge back into the absorber 

column for several minutes, before being disconnected.  The stripper middle 

sample was taken from a bayonet collector, allowed to flow through the sample 

bomb and discharge into an eductor.  Under vacuum operations, some of the 

stripper middle samples could not be withdrawn because the eductor did not 

provide enough suction. 

The sample bombs were brought inside to the laboratory and attached to a 

sample extraction system.  A syringe was used to extract the liquid sample from 

the sample bomb through a Teflon coated rubber septum.  The sample was then 
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injected into a 40-mL vial containing 30 mL of chilled de-ionized (DI) water.  The 

sample was injected underneath the surface of the DI water. The samples were 

diluted to minimize any flashing and to prevent precipitation.  After, the mass of 

the injected sample was recorded and residual sample was allowed drain from 

the sample bomb.  Nitrogen was used to blow out any residual liquid in the 

sample extraction system.  Two set of samples were taken for each operating 

condition.  The standard operating procedure for collecting the liquid samples is 

listed in the appendix. 

2.4.3 Campaign 2 Analytical Methods 

In Campaign 2, the concentration of piperazine and potassium was 

initially determined by titration with 2 N HCl and 2 N NaOH using the method 

developed for Campaign 1.  In Campaign 2, the titration method was performed 

on samples that had been diluted by a ratio of 3:1.  When the results from the 

titration method for the two campaigns are compared, for a given liquid density 

and temperature, the results from the second campaign were consistently lower 

than the first campaign.  It was assumed that the concentration of potassium and 

piperazine were correlated with density.  This may have been due to a change in 

the indicator endpoint resulting from sample dilution.  It is possible that the 

endpoint may have been overshot during the titration of the dilute solution with 

a concentrated acid.  A method for analyzing piperazine and potassium using 

ion chromatography (IC) was later developed in Campaign 4 and used to verify 

the correct the titration results.  The IC results are given in the Campaign 4 

Analytical Methods section of this chapter. 

In Campaign 2, the Shimadzu 5050A TOC was used to determine the CO2 

loading in the solvent with the same method developed for Campaign 1.  In 

addition, some of the diluted liquid samples from Campaign 2 were analyzed 
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with the inorganic carbon (IC) analyzer located on the main UT campus to 

validate the TOC results.  The results from the campus IC and from the 

Shimadzu total organic carbon (TOC) analyzer located at the Pickle Research 

Center (PRC) were plotted against online pH measurements.  The results are 

shown in Figure 2-16.  It was found that the campus loading numbers were 

systematically lower than that analyzed by the Shimadzu TOC. 

2

2.5

3

3.5

2 2.5 3 3.5

AL
AM
AR
SL
SM

O
n-

C
am

pu
s 

Lo
ad

in
g 

(m
ol

 C
O

2/k
g 

so
lv

en
t)

PRC Loading (mol CO2/kg soln)  
Figure 2-16. CO2 Loading Results for PRC TOC analyzer and On-campus 

Inorganic Carbon Analyzer of Same Sample 

In the process, it was discovered that the diluted sample solutions and the 

IC standard solutions absorbed CO2 when left open to the atmosphere.  The PRC 

IC standards are made up to a concentration of 1000 ppm of inorganic carbon 

using sodium carbonate and sodium bicarbonate.  The on-campus IC standard is 

made up to a concentration of 7 molar (84 ppm) using sodium carbonate.   

An experiment was conducted where the IC standard was parafilmed and 

the diluted samples were left open to the atmosphere and were analyzed over a 
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period of five days (Figure 2-17).  The results show that the diluted samples 

absorbed between 20 to 30 ppm of CO2 from the atmosphere within a 17 hour 

period.  In earlier analyses, the TOC was operated over a period of 12 hours.  

Therefore, if the samples were not parafilmed, a large amount of CO2 would 

have been absorbed. 

The results also show that the 100 ppm IC standard did not absorb any 

CO2 over a period of 4 days when covered with parafilm.  The slight change in 

concentration for the 100 ppm IC standard may have been due to analyzer drift.  

It was noticed that sometimes the Shimadzu carrier gas fluctuated over time, 

which gave slightly different results for a particular IC standard concentration.  

To account for analyzer drift in latter TOC analyses, IC standards were analyzed 

every 5–6 samples in the sample matrix. 
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Figure 2-17. CO2 Absorption in Diluted K+/PZ Samples from Campaign 2 

It was also observed that the 100 ppm IC standards consisting of sodium 

carbonate and bicarbonate will absorb up to 10 ppm of CO2 when left open to the 
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atmosphere overnight.  Three sets of IC standards consisting of 100, 150, 200 ppm 

were made at PRC and analyzed by the on-campus IC.  The values were found to 

be about 10–15% lower by the on-campus IC (Figure 2-18).  The PRC standards 

were freshly prepared, while the on-campus standard that was used to calibrate 

the analyzer was not.  It is possible that the on-campus standard may have 

absorbed CO2.  In addition, the on-campus standard is made from Na2CO3, 

which readily absorbs water and CO2 from the atmosphere.  If the Na2CO3 was 

not properly heated or even heated before being used to make up the standard, 

this would also give erroneous results. 
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Figure 2-18. Analysis of 100, 150, 200 ppm Inorganic Carbon Standards by the 

On-campus Inorganic Carbon Analyzer 

The sodium carbonate standard used for the main campus IC was 

measured by the Shimadzu and determined to be 96 ppm when the actual 

concentration should have been 84 ppm.  This supports the observation that CO2 

is absorbed by the Na2CO3 standard.  The on-campus standard is stored in a 
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stopped glass flask at ambient temperature and not in the refrigerator.  Overtime, 

the standard may have absorbed CO2 from the atmosphere.  

Base on these results, the initial loading analysis was discarded and the 

absorber lean, middle, and rich samples were re-analyzed with the new and 

more rigorous method.  In addition, the samples were diluted 40:1 with chilled 

DI water to minimize CO2 losses.  Inorganic carbon standards of 100 ppm were 

made up daily from the 1000 ppm standard and were analyzed after every 6 

samples.  The 1000 ppm IC standard was stored in a capped bottle and kept in 

the refrigerator when not in use.  The diluted liquid samples were transferred to 

the sample tubes and immediately covered with parafilm to minimize the 

absorption of CO2 from the atmosphere. 

2.4.4 Campaign 2 Plant Operation 

Pilot plant operation for Campaign 2 commenced at the end of October in 

2004.  The pilot plant was operated continuously for 10 days, 24 hours per day, 

except on weekends.  A total of 40 runs and 23 operating condition were 

completed.  Twenty-three runs were conducted at a single solvent composition.  

The solvent from the first campaign was used in the second campaign.  The 

solvent has been stored in steel drums in between the two campaigns. 

The piperazine and potassium concentrations were varied between 1.3 to 

1.4 mol/kg soln and 2.8 to 2.9 mol/kg soln, respectively.  The gas and liquid flow 

rates were varied from 1.2 to 2.2 kg/m2-s and 2.7 to 11.9 kg/m2-s, respectively.  

The L/G ratio was varied from 1.8 to 6.9 kg/kg.  The inlet CO2 concentrations 

were varied between 2.6 to 12.4 mole percent and the inlet gas temperatures were 

varied between 30 and 50 °C.  The inlet temperature of the solvent to the 

absorber was maintained nominally at 40 °C.  The stripper pressure was 

nominally varied between 0.3 to 1.8 bar, with one run at 3.4 bar.   
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The absorber contained 6.1 m of Flexipac 1Y structured packing and the 

stripper contained 6.1 m of IMTP #40 random packing, divided into two 3.05 m 

beds of packing.  A chimney tray and liquid redistributor was located in between 

each bed of packing.  In the stripper, two Koch 4C distributors were used as the 

distributor and redistributor for the top and bottom beds, respectively.  The 

absorber contained a Koch 3C distributor at the top and a Montz II redistributor 

in the bottom bed.  The CO2 removal rate varied from 56.3 to 97.3 percent.  No 

additional vanadium was added to the system.  The lean loading varied from 

0.43 to 0.53 mol/total alkalinity.  The lean density varied between 1221 to 1230 

kg/m3. 

In order to increase the inlet gas temperature, a bypass around the blower 

was constructed. A 15.2 cm PVC pipe run was added towards the beginning of 

the second campaign. As a result, water began to condense downstream of the 

knockout pot, accumulated in some of the lines, and leaked out through the 

blower casing.  Water was periodically drained from the lines and pumped back 

into the system. 

The supersaturated conditions in the inlet gas eventually resulted in the 

failure of the inlet Vaisala CO2 gas analyzer.  The Horiba PIR-2000 analyzer was 

switched from analyzing the absorber middle and used to measure the inlet CO2 

gas concentration.  However, there was some time lag associated with the Horiba 

extractive gas sampling system.  As a result, it was difficult to control the system 

and took longer to reach steady state.  No absorber middle gas samples were 

analyzed in Campaign 2. 
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Table 2-8. Campaign 2 Absorber Operation 

Parameter Value 
Inlet CO2 (mol%) 2.6 – 12.6 
PZ Concentration (mol/kg solvent) 1.3 – 1.4 
K+/PZ Ratio 2.0 – 2.3 
Lean Loading (mol CO2/(mol K+ + 2 mol PZ)) 0.43 – 0.54 
G (kg/m2-s) 1.2 – 2.2 
L/G (kg/kg) 1.7 – 7.1 
TGAS,IN (°C) 29 – 64 
TLEAN (°C) 39 – 48 

  
Table 2-9. Campaign 2 Stripper Operation 

Parameter Value 
ΔT Approach (°C) 31 – 81 
Top Temperature (°C) 67 – 113 
Bottom Temperature (°C) 74 – 143 
Reboiler Heat Duty (kcal/mol CO2) 107 – 223 

 

Both of the online Rosemount pH meters were replaced prior to the 

commencement of the second campaign.  The inlet pH meter was hardwired to 

the transmitter, but the outlet pH meter still had the quick-connect cabling.  

Electrical tape was wrapped around the quick-connect in lieu of constructing a 

shelter.  The outlet online Rosemount pH meter failed again just before the 

commencement of the second campaign, possibly due to the rain.  The inlet 

loading was monitored by the online Rosemount pH meter and controlled by the 

addition of makeup CO2 or increasing the stream flow to the stripper reboiler. 

Significant foaming was occasionally observed and limited the hydraulic 

rates.  New antifoam from GE was used in the second campaign, which the 

manufacturer claimed to be better suited for the K+/PZ solvent system.  

Antifoam was periodically added, which eliminated the problem for 10–20 hours 

1675



 76 

of operation.  Foaming appeared to increase with high CO2 gas concentration, 

large temperature bulges, and high gas rates. 

2.4.5 Campaign 2 Results 

A summary of the results for the liquid analyses of Campaign 2 is shown 

in Table 2-10.  The acid-base titration method was used to determine the 

concentration of piperazine and potassium in the solvent.  Before the start of 

Campaign 4, the ion chromatography method was used to measure piperazine 

and potassium concentration.  The two analyses appear to agree with each other.  

In Campaign 2, the titration analysis was performed with a 4:1 pre-diluted 

sample.  In Campaign 1, titrations were performed with undiluted pilot plant 

samples.  It is possible that the dilution of the sample may have shifted the 

titration endpoint of methyl orange.  CO2 loading was measured using the 

Shimadzu TOC with the revised inorganic carbon analytical method.  Piperazine 

analysis using organic carbon analysis was not performed in this campaign 

onward because of its unreliability.  Table 2-11 is a summary of the absorber 

results from Campaign 2.  The complete raw data set for Campaign 2 is given in 

the appendix.  In Campaign 2, no corrosion coupons were installed.  
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Table 2-10. Campaign 2 Absorber Analyses for 5 m K+/2.5 m PZ 

Run ID Date Time Ion Chromatograph Titration CO2 Loading 

 
  PZ Lean 

mol/kg 
K+ Lean 
mol/kg 

PZ Lean 
mol/kg 

K+ Lean 
mol/kg 

Lean 
mol/kg 

Mid 
mol/kg 

Rich 
mol/kg 

2.1.1 10/26/04 10:35 1.24 2.90 1.29 2.97 2.65 2.96 3.14 
2.1.2 10/26/04 11:00 - - - - 2.47 - 3.24 
2.2.1 10/26/04 14:45 - - - - 2.45 3.22 3.21 
2.3.1 10/27/04 0:15 - - - - 2.60 3.16 3.43 
2.4.1 10/27/04 2:30 - - - - 2.65 3.06 3.29 
2.5.1 10/27/04 3:30 - - - - 2.65 2.90 3.21 
2.6.1 10/27/04 6:00 - - - - 2.61 2.98 3.24 
2.7.1 10/27/04 7:00 1.32 3.08 1.38 3.01 3.00 2.93 3.28 
2.8.1 10/27/04 12:00 - - - - 2.58 2.99 3.13 
2.8.2 10/27/04 13:00 1.25 2.91 1.28 2.87 2.67 3.00 3.30 
2.9.1 10/28/04 4:15 1.21 2.77 1.32 2.72 2.52 2.96 3.22 
2.9.2 10/28/04 5:15   - - 2.50 3.08 3.28 

2.10.1 10/28/04 13:40 1.33 3.09 1.41 2.97 2.84 3.06 3.39 
2.10.2 10/28/04 14:55 - - - - 2.65 3.06 3.28 
2.11.1 10/28/04 16:35 - - - - 2.94 3.26 3.41 
2.11.2 10/28/04 17:15 - - - - 2.89 3.05 3.48 
2.12.1 10/28/04 19:15 - - - - 2.83 3.26 3.57 
2.12.2 10/28/04 20:15 - - - - 2.73 3.16 3.55 
2.13.1 10/29/04 5:45 - - - - 2.50 2.95 3.25 
2.13.2 10/29/04 6:45 1.26 2.95 1.32 2.86 2.78 2.91 3.08 
2.14.1 11/2/04 20:32 - - 1.30 2.82 - - - 
2.14.2 11/2/04 21:45 - - - - 2.94 3.33 3.39 
2.15.1 11/3/04 0:30 1.24 2.90 - - 2.84 3.01 3.24 
2.16.1 11/3/04 1:30 - - - - 2.82 3.14 3.27 
2.17.1 11/3/04 5:15 - - - - 2.73 2.97 3.12 
2.17.2 11/3/04 6:15 - - 1.35 2.74 2.70 3.00 3.15 
2.18.1 11/3/04 11:30 - - 1.36 2.79 2.82 2.95 3.10 
2.18.2 11/3/04 12:30 - - - - 2.82 3.20 3.16 
2.19.1 11/3/04 15:45 - - - - 2.90 2.99 3.40 
2.19.2 11/3/04 16:45 - - - - 2.93 3.01 3.21 
2.20.1 11/4/04 6:00 - - - - 2.66 3.02 3.13 
2.20.2 11/4/04 7:30 - - - - 2.74 3.16 3.43 
2.21.1 11/4/04 10:15 - - - - 2.94 2.71 3.53 
2.21.2 11/4/04 11:15 1.39 3.23 1.43 3.06 2.90 3.12 3.40 
2.22.1 11/4/04 13:30 1.30 3.03 1.36 2.88 2.78 3.02 3.29 
2.22.2 11/4/04 15:15 - - - - 2.77 3.07 3.35 
2.23.1 11/4/04 21:15  - - - - 2.68 3.22 3.43 
2.23.2 11/4/04 23:00 - - - - 2.66 3.00 3.21 
2.24.1 11/5/04 3:45 - - - - 2.65 3.08 3.29 
2.24.2 11/5/04 4:45 1.24 2.92 1.35 2.77 2.43 2.90 3.11 
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Table 2-11. Campaign 2 Absorber Results for 5 m K+/2.5 m PZ 

Run# Gas Rate Liquid Rate CO2 CO2 CO2 Temp Temp Temp Temp Density Density pH DP DP 
 Actual  In Out Removal Gas In Gas Out Liq In Liq Out Liq In Liq Out Liq In Bot Bed Top Bed 
 m3/min L/min  mol% mol% % °C °C °C °C kg/m3 kg/m3  kPa kPa 

2.1.1 17.0 30.2 11.1 2.1 81.2 49.1 49.2 40.2 47.4 1224 1242 11.2 0.79 0.86 
2.1.2 17.0 30.3 11.0 2.4 78.5 49.4 48.8 40.3 47.2 1225 1240 11.1 0.81 0.87 
2.2.1 17.0 30.1 12.3 5.4 56.3 54.4 50.8 41.2 50.5 1226 1240 11.0 0.80 0.87 
2.3.1 12.8 34.0 11.5 4.0 64.7 46.2 44.6 40.7 44.7 1227 1240 10.7 0.57 0.63 
2.4.1 12.7 41.5 12.0 3.7 69.5 45.6 40.9 40.6 44.6 1227 1239 10.6 0.83 0.76 
2.5.1 12.7 41.4 10.7 2.7 74.3 46.7 40.7 40.6 44.6 1227 1239 10.6 0.88 0.81 
2.6.1 12.7 47.2 10.4 1.9 81.5 47.2 38.6 41.2 45.9 1228 1237 10.6 1.02 0.83 
2.7.1 12.7 47.4 11.1 2.2 80.0 48.2 39.5 41.3 46.4 1228 1238 10.6 1.03 0.86 
2.8.1 17.0 49.4 11.7 4.0 65.7 50.8 45.8 41.4 46.6 1227 1238 10.6 1.45 1.60 
2.8.2 17.0 49.2 11.4 3.8 67.1 53.2 46.2 41.6 47.8 1227 1237 10.6 1.48 1.62 
2.9.1 9.9 32.4 11.3 3.5 68.9 36.2 41.1 40.6 41.8 1226 1241 10.6 1.32 0.26 
2.9.2 9.9 32.3 11.3 3.4 70.2 37.4 42.2 40.8 42.3 1226 1241 10.6 1.34 0.25 

2.10.1 9.9 43.7 11.9 1.9 84.3 47.2 38.6 41.2 48.0 1228 1238 10.6 1.98 1.02 
2.10.2 9.9 43.5 12.0 2.0 83.6 48.2 38.9 41.3 48.2 1228 1238 10.6 2.01 1.06 
2.11.1 9.9 43.4 11.5 1.8 84.4 51.2 39.3 41.4 48.4 1229 1238 10.6 2.11 1.20 
2.11.2 9.9 43.6 11.7 1.9 83.5 51.5 39.6 41.4 48.6 1229 1238 10.6 2.11 1.20 
2.12.1 9.9 45.6 11.7 0.6 94.8 59.8 37.4 41.0 48.4 1229 1239 10.6 2.38 7.05 
2.12.2 9.9 45.3 11.4 0.3 97.3 47.9 37.4 41.0 48.0 1229 1239 10.7 2.36 8.26 
2.13.1 9.9 37.9 11.6 2.7 76.7 33.5 39.3 40.7 45.0 1230 1242 10.6 0.77 0.86 
2.13.2 9.9 37.9 12.0 3.0 74.6 32.0 37.6 40.3 44.1 1230 1243 10.6 0.77 0.86 
2.14.1 9.9 18.9 4.9 0.8 84.1 29.3 38.2 43.5 30.7 1227 1246 10.4 0.25 0.28 
2.14.2 9.9 19.0 4.7 0.9 81.0 28.2 36.8 42.5 30.1 1227 1245 10.4 0.26 0.28 
2.15.1 9.9 22.9 5.4 0.7 86.4 29.9 36.6 41.9 34.6 1229 1242 10.4 0.28 0.29 
2.16.1 9.9 22.3 5.3 0.6 88.1 29.5 36.1 42.0 34.5 1230 1244 10.4 0.28 0.30 
2.17.1 12.7 20.8 4.4 0.5 88.4 33.0 35.6 38.8 31.5 1231 1245 10.5 0.43 0.47 
2.17.2 12.7 20.8 4.3 1.1 74.6 31.7 34.9 39.0 30.0 1232 1248 10.5 0.44 0.47 
2.18.1 12.7 30.5 4.0 0.5 87.8 35.7 39.0 44.8 37.2 1222 1233 10.3 0.45 0.48 
2.18.2 12.7 29.9 3.9 0.4 88.6 36.6 39.2 44.8 37.6 1222 1233 10.3 0.45 0.49 
2.19.1 12.7 37.8 3.9 0.3 92.5 37.4 40.5 47.0 40.5 1222 1231 10.2 0.54 0.52 
2.19.2 12.7 37.8 3.9 0.3 91.7 39.7 41.8 47.8 42.3 1222 1230 10.2 0.55 0.56 
2.20.1 14.2 77.4 16.2 2.0 87.7 47.1 36.3 40.1 48.0 1226 1233 10.6 1.46 1.08 
2.20.2 14.2 77.1 16.0 1.8 88.5 49.7 36.3 40.1 48.3 1226 1233 10.6 1.53 1.15 
2.21.1 14.2 83.4 16.1 1.2 92.6 58.4 35.8 40.1 48.3 1226 1232 10.6 1.91 1.42 
2.21.2 14.2 83.3 16.4 1.4 91.3 64.3 38.1 40.9 50.7 1225 1231 10.5 1.92 1.44 
2.22.1 14.2 83.0 17.9 2.5 86.2 49.5 39.3 41.8 51.2 1220 1227 10.5 1.70 1.19 
2.22.2 14.2 83.3 17.4 1.8 89.4 49.1 38.7 41.1 50.9 1223 1229 10.5 1.72 1.19 
2.23.1 14.2 56.8 17.2 4.5 73.9 42.0 41.5 39.9 47.9 1227 1237 10.7 0.89 0.95 
2.23.2 14.2 56.5 16.3 4.0 75.6 41.0 39.8 39.8 47.3 1227 1237 10.7 0.92 0.96 
2.24.1 14.2 57.0 16.9 3.4 79.8 41.7 41.5 39.7 47.6 1229 1240 10.8 1.00 1.07 
2.24.2 14.2 56.5 17.4 3.8 78.4 41.5 42.0 39.6 47.5 1229 1240 10.8 1.02 1.10 

1. Run 2.13 High Stripper Pressure Case  
2. Run 2.14-2.19 Vacuum Stripping Cases
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2.4.6 Campaign 2 Summary 

In Campaign 2, several issues from Campaign 1 were resolved, which 

include:  (1) Sample bombs were used for the liquid sampling, which minimized 

CO2 losses from flashing.  (2) The liquid sampling method was improved 

through the use of syringes and injection of samples into vials containing chilled 

DI water to minimize CO2 losses and eliminate precipitation from cooling.  (3) 

The liquid samples and standards for the CO2 loading analysis were covered 

with parafilm to minimized CO2 absorption.  (4) The absorber inlet gas was 

heated by the addition of a gas recycle.  (5) The undersized steam traps for the 

stripper feed pre-heater were replaced. 

In Campaign 2, there were several issues that needed to be resolved.  

These issues include: (1) The stripper feed still was not adequately pre-heated.  

(2) The absorber inlet gas was not saturated. (3) The absorber inlet gas 

temperature was not well controlled.  (4) The Vaisala CO2 gas analyzers were 

operated in a condensing environment which resulted in the failure of the 

absorber inlet analyzer and intermittent malfunction of the absorber outlet 

analyzer.  (5) Foaming in the absorber was observed, which limited the matrix of 

run conditions.  (6) The absorber outlet pH meter failed as a result of water 

intrusion.  (7) The water balance was not well maintained because the air cooler 

was not operated.  Water condensed in the gas lines and leaked out through the 

blower.  (8) Steady state operation of the pilot plant was difficult due to the lag 

time associated with the extractive sampling method used with the Horiba CO2 

analyzer, which included the control of the steam flow to the reboiler, the CO2 

recycle flow rate, and the flow of CO2 makeup.  (9) The pilot plant was 

sometimes operated blindly because real-time analysis of the absorber lean 

loading was not available.  (10) The CO2 material balance for the gas and liquid 
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phase did not match after the commencement of vacuum operation.  (11) The 

DeltaV log sheet recorded the raw signal for the absorber outlet Vaisala CO2 

analyzer and not the calibrated value. 

2.5 CAMPAIGN THREE – MEA BASELINE 

The main objective of the MEA campaign was to establish a benchmark 

for comparison to the aqueous piperazine and potassium carbonate system in 

terms of performance and plant operation.  The same Flexipac 1Y structured 

packing was used in the absorber and IMTP #40 was used in the stripper.  

Another objective was to evaluate and compare mass transfer rate data obtained 

by the pilot plant to bench-scale data from a wetted wall column for the two 

solvent systems. 

2.5.1 Campaign 3 Modifications 

Prior to the start of the third campaign, the additional modifications were 

made to the pilot plant to correct the problems encountered in Campaign 2.  At 

low gas rates, the annubar in the 20 cm PVC gas line gave erroneous results due 

to the low pressure drop and poor turndown characteristics.  The 20.3 cm gas 

schedule 40 PVC line was replaced with 7.6 cm and 10.2 cm schedule 40 PVC gas 

lines.  In the new setup, the gas could flow through either line or both and 

generate enough pressure drop to produce an accurate reading.  Steam flow 

measurement for the solvent preheater was added.  In addition, a Rosemount 

3095MFA Mass Probar annubar was added to measure the gas flow rate of the 

CO2 recycle stream leaving the overhead gas accumulator.  The annubar has an 

accuracy of ±0.9% of the mass flow rate for gas and stream and a flow turndown 

of 8:1.  The flowmeter was a way of verifying the gas and liquid material balance 

of the absorber and stripper when the system was at steady state.  Unfortunately, 

the minimum Reynolds number for the flowmeter is 6000 and is equivalent to a 
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minimum flow rate of 63 ft3/min at 293 K and 1 bar.  In Campaign 4, this flow 

requirement was satisfied under only one run condition.  However, in the MEA 

campaign, it appeared that the flowmeter gave reasonable results above 30 scfm.  

The results from the CO2 recycle flowmeter were used only as a rough 

comparison. 

Under vacuum conditions, the amount of CO2 that could be stripped was 

limited by the diameter of the 2.5 cm gas line from the overhead condenser.  This 

dictated the range of lean loadings and gas rates for the absorber and the range 

of stripper pressure for vacuum operation.  To rectify this problem, a 5.1 cm gas 

line was added to the top of the overhead liquid accumulator and connected to 

the CO2 gas accumulator.  In the new configuration, excess CO2 from the 

condenser could exit the bottom of the condenser along with the water and flow 

to the overhead liquid accumulator.  The liquid accumulator functioned as a 

separator.  The CO2 gas could exit the top of the tank and flow into the overhead 

gas accumulator.  A constant liquid level was maintained in the vessel, which 

prevented any gas from being returned with the liquid reflux.  However, in 

Campaign 4, some of the condensed water became entrained with the CO2 

recycle stream and began to collect in the overhead gas accumulator.  Water was 

periodically drained and pumped back into the system. 

In Campaign 2, the solvent preheater still did not function properly.  The 

solvent may have been flashing after the control valve, which was downstream 

of the heat exchangers, and created a vapor lock.  In addition, the stripper did 

not have a two phase distributor, which would have helped with the two phase 

flow.  To correct this problem, a spare pump was connected in series to the 

absorber outlet pump to increase the pressure of the solvent stream.  The control 

valve was also relocated upstream of the stripper inlet nozzle. 
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A new extractive CO2 sampling system was constructed for a second 

Horiba analyzer.  The sampling system consists of a water knockout, sample 

pump, coalescing filter, membrane filter and rotameter.  The gas flows from the 

sample point to a water knockout and then through the sample pump.  Next the 

gas passes through a coalescing filter that removes any condensed water and 

then through a membrane filter that removes any residual moisture.  The gas is 

then analyzed by the Horiba CO2 analyzer.  The gas flow rates are regulated by a 

rotameter located downstream of the Horiba analyzer.  A large weather proof 

electrical cabinet was purchased and modified to fit two sampling pumps.  A 

temperature controlled fan was added to help dissipate the heat inside the 

cabinet and to prevent the sample pump from overheating or melting the 

diaphragm. 

A new CO2 makeup heater was constructed and installed.  The previous 

heater was not sized for high liquid CO2 flow rates.  As a result of being 

undersized, the heater began to leak due to the continuous stress resulting from 

differential thermal expansion.  At high flow rates, the CO2 was not adequately 

heated and the exchanger and makeup lines would freeze.  The new double-pipe 

heat exchanger was constructed out of 2.5 cm steel black pipe and 1.3 cm OD 

stainless steel tubing.  The heater consisted of two 10 foot sections and was 

operated in parallel.  Steam flow was on the shell side and the liquid CO2 was on 

the tube side.  In the new design, steam flow was directed in parallel to the heat 

exchangers and to the CO2 regulator, whereas before, the steam flowed in series 

with the heat exchanger and regulator. 

In the third campaign, the Gasmet DX-4000 FTIR from Temet Instruments 

was used for the analysis the absorber outlet gas stream. The FTIR has an 

accuracy of less than 2% of the measuring.  The FTIR measured the concentration 

of CO2 and water, MEA volatility, and ammonia accumulation for the MEA 
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campaign.  The FTIR was not connected to the DeltaV system because the 

Modbus hardware had not been purchased.  Instead, the Calmet software that 

came with the FTIR was used to record the data.  The results for the MEA 

campaign can be found in Dugas (2006). 

2.5.2 Campaign 3 Summary 

In Campaign 3, several issues from Campaign 1 were resolved, which 

include:  (1) The control valve was moved upstream of the inlet nozzle.  (2) Two 

pumps were used in series to pressurize the stripper feed.  (3) The liquid 

sampling and handling procedure developed in Campaign 2 were successfully 

implemented.  (4) The results for CO2 loading were corrected with standards 

placed periodically in between samples during the analysis.  (5) Diluted liquid 

samples and standards were covered with parafilm to minimize CO2 absorption 

After the completion of Campaign 3, it was found that there were several 

issues that needed to be resolved.  These issues include: (1) The stripper feed pre-

heater was undersized.  (2) The stripper feed was flashing across the control 

valve at the top of the stripper, which resulted in poor mass transfer performance.  

(3) The absorber inlet and outlet conductivity meters were unreliable and the two 

meters eventually failed. (4)  The reboiler developed pin-hole sized leaks.  (5) The 

absorber gas flow measurement did not zero properly. 

2.6 CAMPAIGN FOUR – OPTIMIZED K+/PZ PROCESS CONFIGURATION  

The main objective of the last campaign was to obtain absorber and 

stripper data for the aqueous piperazine and potassium carbonate system with 

an optimized configuration.  Based upon the learning experience from the three 

preceding campaigns, the optimized configuration included modifications such 

as a new plate and frame cross-exchanger, new high capacity Flexipac AQ Style 

20 structured packing for the absorber and stripper, and a new heater for the 
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absorber inlet gas.  Data for the 5 m K+/2.5 m PZ solvent was generated with the 

new packing and was compared to the Flexipac 1Y packing used in the previous 

campaigns. 

The second objective was to test another K+/PZ solvent composition.  The 

first half of Campaign 3 was conducted with the 5 m K+/2.5 m PZ solvent and 6.4 

m K+/1.6 m PZ solvent was used in the latter half.  The second solvent 

composition has a heat of absorption that is 50% lower than 5 m K+/2.5 m PZ.  

The CO2 capacity of 6.4 m K+/1.6 m PZ is also expected to be 0–10% higher than 

5 m K+/2.5 m PZ.  The CO2 absorption rate is expected to be 40% less than the 5 

m K+/2.5 m PZ solvent.  Experiments with the second solvent composition 

should help establish the tradeoffs between fast CO2 absorption rates, low heat of 

absorption and higher capacity solvents. 

2.6.1 Bench-scale Experiments and Results 

2.6.1.1 Potassium Carbonate and Piperazine Solubility 

In order to determine the absolute concentrations of the second solvent, 

solubility experiments were conducted with 4 different compositions: 6 m K+/1.5 

m PZ, 6.4 m K+/1.6 m PZ, 6.8 m K+/1.7 m PZ, and 7.2 m K+/1.8 m PZ.  The ratio 

of potassium to piperazine was maintained at four.  Experiments were conducted 

at 40, 50, and 60 °C and four different CO2 loadings for each solution.  Higher 

piperazine and potassium concentrations result in faster absorption rates and 

larger solution capacities, respectively.  However, as the total concentration 

increases, the risk of salting out the potassium bicarbonate or precipitating 

piperazine also increases.  The results are shown in Table 2-12. 

At low CO2 loadings, piperazine tended to form a separate layer from the 

potassium carbonate/bicarbonate solution.  At rich CO2 loadings, the potassium 

bicarbonate tended to salt out, precipitating as fine white crystals.  The table 
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shows that at 40 °C, only the 6.4 m K+/1.6 m PZ solvent composition does not 

phase separate or form precipitates over the loading range that the pilot plant 

will be operated.  This particular solvent composition was selected for the fourth 

campaign. 

Table 2-12. Potassium Carbonate/Piperazine Solubility Experiments 

Composition Temp 
(°C) 

Loading  
(mol CO2/mol K+ + 2mol PZ) 

Observation 

6  m K+/1.5 m PZ 40 0.33 2 Liquid Layer 
  0.44 Fully Dissolved 
  0.56 Fully Dissolved 
  0.67 KHCO3 Precipitate 

6.4 m K+/1.6 m PZ 40 0.40 Fully Dissolved 
  0.47 Fully Dissolved 
  0.53 Fully Dissolved 
  0.60 Fully Dissolved 

6.8 m K+/1.7 m PZ 40 0.40 Fully Dissolved 
  0.47 White Precipitate 
  0.53 White Precipitate 
  0.60 White Precipitate 

6.8 m K+/1.7 m PZ 50 0.40 Fully Dissolved 
  0.47 White Precipitate 
  0.53 White Precipitate 
  0.60 White Precipitate 

6.8 m K+/1.7 m PZ 60 0.40 Fully Dissolved 
  0.47 White Precipitate 
  0.53 White Precipitate 
  0.60 Fully Dissolved 

7.2 m K+/1.8 m PZ 40 0.33 2 Layers, Solid Top Layer 
  0.42 White Precipitate 
  0.50 White Precipitate 
  0.58 White Precipitate 

 

2.6.1.2 Density and pH Measurements 

Previous density measurements of the piperazine promoted potassium 

carbonate solvent were limited to a temperature of 40 °C.  It was desired to 

measure the density of the solvent over a temperature ranging from 40 to 60 °C.  
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Hydrometers from Fisher Science were procured.  A cylindrical water tank was 

constructed out of Plexiglas.  A water bath was used to heat the water and 

circulate the warm water through the water tank.  To make a density 

measurement, approximately 300 mL of solvent was poured into a graduated 

cylinder.  The hydrometer was placed in the graduated cylinder, which was then 

immersed in the heated water tank.  A K-type thermocouple measured the 

temperature of the solvent and a magnetic stir bar was used to mix the solvent 

and maintain a uniform temperature throughout the cylinder.  The stir bar was 

turned off when density measurements were recorded.   

Density measurements were taken for the 5 m K+/2.5 m PZ solvent and 

for the 6.4 m K+/1.6 m PZ solvent at two different loadings.  In addition, a 

density measurement was taken for the pilot plant solution.  The results from the 

density measurements show that density decreases linearly with an increase in 

temperature (Figure 2-19).  The figure also shows that density is not very 

sensitive to CO2 loading and piperazine concentration, which corroborates the 

density measurements made by Cullinane on a densitometer instrument. 

Bench-scale measurements of pH were made for the 6.4 m K+/1.6 m PZ 

solvent at four different CO2 loadings and over a temperature range from 40 to 

60 °C.  The pH measurements will be used in the pilot plant operations for 

controlling lean loading to the absorber.  Measurements were made with a Cole 

Parmer pH meter.  Figure 2-20 shows bench-scale measurements of pH 

dependence on CO2 loading at different temperatures.  The trends indicate that 

there is inconsistent variation of pH with temperature.  However, pH does vary 

with CO2 loading.  The general slope of the bench-scale measurements can be 

used to determine online CO2 loading values of the pilot plant once a pH and 

corresponding CO2 loading value is established. 
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2.6.2 Campaign 4 Modifications 

During the third campaign, even with the new modifications, the stripper 

feed stream was still pre-heated inadequately.  In Campaign 4, a new plate and 

frame cross-exchanger was purchased from Alfa Laval.  The Alfa Laval M6-FG 

exchanger was sized for a 10 °C temperature approach and a pressure drop of 1.0 

bar.  The exchanger has a heat transfer area of 14.8 m2, consists of 99 plates and is 

arranged for 5 pass flow.  It is constructed of type 316 stainless steel and contains 

EPDM gaskets.  The cost of the plate exchanger was approximately $5000. 

Figure 2-21 illustrates the new absorber/stripper configuration of 

Campaign 4.  In the cross-exchanger, the hot lean stream from the reboiler is 

used to preheat the cold rich stream leaving the absorber outlet.  The existing 

feed preheater was used as a trim heater and was installed downstream of the 

cross-exchanger to simplify the amount of flow instrumentation and reduce costs.  

The process and instrumentation diagram for the absorber and stripper are 

shown Figures 2-22 and 2-23, respectively.  
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Figure 2-21. Absorber/Stripper Pilot Plant Configuration for Campaign 4 
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Figure 2-22. Process and Instrumentation Diagram of the Absorber for Campaign 4 
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Figure 2-23. Process and Instrumentation Diagram of the Stripper for Campaign 4 
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In the MEA campaign, the air cooler was operated to protect the Vaisala 

CO2 probe and the blower recycle was used to preheat the gas.  However, the 

absorber inlet gas was not adequately preheated and was not saturated with 

water.  To remedy this problem, an existing 10.2 cm reboiler was retrofitted and 

used to generate steam and heat the inlet gas.  Distillate from the stripper 

condensate supplied the water for the reboiler.  The level in the preheat reboiler 

was maintained by adjusting the steam flow to the 10.2 cm reboiler.  

Approximately 0.6 gpm of water is needed to saturate the inlet absorber gas to 

20% water at a gas flow rate of 500 cfm.  A 2.5 cm pipe was installed from the 

reboiler to the inlet gas line.  The steam generated from the reboiler was injected 

into the inlet absorber gas downstream of the Vaisala CO2 analyzers. 

In the third campaign, the PVC pipe for the blower recycle was melted 

and partially destroyed due to the excessive heat that occurred during the 

loading of the MEA solution.  The pipe for the blower recycle was replaced with 

stainless steel pipe.  In the fourth campaign, the remaining 20.3 cm PVC gas lines 

were replaced with 20.3 cm 304 L stainless steel pipe.  In addition, the 7.6 and 

10.3 cm schedule 40 PVC pipe for the gas flow rate was replaced with a single 

10.3 cm schedule 10 stainless steel pipes.  The blower recycle was not operated 

during Campaign 4. 

In the fourth campaign, the Dietrich Standard Diamond II GCR-15 

Annubar used in the 10.3 cm line from Campaign 3 was used to measure gas 

flow rate.  The annubar was originally sized for schedule 40, but was used in the 

new 10.3 cm schedule 10 pipe.  Corrections to the inner diameter were made in 

DeltaV. In addition, three Rosemount differential pressure transmitters with 

different pressure ranges and a Rosemount RTD for temperature measurement 

were used.  The flowmeter has an accuracy of ±1% of the actual value.  Flow 

straighteners were installed upstream of the annubar to ensure the flow 
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measurement was accurate.  The flow meter was calibrated for air.  In the 

interpretation of the data, density corrections were made to account for CO2 and 

water. 

The existing carbon steel reboiler for the stripper developed pinhole-sized 

leaks during the MEA campaign.  Prior to the start of the fourth campaign, a new 

stainless steel kettle reboiler was installed and insulated.  The new reboiler has 

the same design and specification as the original carbon steel reboiler. 

 
Figure 2-24. Stainless Reboiler and Stripper Column Sump with Calcium 

Silicate Insulation 

An orifice plate was installed in the cooling water line to the air cooler 

instead of a control valve to simplify plant operation.  The cooling water 

removed most of the moisture from the absorber outlet gas stream to protect the 

downstream Vaisala CO2 probe.  The condensate from the air cooler and the 

knockout filter drained to the absorber feed tank. 
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To provide the capability of measuring multiple gas components, the 

Gasmet DX-4000 FTIR from the MEA campaign was retrofitted into the pilot 

plant in the fourth campaign.  Two 30.5 m heated lines were procured from 

Environmental Supply Company, one for the absorber inlet and one for the 

outlet.  The heated lines consist of 0.6 and 1.0 cm OD PFA lines.  An additional 

sample pump and heater module for the FTIR was purchased from Air Quality 

Analytical, Inc.  Gas samples were simultaneously drawn from the absorber inlet 

and outlet.  The temperature of the heated line was maintained at 180 °C.  The 

gas analysis was alternated between the two sample-points via a three way valve 

located inside a heated box.  A MODBUS card was used to connect the FTIR 

computer to the DeltaV process control system.  The FTIR was used measure CO2 

and water concentration and piperazine volatility.  In addition, two new Vaisala 

CO2 probes with concentration ranges of 0–5% and 0–20% were purchased and 

used to replace the two existing Vaisala probes. 

An activated carbon filter system was designed and installed to mitigate 

recurring foaming issues encountered during the first two campaigns.  Two 

types of filters from Rosedale Products, Inc. were purchased: 4–12 filter housing 

with a single pass carbon holding basket (Part No. 4-12-SP-304) and 4–12 bag 

filter housing with EPR gaskets.  Both filters were made of type 304 stainless steel.  

The filter system was based on literature recommendations and was designed to 

filter 10–15% of the total lean solvent stream.  The design allowed for the 

removal of enough degradation products without removing antifoam.  The filter 

that contained activated carbon was installed downstream of the absorber lean 

Micro Motion® flowmeter.  The second bag filter was installed downstream of 

the carbon filter to capture fine charcoal particles.   

Two types of activated carbon were available.  Activated carbon from the 

filter manufacturer contained 10 x 50 mesh size activated carbon and was made 
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of virgin coconut hulls.  In addition, a lignite-based 8 x 30-mesh PETRODARCO 

activated carbon from NORIT was purchased.  Four different filter bag materials 

(Nomex®, cotton, viscous rayon, and nylon) were tested because of material 

compatibility issues arising from the use of polyethylene in the previous 

campaigns.  The filter materials were tested in warm solvent solutions and it was 

found that cotton performed the best based on visual inspections. 

2.6.3 Campaign 4 Analytical Methods 

2.6.3.1 CO2 Analysis 

The fourth campaign used the same liquid sample collection and 

preservation method developed in Campaign 2.  In the fourth campaign, the 

sample bombs were slightly modified through the use of clear PFA tubing 

instead of the stainless tubing originally used.  This allowed the sample collector 

to visually verify whether the sample collection was successful.  During the 

fourth campaign, the middle liquid samples for the absorber and stripper both 

seem to be problematic at times.  It was possible that the sample lines may have 

become partially blocked, which resulted in very low flows. 

The liquid sample extraction procedure followed the standard methods 

developed over the course the last 3 campaigns.  Ten milliliters of sample are 

withdrawn from the sample bombs with a syringe and injected into a vial 

containing 30 mL of chilled deionized water.  For CO2 loading analysis, the 

samples were further diluted by a factor of 40 and then analyzed on the 

Shimadzu 5050 Total Organic Carbon analyzer by utilizing its inorganic carbon 

analysis feature.  Inorganic carbon standards of 100 ppm were placed every 6–7 

samples to maintain quality control. 
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2.6.3.2 Piperazine and Potassium Analysis 

2.6.3.2.1 Ion Chromatography Method Development and Analysis 

A new IC column was purchased and installed in the ion chromatography 

analyzer.  The new column was better suited for piperazine and amine analysis.  

A new method was developed for measuring piperazine and potassium on the 

IC.  The method takes approximately 5 minutes and uses 6 mM and 55 mM 

monosulphonic acid (MSA) as the eluent.  The standards contained both 

piperazine and potassium and a calibration curve were generated over the 

following range of concentrations: 0, 10, 20, 30, 40, and 50 ppm K+/PZ.  The 

liquid samples analyzed on the ion chromatograph were further diluted by a 

factor of 2000 from the pre-diluted 4:1 samples.  The ion chromatography 

analyzer was calibrated with standards that contained both piperazine and 

potassium.  Additional details regarding the new IC method for measuring K+ 

and PZ can be found in the appendix.  

Prior to the start of Campaign 4, selected K+/PZ samples from the first 

and second campaign were analyzed with new IC method.  The concentrated 

pilot plant solutions from Campaign 1 were diluted by a factor of 4000 and the 

prediluted pilot plant samples from Campaign 2 were diluted by a factor of 1000.  

Tables 2-13 through 2-15 show the results of the sample analysis for the first two 

campaigns using the newly developed IC method.  The results show that total 

alkalinity was not as well correlated to density measurements as previously 

assumed, which was based on Campaign 1 data.  The total alkalinity results from 

the IC for Campaign 1 and Campaign 2 seem to show good agreement with the 

total alkalinity values obtained using the acid titration method used in those 

campaigns.  The tables seem to show that there was some loss of potassium in 

between the transition from Campaign 2 to the current campaign.  The pilot 
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plant samples were taken from the bottom of a large storage tank and therefore, 

may not have been a representative sample. 

Table 2-13. Campaign 1 IC Results 

Campaign 1 Data K+ PZ TAlk K+/PZ Density 
 gmol/kg gmol/kg gmol/kg  kg/m3 

C1 6/16 AL 17:00 2.3293 1.5802 5.4896 1.4741 1146.6 
C1 6/17 AL 13:00 2.5907 1.4356 5.4619 1.8046 1162.4 
C1 6/22 AL 17:45 3.2496 1.634 6.5177 1.9887 1206.1 
C1 6/22 AL 19:30 3.2348 1.6258 6.4864 1.9897 1206.4 
C1 6/23 AL 08:15 3.2509 1.6377 6.5263 1.9851 1212.6 
C1 6/23 AL 18:10 3.3146 1.6624 6.6393 1.9939 1211.9 
C1 6/24 AL 17:30 3.3365 1.5987 6.5339 2.0870 1228.1 

1. Results are in mol/kg of solvent 
2. TAlk = Total Alkalinity (mol CO2/(mol K+ + 2 mol PZ)) 
 

Table 2-14. Campaign 2 IC Results 

Campaign 2 Data K+ PZ TAlk K+/PZ Density 
 gmol/kg gmol/kg gmol/kg  kg/m3 

C2 AL8 2.8981 1.2421 5.3823 2.3332 1224.3 
C2 AL11 3.0807 1.3216 5.724 2.331 1228.2 
C2 AL13 2.908 1.2493 5.4066 2.3278 1227.0 
C2 AL14 2.7736 1.205 5.1836 2.3018 1226.2 
C2 AL16 3.085 1.327 5.739 2.3248 1228.4 
C2 AL22 2.9487 1.2591 5.4669 2.3418 1230.4 
C2 AL37 3.2303 1.3927 6.0158 2.3194 1224.4 
C2 AL38 3.027 1.3038 5.6346 2.3218 1219.5 
C2 AL43 2.9179 1.2404 5.3987 2.3523 1229.1 
C2 AL 26 2.8967 1.2393 5.3753 2.3373 1228.5 

1. Results are in mol/kg of solvent 
2. TAlk = Total Alkalinity (mol CO2/(mol K+ + 2 mol PZ)) 
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Table 2-15. IC Results of Pilot Plant Composition Prior to Campaign 4 Start-up 
on 12/09/05 

K+ PZ TAlk K/PZ Density 
gmol/kg gmol/kg gmol/kg   kg/m3 

3.0208 1.5888 6.1983 1.9013 1204 
1. Results are in mol/kg of solvent 
2. TAlk = Total Alkalinity (mol CO2/(mol K+ + 2 mol PZ)) 

 
The results from Campaign 2 of the titration and ion chromatograph are 

compared in Figure 2-25.  The average difference between the ion 

chromatography and titration method for potassium, piperazine, and total 

alkalinity (mol K+ + 2 mol PZ) was 2.8%, -5.2% and -0.89%, respectively.  It can be 

concluded that the measurement of total alkalinity can be reliably determined by 

both methods.  However, the piperazine concentration was consistently higher 

for the titration method and because the potassium concentration was calculated 

as a difference between total alkalinity, it was consequently lower.  This 

discrepancy is most likely due to errors with the perceived endpoint (-265 mV) in 

the titration method (-265 mV).  Instead the determination of piperazine 

concentration should have taken the difference between the two inflection points 

of NaOH titration.  This technique is further detailed in the revised titration 

method section.  
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Figure 2-25. Comparison of Titration and Ion Chromatography Measurements 

of K+ and PZ Concentration for Campaign 2 

2.6.3.2.2 Revised Titration Method 

In Campaign 4, the titration method that was used in Campaigns 1 and 2 

was refined.  However, it was only used during the campaign to perform a real-

time check of the solution composition and was not used as the primary analysis 

of piperazine and potassium concentration.  In the new titration method, due to 

the 3:1 dilution of liquid samples, the concentrations of both HCl and NaOH 

were changed to 0.2 N instead on 2 N.  Also, the pH of the liquid sample was 

measured and recorded during the forward and back titrations instead of relying 

on methyl orange as the color indicator and titration to 265 mV to obtain 

piperazine concentration.  The inflection point of the forward acid titration curve 

measures the total alkalinity of the solution (Figure 2-26). 
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Figure 2-26. Forward Titration of 5 m K+/2.5 m PZ solution with 0.2 N HCl to 

Determine the Total Alkalinity (mol K + 2 mol PZ)  

The difference between the two inflection points for the back titration with 

0.2 N NaOH gives the concentration of piperazine (Figure 2-27).  The potassium 

concentration was determined by taking the difference between total alkalinity 

and two times the piperazine concentration.  Two sets of titrations were 

performed on a known solution of 5 m K+/2.5 m PZ solution to verify 

reproducibility (Table 2-16).  Titrations were performed with 2 N HCl and 2 N 

NaOH with approximately of 10 grams of undiluted solution.  The results 

indicate that using the two endpoints for the back titration method yielded 

results that were 1.5% higher than that calculated.  However, the difference in 

measurement of total alkalinity was less than 1% in one case and approximately 

9% in the other.  In the 9% error case, the burette containing acid needed to be 

refilled during the titration process.  It is possible that during the refilling process, 

CO2 may have been absorbed by the sample and required excess HCl. 
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Table 2-16. Validation of Reproducibility of Modified Titration Method Using 
Acid-Base Endpoints Determined from Direct pH Measurements 

Sample ID K+2PZ 
Expected 

K+2PZ 
Measured 

Diff 
% 

PZ 
Expected 

PZ 
Measured 

Diff 
% 

1 5.83 6.35 8.9 1.46 1.44 1.3 
2 5.83 5.83 0.05 1.46 1.44 1.2 

 

The original method for determining piperazine by back titrating to a 

reading of ~265 mV was not accurate because significant errors were introduced 

if the forward acid titration was overshot.  Additional NaOH would need to be 

added to neutralize the excess acid and would result in an erroneous higher 

piperazine concentration and lower potassium concentration. 
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Figure 2-27. Back Titration of 5 m K+/2.5 m PZ solution with 0.2 N NaOH to 

Determine the Piperazine Concentration 

In addition, titration measurements were performed on absorber lean and 

absorber rich pilot plant solutions to verify that the endpoints from direct pH 
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measurements and methyl orange technique matched.  The results show that if 

both methods are performed properly, a difference of approximately 1% could be 

achieved (Table 2-17).  Approximately 49 grams of water was added to 0.55 

grams of sample prior to the start of each titration.  The pH of the solution was 

recorded while the 0.2N HCl acid was added continuously.  The titration curve 

for the absorber lean sample is shown in Figure 2-28. 

Table 2-17. Validation of Methyl Orange Indicator with pH Measurement 
Based Titration Method Using 0.2 N HCl and Pilot Plant Samples Diluted 90:1 

Sample ID Date/Time Total Alkalinity 
Methyl Orange 

Total Alkalinity 
pH 

Difference 
% 

AL 01/09/06 13:30 5.51 5.55 -0.6 
AR 01/09/06 13:30 5.37 5.42 -1.0 
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Figure 2-28. Titration of Absorber Lean Pilot Plant Sample (Taken 1/09/06 -

13:30) with 0.2 N HCl to Determine Total Alkalinity (mol K+ + 2 mol PZ) 
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In Campaign 4, the ion chromatograph was used as the primary analysis 

of piperazine and potassium concentration.  A few titrations were performed 

during the operation of the pilot plant for on-site verification of total alkalinity.  

The titration measurements were consistently lower than the results obtained by 

the post-campaign IC analysis (Table 2-18). 

Table 2-18. Concentration of Piperazine and Potassium from Campaign 4 for 
the Titration and Ion Chromatograph Methods 

Sample 
ID 

Titration 
gmol/kg soln 

Ion Chrom 
gmol/kg soln 

Diff 
% 

AL 97 5.55 6.12 10.4 
AL 100 5.73 6.11 6.6 
AL 103 5.66 6.00 6.2 

 

Although the IC and titration total alkalinity results of Campaign 2 

matched, the titration and IC methods were slightly changed.  The new titration 

method used a more dilute acid, which should actually make the method more 

accurate.  Also, the Campaign 4 titrations were conducted using the pH end-

point method, whereas the Campaign 2 method was titrated to the methyl 

orange endpoint.  Sometimes it was difficult to determine when a color change 

had occurred. 

This section has shown that the results from the two endpoint methods 

have a difference of less than 2%.  In Campaign 4, the IC method was slightly 

modified from that used in the Campaign 2 sample analysis.  The original IC 

method had a retention time of approximately 30–40 minutes.  Due to the high 

volume of samples that were collected and to achieve a higher throughput, the 

method was modified to have a retention time of approximately 5–10 minutes.  

This may have slightly degraded the precision of the ion chromatograph 

analyzer.  The performance of the column may also have degraded due to the 
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build up of residual analytes.  For certain sets of analyses, the absorber lean 

sample analysis seemed to have substantial deviation from the absorber middle 

and absorber rich samples.  Other concerns include degradation products of 

piperazine that may further complicate interpretation of the IC results.   

Overall, the IC method appeared to have a precision of approximately 

10%.  It was concluded while the IC method may be more efficient at analyzing a 

large number of samples, the titration method may be more accurate and precise 

for piperazine and potassium determination.  

2.6.3.3 Revised CO2 Gas Concentration Analysis 

Initially, there was some confusion regarding whether the gas cylinders 

were in mole or weight percent.  The certificate of analysis for the CO2 standards 

states that the cylinders are gravimetrically filled with CO2 and air.  The 

concentration of CO2 is then verified by the vendor through gas 

chromatography/thermal conductivity detection (TCD) analysis.  In the earlier 

campaigns, it was assumed that the standards were in weight percent and a 

16.9% gas cylinder was ordered, which was supposed to be in weight percent.  

Two of CO2 cylinders were analyzed by another research group using gas 

chromatography (GC).  The GC analyzer was calibrated to measure mixtures of 

CO2, CH4, and C4.  Thus, slight discrepancies may be expected.  Analysis of the 

12% and 16.9% CO2 cylinders by the GC method resulted in CO2 concentrations 

of 13.2 mol% and 18.3 mol%, respectively.  It was concluded that the CO2 

standards were in mole percent and not weight percent because the analysis was 

closer to the mole percent values. 

2.6.4 Campaign 4 Plant Operation 

The final pilot plant campaign using potassium carbonate and piperazine 

commenced at the beginning of January 2006 and was completed in early 
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February 2006.  The pilot plant was operated for 12 days, 24 hours per day.  A 

total of 59 runs and 33 operating condition were completed.  Approximately 300 

liquid samples were taken and analyzed for CO2 loading, piperazine and 

potassium concentration.  The newly installed cross-exchanger reduced the 

approach temperature to less than 10 °C. 

The experiments were conducted with two different solvent compositions: 

5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ.  The absorber and stripper were both 

packed with a new structured packing, Flexipac AQ Style 20, which was donated 

by Koch-Glitsch Inc.  The new structured packing has a specific surface area of 

213 m2/m3, which is approximately 50% less than the Flexipac 1Y packing used 

in the previous campaigns.  Flexipac AQ Style 20 packing has a steeper 

corrugation angle (50 degrees), whereas the Flexipac 1Y packing has a 

corrugation angle of 45 degrees.  As a result, the new packing has less surface 

area, a lower liquid holdup, and will be less efficient.  The packing has a higher 

capacity and will permit operation at high gas rates with reduced pressure drop. 

The absorber and stripper column each contained 6.1 m of Flexipac AQ 

structured packing, which was divided into two 3.05 m beds.  In between the top 

and bottom bed of packing there was a chimney tray and an orifice riser 

redistributor.  In the stripper, a Montz II distributor was used in the upper bed 

and a Koch collector plate with an inverted screen and a 4C redistributor was 

used for the bottom bed.  The absorber contained a Koch 3C distributor at the top 

and a chimney tray and Montz II redistributor for the bottom bed. 

In the fourth campaign, the air cooler was in full operation and was used 

to protect the Vaisala CO2 analyzers that were downstream.  The newly installed 

cross-exchanger performed as designed and the trim heater and cooler were not 

used during the campaign.  A summary of the absorber and stripper operations 

is shown in Tables 2-19 and 2-20, respectively. 
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Table 2-19. Campaign 4 Absorber Operation 

Parameter 5 m K+/2.5 m PZ 6.4 m K+/1.6 m PZ 
Inlet CO2 (mol%) 8.0 – 17.6 14.3 – 18.0 
PZ Concentration1 (mol/kg) 1.4 – 1.5 1.0 – 1.2 
K+/PZ Ratio 2.1 – 2.3 3.9 – 4.0 
Lean Loading2 (mol CO2/TAlk) 0.39 – 0.45 0.45 – 0.51 
G (kg/m2-s) 1.2 – 2.0 1.2 – 2.0 
L/G (kg/kg) 3.9 – 10.8 8.3 – 14.5 
TGAS,IN (°C) 40 40 – 41 
TLEAN (°C) 40 – 46 39 – 46 
1. Concentration in mol/kg of solvent 
2. TAlk = Total alkalinity (mol K+2 mol PZ)  

 
Table 2-20. Campaign 4 Stripper Operation 

Parameter 5 m K+/2.5 m PZ 6.4 m K+/1.6 m PZ 
ΔT Approach (°C) 6.9 – 8.9 3.7 – 6.4 
Top Temperature (°C) 103 – 115 71.5 – 94 
Bottom Temperature (°C) 117 – 118 77 – 97 
Reboiler Heat Duty (kcal/mol CO2) 85 – 290 90 – 180 
NTU per pass (5 pass PFE) 1.5 – 2.1 1.5 – 1.9 
CP,COLD/CP,HOT 1.04 – 1.08 1.05 – 1.11 

 

In Campaign 4, foaming occurred in the stripper instead of the absorber, 

which occurred in the first 2 campaigns.  The magnitude of the temperature 

bulge was not as significant in the absorber for the 6.4 m K+/1.6 m PZ solvent 

due to the slower CO2 absorption rate.  The installation of the cross-exchanger 

resulted in a higher temperature profile across the stripper.  It is possible that 

foaming may have had temperature dependence.  Approximately 750 mL of 

DOW Corning DSP and DOW Corning Q2-3183A antifoam was added over the 

duration of the campaign.  Both antifoams were silicon-based and were 

previously used in the MEA campaign.  However, the Q2-3183A antifoam 

appeared to be more effective than the DSP antifoam for the piperazine and 
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potassium carbonate solvent.  The antifoam was typically added into the 

absorber feed tank or into the suction side of the absorber rich pump (P-104). 

Table 2-21. Campaign 4 Antifoam Addition Date, Location, and Type 

Date Time Volume (mL) Antifoam Location 
01/10/06 11:06 50 Q2-3183A P-104 
01/12/06 10:10 100 DSP P-104 
01/12/06 10:40 100 DSP Feed tank 
01/12/06 12:45 100 DSP Feed tank 
01/12/06 14:30 100 Q2-3183A Feed tank 
01/19/06 11:00 100 Q2-3183A Feed tank 
01/19/06 17:30 100 Q2-3183A Feed tank 
01/19/06 20:00 25 Q2-3183A Feed tank 
01/20/06 00:15 25 Q2-3183A Feed tank 
01/20/06 03:11 25 Q2-3183A Feed tank 
01/20/06 03:45 25 Q2-3183A Feed tank 

 

A carbon filter was installed in this campaign to remove the degradation 

products that may have been a source of the foaming issues encountered in the 

first 2 campaigns.  However, it was uncertain whether the carbon filter 

performed its intended function.  The orifice plate that was installed in series 

with the carbon filter was improperly sized and steps were not taken to address 

this issue.  The flow rate through the carbon filter was not measurable on the 

rotameter and did not meet the design flow rate of 10–20% of the total liquid 

flow through the system. 

Due to the lack of temperature control on the inlet absorber gas, a steam 

injector was installed.  Steam was generated in the 10.2 cm reboiler using the 

distillate from the stripper and injected into the inlet gas to maintain a constant 

temperature of 40 °C.  The steam generator worked well for most of the 

campaign.  However, in the middle of the campaign, the steam generator became 

plugged due to the accumulation of solids from the distillate.  The distillate 
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contained small amounts of potassium carbonate and piperazine.  Since the 

reboiler was never bled, solids accumulated over time and eventually impeded 

steam production.  The 10.2-cm reboiler was bled, washed, and restarted.  The 

reboiler was operated without additional problems after the initial shutdown. 

There were some solubility issues during the second half of the campaign 

after the composition was changed.  The experiments with the 6.4 m K+/1.6 m PZ 

solvent were designed to operate at the solubility limits of the solvent.  As a 

result, any loss of water inventory in the system would cause solids to precipitate 

out.  During the course of plant operation, water was continually lost and at first 

could not be found.  It was later discovered that water had begun to accumulate 

in the overhead CO2 gas accumulator.  Therefore, water had to be periodically 

pumped from the gas accumulator and back into the solvent stream, which 

resulted in some density fluctuations. 

Before the start of this campaign, the pH meters were repaired and the 

transmitters were shielded from possible water intrusion with a makeshift cover.  

Both pH meters did not fail as in the previous campaigns and performed well.  

Continuous online measurements were taken at the lean and rich end of the 

absorber.  However, there were issues with maintaining a constant lean loading.  

It was concluded that having an additional pH meter upstream of the absorber 

feed tank would have facilitated this because it would give the operator direct 

feedback on the lean loading going into the feed tank.  Adjustments to the heat 

duty could be made immediately instead of waiting for the contents of the feed 

tank to turn over and finding out that the loading was incorrect. 

At the end of Campaign 4, an air-water test was conducted on the 

absorber to determine the effective wetted area of the Flexipac AQ Style 20 

structured packing.  Several water rinses was performed on the system to 

remove any residual solvent.  The experiments were conducted by absorbing 
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atmospheric CO2 into 0.1 N NaOH solution.  However, the CO2 absorption rate 

appeared to be too high.  This may have been an indication that there was 

residual piperazine and potassium carbonate in the NaOH solution, which 

enhanced the absorption rate.  The results were not used for the determination 

the effective interfacial area in the mass transfer calculations.  Instead, effective 

area measurements from the PVC air-water column were used. 

2.6.5 Campaign 4 Results 

In the fourth campaign, a comprehensive analysis of the liquid samples 

was undertaken.  CO2 loading was measure for the five sample points using the 

Shimadzu TOC with the updated protocol.  In addition, piperazine and 

potassium was analyzed using the ion chromatography method developed at the 

start of this campaign.  The results of the absorber liquid analyses for the 5 m 

K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solution are shown below.  In addition, the 

results for the gas rate, liquid rate, CO2 gas concentration, density, pH, 

temperature, and pressure drop are shown in the table below. 

 

1709



 110 

Table 2-22. Campaign 4 Absorber Analyses for 5 m K+/2.5 m PZ 

Run ID Date Time Piperazine Potassium CO2 Loading 

   Lean 
mol/kg 

Mid 
mol/kg 

Rich 
mol/kg 

Lean 
mol/kg 

Mid 
mol/kg 

Rich 
mol/kg 

Lean 
mol/kg 

Mid 
mol/kg 

Rich 
mol/kg 

4.1 01/10/06 15:30 1.43 1.54 1.43 3.04 3.24 3.02 2.55 2.80 2.88 
4.2.1 01/10/06 21:04 1.49 1.46 1.48 3.15 2.97 3.13 2.56 2.90 3.28 
4.2.2 01/10/06 22:08 1.49 1.45 1.47 3.16 3.06 3.12 2.50 2.64 3.40 
4.3.1 01/11/06 12:00 1.47 1.53 1.41 3.10 3.12 2.97 2.68 3.19 3.19 
4.3.2 01/11/06 13:01 1.49 1.66 1.48 3.15 3.34 3.11 2.68 3.45 3.32 
4.4.1 01/11/06 15:59 1.50 - 1.43 3.15 - 3.04 2.66 - 3.30 
4.4.2 01/11/06 17:28 1.67 1.57 2.01 3.48 3.31 4.23 2.99 3.23 4.25 
4.5.1 01/11/06 21:19 1.49 1.43 1.48 3.14 3.01 3.09 2.66 3.02 3.30 
4.5.2 01/11/06 22:20 1.50 1.66 1.46 3.15 3.53 3.08 2.70 3.57 3.36 
4.6.1 01/12/06 6:28 1.45 1.44 1.39 3.05 3.02 2.93 2.42 2.97 3.13 
4.6.2 01/12/06 7:35 1.46 1.44 1.40 3.08 3.03 2.95 2.43 3.06 3.15 
4.7.1 01/12/06 14:04 1.47 1.39 1.40 3.12 2.93 2.97 2.34 2.62 2.91 
4.7.2 01/12/06 15:00 1.45 1.37 1.41 3.09 2.88 2.99 2.33 2.56 2.89 
4.8 01/12/06 17:06 1.42 1.39 1.38 2.96 2.91 2.90 2.26 2.65 2.84 

4.9.1 01/12/06 18:03 1.44 1.35 1.38 3.06 2.85 2.93 2.27 2.82 2.97 
4.9.2 01/12/06 18:31 1.43 1.36 1.43 3.05 2.89 3.02 2.28 2.80 2.96 
4.10.1 01/12/06 22:31 1.43 1.39 1.39 3.04 2.92 2.93 2.63 2.89 2.90 
4.10.2 01/12/06 23:31 1.40 1.36 1.42 2.95 2.83 2.96 2.58 2.90 3.09 
4.11.1 01/13/06 2:07 1.59 1.38 1.40 3.54 2.85 2.94 2.60 2.93 3.11 
4.11.2 01/13/06 3:03 1.45 1.36 1.39 3.05 2.83 2.91 2.58 2.97 3.13 
4.12.1 01/13/06 5:12 1.47 1.39 1.40 3.10 2.87 2.94 2.58 2.96 3.06 
4.12.2 01/13/06 5:59 1.46 1.39 1.39 3.09 2.91 2.91 2.62 2.96 3.10 
4.13.1 01/18/06 17:00 1.30 1.41 1.47 2.94 2.96 3.06 2.38 2.89 2.76 
4.13.2 01/18/06 17:45 1.51 1.35 1.39 3.38 2.83 2.88 2.49 2.73 2.88 
4.14.1 01/19/06 10:27 1.53 1.36 1.37 3.47 2.83 2.86 2.56 2.71 2.88 
4.14.2 01/19/06 12:20 1.33 1.34 1.40 2.99 2.83 2.93 2.51 2.78 2.88 
4.15.1 01/19/06 13:56 1.39 1.38 1.36 3.14 2.90 2.86 2.56 2.82 2.95 
4.15.2 01/19/06 15:10 1.39 1.36 1.43 3.13 2.85 3.04 2.56 2.80 2.95 
4.16.1 01/19/06 19:35 1.78 1.64 1.42 4.06 3.54 2.93 3.09 2.83 3.41 
4.16.2 01/19/06 21:03 1.60 1.36 1.50 3.34 2.83 3.16 2.87 2.76 3.08 
4.17.1 01/20/06 4:13 1.40 1.37 1.43 3.19 2.86 3.03 2.36 2.71 2.89 
4.17.2 01/20/06 5:13 1.38 1.39 1.41 3.10 2.74 2.96 2.38 2.72 2.93 
4.18 01/20/06 13:30 1.39 1.59 1.51 3.15 3.35 3.18 2.48 3.05 3.09 
4.19 01/20/06 14:34 1.48 1.55 1.54 3.34 3.26 3.27 2.68 2.95 3.24 

1. Piperazine and potassium measured using ion chromatography method developed by this work  
2. CO2 loading analysis done with Shimadzu TOC 
3. Concentration in units of mol/kg of solvent 

1710



 111 

Table 2-23. Campaign 4 Absorber Results for 5 m K+/2.5 m PZ 

Run# Gas Rate Liq Rate CO2 CO2 FTIR CO2 CO2 Temp Temp Temp Temp Density Density pH pH DP DP 
 Actual  In Out  Removal Gas In Gas Out Liq In Liq Out Liq In Liq Out Liq In Liq Out Bot Bed Top Bed 
 m3/min L/min  mol% mol% mol% % °C °C °C °C kg/m3 kg/m3   kPa kPa 

4.1 14.2 53.0 7.98 0.59 0.83 92.1 39.9 42.4 39.9 48.6 1226 1232 11.0 9.6 0.58 0.58 
4.2.1 11.3 47.2 16.28 4.08 - 74.8 39.9 45.8 38.9 48.1 1230 1242 11.1 9.3 0.50 0.43 
4.2.2 11.3 47.3 17.19 5.00 4.91 70.8 40.1 46.1 39.0 47.8 1231 1244 11.1 9.3 0.50 0.43 
4.3.1 8.5 49.2 15.49 2.60 15.16 82.8 40.6 38.1 42.1 50.0 1232 1238 10.7 9.3 0.37 0.25 
4.3.2 8.5 49.2 16.04 2.81 15.70 82.2 40.6 38.7 42.5 50.2 1232 1239 10.7 9.3 0.37 0.25 
4.4.1 11.3 54.9 16.95 5.22 5.24 69.1 40.0 41.8 43.6 50.3 1232 1240 10.7 9.3 0.51 0.39 
4.4.2 11.3 55.2 17.09 5.49 16.64 67.8 40.0 42.4 43.9 50.2 1232 1240 10.7 9.2 0.52 0.41 
4.5.1 14.2 54.9 16.59 6.89 16.44 58.6 40.1 45.7 42.0 47.0 1233 1243 10.7 9.3 0.65 0.62 
4.5.2 14.2 55.0 17.55 6.89 9.03 60.8 40.0 43.6 41.4 46.2 1234 1244 10.7 9.3 0.66 0.62 
4.6.1 8.5 45.4 16.63 2.35 2.25 85.5 40.1 46.7 46.7 50.9 1217 1230 10.9 9.2 0.42 0.29 
4.6.2 8.5 45.0 16.43 2.03 2.03 87.4 39.9 40.4 43.6 50.9 1219 1229 10.9 9.2 0.42 0.27 
4.7.1 11.3 55.1 13.17 1.33 1.42 89.6 40.0 44.9 45.2 50.7 1218 1229 10.9 9.4 0.43 0.35 
4.7.2 11.3 54.8 12.77 1.01 12.63 91.8 40.1 43.4 45.0 50.6 1218 1228 10.9 9.4 0.40 0.32 
4.8 14.2 55.1 10.75 1.89 10.60 82.2 39.9 47.2 43.3 47.3 1215 1227 10.9 9.5 0.53 0.54 

4.9.1 14.2 54.7 16.38 5.89 16.29 64.2 40.0 50.9 43.2 47.4 1216 1231 10.9 9.3 0.54 0.57 
4.9.2 14.2 55.0 16.03 5.70 16.13 64.6 40.0 51.0 43.2 47.3 1216 1232 10.9 9.3 0.54 0.58 

4.10.1 8.5 49.2 17.56 4.95 5.12 71.5 40.0 39.8 44.3 50.9 1219 1227 10.5 9.1 0.32 0.21 
4.10.2 8.5 49.2 17.62 5.09 5.26 70.8 40.0 38.6 41.7 51.3 1221 1227 10.5 9.1 0.33 0.20 
4.11.1 11.3 54.7 14.93 5.13 15.06 65.4 40.1 36.3 41.6 48.8 1221 1227 10.5 9.2 0.46 0.37 
4.11.2 11.3 54.9 15.08 5.42 14.89 63.8 40.0 35.6 41.2 48.4 1222 1228 10.5 9.2 0.48 0.38 
4.12.1 14.2 55.0 11.23 4.76 4.79 57.5 40.1 38.1 39.8 46.3 1223 1228 10.6 9.4 0.65 0.61 
4.12.2 14.2 54.9 12.64 5.89 5.70 53.5 40.1 38.6 39.9 46.2 1223 1229 10.5 9.3 0.65 0.62 
4.13.1 14.2 109.8 17.11 5.21 17.23 69.6 40.0 38.4 41.5 47.9 1218 1222 10.3 9.3 0.83 0.73 
4.13.2 14.2 110.0 16.28 4.43 16.42 72.8 39.9 39.9 43.0 49.5 1217 1221 10.3 9.3 0.88 0.77 
4.14.1 11.3 113.7 17.16 2.94 2.70 82.7 40.1 37.8 42.8 48.1 1219 1222 10.3 9.4 0.77 0.71 
4.14.2 11.3 113.6 15.88 2.19 15.97 86.0 39.9 38.1 42.8 47.8 1219 1222 10.3 9.4 0.68 0.59 
4.15.1 8.5 88.9 16.49 1.91 1.83 88.1 40.0 35.5 39.5 45.2 1221 1224 10.3 9.5 0.44 0.35 
4.15.2 8.5 89.2 16.76 2.17 2.23 86.7 40.0 35.6 39.6 45.4 1221 1224 10.3 9.4 0.45 0.34 
4.16.1 14.2 94.4 16.44 6.28 5.78 61.9 40.0 38.2 41.4 48.4 1219 1223 10.5 9.3 0.76 0.60 
4.16.2 14.2 94.6 13.24 3.82 3.49 71.0 40.1 37.4 41.3 47.7 1218 1222 10.5 9.4 0.72 0.58 
4.17.1 14.2 94.7 16.62 4.89 4.86 70.6 40.0 37.2 40.1 49.5 1217 1222 10.7 9.4 0.73 0.54 
4.17.2 14.1 94.7 17.04 4.27 17.32 74.9 40.1 37.9 40.6 50.9 1217 1222 10.7 9.4 0.65 0.47 
4.18 14.2 75.8 13.94 1.91 1.91 86.1 40.5 37.3 40.0 51.2 1223 1228 10.9 9.5 0.48 0.33 
4.19 14.2 75.5 13.04 1.34 1.39 89.5 40.4 38.2 40.3 52.1 1224 1228 10.9 9.5 0.48 0.32 

1. CO2  OUT with no value means analyzer was over-ranged with 5.96 reading 
2.FTIR CO2 shown was includes water, while CO2 In and Out has less than 2% water
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Table 2-24. Campaign 4 Absorber Analyses for 6.4 m K+/1.6 m PZ 

Run ID Date Time Piperazine Potassium CO2 Loading 

   Lean 
mol/kg 

Mid 
mol/kg 

Rich 
mol/kg 

Lean 
mol/kg 

Mid 
mol/kg 

Rich 
mol/kg 

Lean 
mol/kg 

Mid 
mol/kg 

Rich 
mol/kg 

4.20.1 01/23/06 18:40 0.96 0.99 1.00 3.79 3.64 3.72 2.97 3.10 3.18 
4.20.2 01/23/06 21:40 0.99 0.98 0.95 4.04 3.71 3.88 2.94 3.09 3.15 
4.21.1 01/24/06 7:38 0.99 0.98 0.99 3.64 3.57 3.59 2.83 2.95 3.02 
4.21.2. 01/24/06 9:00 1.00 1.00 0.98 3.67 3.65 3.56 2.87 2.99 3.07 
4.22.1 01/24/06 11:30 - 0.98 1.01 - 3.57 3.68 3.01 3.11 3.23 
4.22.2 01/24/06 12:35 1.21 1.02 0.85 4.78 3.71 2.76 3.11 3.31 3.02 
4.23 01/24/06 19:33 1.18 0.97 1.13 4.74 3.53 3.61 3.17 3.15 3.29 
4.24 01/24/06 21:34 1.07 1.06 1.06 4.25 3.92 3.84 3.04 3.40 3.41 
4.25 01/25/06 4:58 1.02 1.00 1.04 4.01 3.58 3.65 2.80 3.01 3.08 

4.26.1 01/25/06 15:00 1.01 1.01 0.96 3.97 3.65 3.52 2.76 2.91 3.09 
4.26.2 01/25/06 16:00 0.99 1.00 0.99 3.90 3.62 3.64 2.78 2.92 3.10 
4.27.1 01/25/06 21:00 1.00 1.01 0.99 3.94 3.65 3.64 2.78 3.00 3.22 
4.27.2 01/25/06 22:04 1.05 0.99 1.00 4.14 3.58 3.70 2.80 2.99 3.17 
4.28.1 01/26/06 0:58 1.00 0.97 0.96 3.92 3.49 3.45 2.73 3.01 3.14 
4.28.2 01/26/06 2:00 0.99 0.98 0.99 3.90 3.50 3.66 2.75 2.96 3.13 
4.29.1 01/26/06 5:32 1.02 0.99 0.99 3.98 3.56 3.59 2.73 2.99 3.15 
4.29.2 01/26/06 6:32 1.03 0.95 1.09 4.06 3.43 3.73 2.75 3.01 3.15 
4.30.1 01/26/06 10:00 1.18 0.99 1.02 4.61 3.58 3.77 2.64 2.92 3.11 
4.30.2 01/26/06 11:00 1.00 1.04 0.99 3.91 3.72 3.62 2.67 2.94 3.15 
4.31.1 01/26/06 15:00 1.05 0.99 0.96 4.14 3.57 3.53 2.85 3.01 3.16 
4.31.2 01/26/06 16:00 1.07 1.00 0.99 4.17 3.60 3.70 2.94 3.00 3.18 
4.32.1 01/26/06 19:00 1.01 0.99 1.02 3.98 3.54 3.71 2.78 3.03 3.24 
4.32.2 01/26/06 20:00 1.02 1.12 1.08 3.81 4.01 3.88 2.78 3.29 3.53 
4.33.1 01/27/06 0:30 1.00 0.98 0.98 3.92 3.49 3.29 2.73 3.06 2.99 
4.33.2 01/27/06 1:30 1.01 0.98 0.96 3.76 3.51 3.09 2.73 3.06 2.78 

1. Piperazine and potassium measured using ion chromatography method developed by this work  
2. CO2 loading analysis done with Shimadzu TOC 
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Table 2-25. Campaign 4 Absorber Results for 6.4 m K+/1.6m PZ 

Run# Gas Rate Liquid Rate CO2 CO2 FTIR CO2 CO2 Temp Temp Temp Temp Density Density pH pH DP DP 
 Actual  In Out  Removal Gas In Gas Out Liq In Liq Out Liq In Liq Out Liq In Liq Out Bot Bed Top Bed 
 m3/min L/min  mol% mol% mol% % °C °C °C °C kg/m3 kg/m3   kPa kPa 

4.20.1 8.5 87.0 15.72 4.98 - 68.0 41.1 34.1 38.8 43.7 1278 1275 10.3 9.7 0.33 0.36 
4.20.2 8.5 87.1 15.73 5.26 - 66.5 41.1 34.4 38.6 43.5 1276 1275 10.3 9.7 0.37 1.51 
4.21.1 8.5 98.2 14.32 3.23 - 77.1 41.1 33.3 39.0 43.1 1264 1262 10.4 9.8 0.38 0.27 
4.21.2. 8.5 98.6 16.15 4.19 - 73.8 41.1 35.2 40.5 44.9 1267 1265 10.3 9.6 0.37 0.26 
4.22.1 8.5 56.7 17.60 - 8.78 50.1 41.2 33.8 36.8 43.5 1273 1271 10.3 9.5 0.13 0.12 
4.22.2 8.5 56.8 18.02 - 8.88 50.7 41.7 34.3 36.7 43.7 1274 1272 10.3 9.5 0.13 0.11 
4.23 8.5 56.8 17.64 - 7.60 56.9 41.7 34.5 37.8 45.3 1276 1273 10.5 9.5 0.19 0.17 
4.24 8.5 56.9 17.03 7.31 7.13 58.2 41.7 34.2 37.5 44.9 1276 1273 10.5 9.5 0.21 0.21 
4.25 8.5 64.4 16.17 5.41 16.28 66.3 41.7 33.0 39.5 44.5 1267 1266 10.6 9.6 0.25 0.18 

4.26.1 8.5 79.3 16.64 3.58 3.63 78.2 38.7 36.8 38.3 44.5 1265 1265 10.5 9.7 0.25 0.14 
4.26.2 8.5 79.5 17.24 4.11 4.18 75.9 40.0 37.4 38.7 45.3 1266 1265 10.5 9.7 0.26 0.15 
4.27.1 8.5 68.2 16.69 5.18 5.19 68.7 40.0 36.6 40.0 46.2 1266 1266 10.5 9.6 0.28 0.18 
4.27.2 8.5 68.2 16.01 4.80 4.91 69.7 40.0 35.8 39.3 45.4 1268 1267 10.5 9.6 0.28 0.19 
4.28.1 8.5 56.8 16.48 6.24 16.39 61.8 40.1 35.1 38.9 45.5 1264 1264 10.6 9.5 0.25 0.18 
4.28.2 8.5 56.8 14.76 5.04 15.16 65.5 40.0 34.2 38.4 44.5 1265 1264 10.6 9.6 0.26 0.18 
4.29.1 8.5 56.8 15.17 4.27 15.68 71.6 40.0 35.3 39.4 46.1 1268 1267 10.7 9.6 0.25 0.18 
4.29.2 8.5 56.8 16.20 4.96 16.34 69.1 39.9 35.6 39.5 46.4 1270 1269 10.7 9.6 0.26 0.18 
4.30.1 8.5 68.1 15.53 3.12 3.16 79.6 40.0 35.7 41.0 46.5 1265 1265 10.7 9.6 0.26 0.17 
4.30.2 8.5 68.3 16.92 4.01 17.31 76.0 39.9 34.9 40.4 46.2 1267 1267 10.7 9.7 0.29 0.19 
4.31.1 14.2 79.5 16.56 - 8.86 46.5 39.9 38.4 41.6 47.0 1263 1263 10.6 9.5 0.62 0.54 
4.31.2 14.2 79.4 16.37 - 8.68 47.0 40.2 38.4 41.6 46.9 1265 1265 10.6 9.6 0.62 0.54 
4.32.1 14.2 68.0 17.29 - 9.92 42.6 39.9 40.9 43.5 47.9 1266 1267 10.5 9.4 0.64 0.56 
4.32.2 14.2 68.1 16.57 - 9.44 43.0 39.9 41.1 43.7 48.0 1266 1267 10.5 9.4 0.66 0.57 
4.33.1 14.2 56.8 17.24 - 10.28 40.4 39.8 44.8 45.6 45.3 1260 1265 10.5 9.4 0.61 0.60 
4.33.2 14.2 56.7 16.88 - 10.14 39.9 40.1 43.6 45.1 45.4 1261 1265 10.5 9.4 0.61 0.59 

1. CO2  OUT with no value means analyzer was over-ranged with 5.96 reading 
2.FTIR CO2 shown was includes water, while CO2 In and Out has less than 2% water
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 In Campaign 4, corrosion coupons were inserted downstream of the trim 

heater.  The coupons were weighed prior to installation at the beginning of the 

campaign and reweighed after removal approximately eight weeks later.  The 

coupons were scrubbed and cleaned of accumulation prior to being reweighed.  

The results do not show a consistent trend (Table 2-26).  For the same material 

some coupons exhibit somewhat significant losses (316L-5 and 2205-6), while 

other coupons showed an increase in weight.  It was possible that the weighing 

scale was not performing properly.  Based on the mixed results, it was concluded 

that there was no appreciable corrosion during Campaign 4.   

Table 2-26. Campaign 4 Corrosion Coupon Results 

Sample ID Initial Mass 
g 

Final Mass 
g 

Difference 
Initial-Final 

C1010-5 15.8236 15.8235 0.0001 
C1010-6 16.0942 16.0966 -0.0024 
304L-5 14.6822 14.6820 0.0002 
304L-6 14.6066 14.6087 -0.0021 
316L-5 14.3729 14.3693 0.0036 
316L-6 14.3915 14.3986 -0.0071 
317L-5 14.8248 14.8253 -0.0005 
317L-6 14.8699 14.8716 -0.0017 
2205-5 15.3240 15.3243 -0.0003 
2205-6 15.3818 15.3773 0.0045 

FRP 11.3150 11.4238 -0.1088 
 

2.6.6 Campaign 4 Summary 

Several issues from the previous campaigns that were resolved include:  

(1) An approach temperature of 10 °C for the stripper feed was finally achieved 

through a plate and frame exchanger.  (2)  The absorber inlet gas was saturated 

and consistently maintained at 40 °C by steam injection.  (3) The Vaisala CO2 

analyzers were operated in a non-condensing gas stream.  (4) The tubing of the 

sample bombs were replaced with PFA fluoroplastic tubing for sample 

verification.  (5) A higher capacity pump for the stripper lean stream was 
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installed.  (6) A slipstream carbon filter was installed to remove degradation 

products and reduce foaming. 

In Campaign 4, some unresolved problems include: (1) The DeltaV log 

sheet recorded the raw signal for the absorber outlet Vaisala CO2 analyzer and 

not the calibrated value.  (2) The probe of the Vaisala CO2 analyzer had an odd-

size diameter.  The pressure of the absorber outlet was under vacuum at times 

and there may have been a possible leak through fitting.  (3) The CO2 recycle 

flowmeter was over-sized for pressurized stripper operation.  (4) The 

temperature and pressure from the recycle flowmeter were not recorded.  (5) 

There was not enough flow through the carbon filter because the orifice plate on 

the main liquid line was too large.  (6) Foaming was observed in the stripper and 

not in the absorber. 

2.7 RECOMMENDATIONS FOR FUTURE PILOT PLANT STUDIES 

2.7.1 Pilot Plant Operation 

The proper operation of the pilot plant requires real-time analysis for the 

process control and steady state operation.  The in-situ measurement by the 

Vaisala CO2 gas analyzers allowed the operator to make adjustments and quickly 

reach steady state and accurately control the CO2 concentration in the gas stream.  

Real-time liquid analysis is critical for the determining the steam rate to the 

reboiler and is also useful to the operator for determining the whether the lean 

loading conditions has been attained.  It would be useful to develop a robust 

method of measuring CO2 loading in real-time.  In addition, measurements of 

loading should be taken both upstream and downstream of the absorber feed 

tank.  The upstream measurement will provide the operator with real-time 

feedback and maintain a constant lean loading, which should dampen 
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composition variation in the feed tank.  The system should also reach steady 

state more quickly. 

2.7.2 Water Balance 

Maintaining the water balance in the solvent system is critical for the 

operation of the pilot plant.  Throughout the three piperazine and potassium 

carbonate campaigns, the loss of water from the system resulted in solubility 

issues.  This caused process instrument error, plugged filters and instrument 

lines, and several major plant shutdowns.  The water hold-up from the overhead 

liquid accumulator should be minimized or water should be added to the system 

to account for this loss in water.   

To accommodate high gas flows at vacuum operation in the stripper, a 

portion of the gas was routed through the liquid accumulator because the 

diameter of overhead gas line from the condenser was too small.  This caused 

significant carryover of water into the overhead gas accumulator where the CO2 

recycle stream was stored.  It is recommended that the diameter of the gas line 

from the condenser be enlarged and to not use the dual flow path for the gas. 

The loss of water also affects the measurement of pH in the solution.  In 

the K+/PZ an attempt was made to correlate pH with lean loading in order to 

control and maintain process conditions. Variations in water balance affect the 

precision of the pH measurements and could not be reliably used to control the 

steam flow to the reboiler of the stripper.  Maintaining a constant water balance 

will enable the use of real time loading measurements and help with process 

control. 

2.7.3 Process Instrumentation 

Temperature measurements are an important indicator of mass transfer 

performance and are important in modeling and computer simulations.  It would 
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be useful to add a gas temperature measurement at or near the outlet nozzle of 

the absorber.  It would also be useful to have a temperature measurement at the 

absorber liquid inlet nozzle.  A temperature measurement at the liquid inlet 

nozzle downstream of where the stripper feed and reflux is mixed would be 

useful. 

A flowmeter on the cooling water of the solvent cooler would provide 

valuable heat capacity information for the process solvent.  In the current 

configuration, the temperatures of the cooling water and process stream are 

measured and only the flow rate of the process fluid is measured.  The heat 

capacity of the process fluid can be calculated if the flow rate of the cooling water 

is known. 

2.7.4 Foaming 

Foaming was observed in all of the K+/PZ campaigns.  In the first two 

campaigns, foaming was observed in the absorber.  In Campaign 4, foaming was 

observed in the stripper.  The higher temperatures approaches of the new cross-

exchanger resulted in flashing across the control valve at the top of the stripper.  

The flashing feed may have caused foaming, which resulted in poor mass 

transfer performance in the stripper.  It is recommended that a two-phase 

distributor be installed in the stripper for future service. 

Experiments with organic liquids are routinely conducted in the pilot 

plant and there is typically some residue left in the system.  During vacuum 

operation, the gas stream comes into intimate contact with the oil reservoir of the 

vacuum pump.  Oil impurities may be present in the gas stream and get 

transferred into the liquid solvent over time.  A slip-stream carbon filter was 

installed in the fourth to filter out residual organic compounds and piperazine 

degradation products to reduce foaming.  However, during the operation of the 
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pilot plant there was essentially no flow through the carbon filter unit.  It is 

recommended that a new orifice plate be installed to force some flow through the 

carbon filter.  

During the operation of the pilot plant, antifoam was periodically added 

to the system to eliminate foaming.  It was found that the DOW Corning Q2-

3183A antifoam worked well for the piperazine and potassium carbonate system.  

According to the vendor, antifoam is typically designed for once-through 

processes.  In the pilot plant, the liquid is continuously recycled and over-time 

the antifoam loses its efficacy.  It is recommended that antifoam be continuously 

added through a metering or peristaltic pump. 

2.7.5 Material Balance 

In all of four of the pilot plant campaigns, the CO2 material balance for the 

absorber consistently did not close.  Some of the related issues such as better 

liquid sampling and analytical techniques were resolved over the course of the 

four campaigns.  The closure of the material balance depends on precise 

measurements of the (1) gas and liquid mass flow rates, (2) CO2 concentration in 

the gas, and (3) the loading of CO2 in the liquid.  In future experiments it is 

recommended that the critical measurements for the material balance be 

established prior to the start of the campaign.  In the analysis of the data, it was 

found that the precision of the liquid phase measurements were more critical to 

the material balance.  A 10% shift in the gas material balance was equivalent to a 

2% shift in the liquid phase. 

Several procedures are recommended to validate the accuracy and 

consistency of the critical measurements, which include:  (1) Re-zero and run the 

three Micro Motion® flowmeters for the absorber lean, absorber rich, and stripper 

lean in series to make sure the density, flowrates, and temperature readings are 
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consistent.  The flow check should be performed with both water and the process 

solvent (2) Run a flow check of the Micro Motion® flowmeters with the bucket 

and stopwatch method to validate flow and to compare density measurements 

with another method such as using a hydrometer.  The actual process solvent 

should be used.  (3) A second measurement of gas flow should be added at the 

absorber outlet to validate inlet gas flow measurements.  (4) The liquid sampling 

and analytical method for CO2 loading and solvent composition should be 

thoroughly developed and validated in the laboratory prior to the start of the 

campaign.  (5) The calibration of the CO2 gas analyzers should be validated both 

in the laboratory and in the field. (6) Gas phase water measurements are also 

critical in determining the gas flow measurements and CO2 gas concentration.  It 

is recommended that the FTIR be used for the gas phase measurement of CO2 

and H2O. 

2.7.6 Gas Analysis 

During the pilot plant campaigns, the CO2 gas analyzers were re-

calibrated approximately once a week.  Significant drift was observed in the 

Horiba over the course of the four campaigns and the outlet Vaisala analyzer 

exhibited some drift.  It is recommended that two point calibration checks be 

conducted once every 24 hours and that the analyzers be recalibrated once every 

three days. 

In Campaign 4, the CO2 concentration measured by the FTIR and the 

Vaisala analyzers unexpectedly matched.  The inlet and outlet FTIR 

measurements were performed at 40 °C and were assumed to be saturated with 

water.  The inlet and outlet Vaisala measurements were conducted between 20 to 

27 °C and between 10 to 15 °C, respectively.  It was assumed that the Vaisala 

analyzers measured wet CO2 concentration.  Under different water 
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concentrations, the wet CO2 concentrations were not expected to be the same.  It 

is recommended that further testing be done to compare the CO2 gas 

measurements of the Vaisala and FTIR at dry and wet conditions, different 

temperature ranges, and various degrees of water saturation.  The pressure 

effects, in particular vacuum, should also be investigated for the Vaisala CO2 

analyzers. 

2.7.7 Material Compatibility 

Material compatibility is important for safety and long-term operation of 

pilot and industrial scale plants.  During the operation of the pilot plant, it was 

found that Viton® seals were not compatible with the piperazine and potassium 

carbonate solvent.  The pump seals eventually failed and were replaced with 

EPDM seals, which were compatible with the solvent.  The o-rings in the sample 

bombs were also replaced with EPDM.  The filters contained Viton® o-rings, 

which swelled in the presence of the K+/PZ solvent.  Cotton filters were 

compatible with the K+/PZ solvent, but other materials such as polyethylene and 

polypropylene were dissolved by the solvent over time.  The polyethylene bag 

filter for the stripper completely dissolved in the high temperature solvent.  

Although the vendors used cotton material for the bags, stitching made of 

polyethylene or polypropylene was still used, which also resulted in filter failure.  

Cotton bag filters with cotton stitching should be specified. 

2.7.8 Data Acquisition 

In all of the campaigns, the raw signal for the CO2 gas concentration was 

recorded instead of the calibrated value.  In DeltaV, after the coefficients for the 

calibration curve are entered, the new coefficients need to be manually uploaded 

into the system.  In the course of the calibration procedure, this step may have 

been inadvertently left out.  If the updated values are not uploaded, the values 
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from the previous calibration are used.  Depending on the amount of analyzer 

drift, there may be significant error.  Whenever new instrumentation is added, it 

should be verified that the calibrated signal and not the raw signal is being 

logged.  It may be useful to record both the raw and calibrated signals of critical 

measurements such as CO2 gas concentration. 
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Chapter 3: Analysis of Pilot Plant Data 

 

 

 

The results of the data analysis for the K+/PZ pilot plant campaigns are 

presented in this chapter.  Real time process measurements of the gas and liquid 

flow rates, temperatures, densities, CO2 gas concentration, and CO2 gas recycle 

are examined.  The liquid analyses for potassium and piperazine concentration 

and CO2 loading are also evaluated.  A material balance for the rate of CO2 

removal in the absorber and stripper was performed.  Mass transfer performance 

between the Flexipac 1Y and Flexipac AQ Style 20 structured packing and the 5 

m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvents is evaluated and compared to 

bench-scale measurements made in the wetted wall column..  The location and 

magnitude of the temperature bulge in the absorber are identified for each run 

and are quantified by integrating the area under the temperature profile.  In 

addition, the general trends for pressure drop, pH, loading, capacity, stripper 

heat duty, and cross-exchanger performance are presented. 

3.1 REAL TIME PROCESS MEASUREMENTS 

The process measurements are continuously logged in real-time by the 

DeltaV process control system.  The data recorded by DeltaV is downloaded into 

an Excel spreadsheet at one minute intervals at the end of each 24 hour shift.  The 

real time measurements of gas and liquid flow rates, liquid density, temperature 

and CO2 concentration are analyzed in this section. 

The volumetric flow rate of the absorber inlet gas is shown in Figure 3-1.  

The plot shows the actual measured gas flow rate from 11:00 to 13:00 on 1/24/06 
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for Campaign 4.  During this period, the pilot plant was assumed to be at steady 

state and liquid samples were taken at 11:30 and 12:30.  The plot shows slight 

variations in the measured gas rate, but remains relatively constant.  The 

standard deviation for the gas flow rate was 0.03 m3/min over the 2 hour period. 

A plot of the molar gas flow rate, which accounts for pressure and 

temperature, for the same data is shown in Figure 3-2.  The plot shows that the 

molar gas flow rate gradually decreases over time.  The decrease in flow is a 

result of the rise in gas temperature.  The gas pressure remained constant during 

the time interval.  This figure suggests that maintaining a constant mole flow of 

gas rather than volumetric flow may be better.  The standard deviation of the 

molar gas flow rate was ±0.6%.  It was concluded that the real-time gas flow 

measurement was within reasonable error.  Table 3-1 is a summary of the 

averages and standard deviations for the real-time measurement analysis. 
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Figure 3-1. Real-time Volumetric Flow Rate of Absorber Inlet Gas for 

Campaign 4 (6.4 m K+/1.6 m PZ, 1/24/06, 11:00 - 13:00) 
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Figure 3-2. Real-time Molar Flow Rate of Absorber Inlet Gas for Campaign 4 

(6.4 m K+/1.6 m PZ, 1/24/06, 11:00 - 13:00) 

Table 3-1. Average and Standard Deviation of Real time Process 
Measurements of Gas Flow Rate, Liquid Flow Rate, and Liquid Density for 

Campaign 4, 1/24/06, 11:00-13:00 

Parameter Unit Location AVE STD SD/AVE 
    DEV % 

Gas Vol Flow m3/min Absorber Inlet 8.49 0.03 0.30 
Gas Mole Flow gmol/min Absorber Inlet 349.23 2.06 0.59 
Liq Vol Flow L/min Absorber Lean 56.78 0.58 1.02 
Liq Vol Flow L/min Absorber Rich 58.67 0.48 0.82 
Liq Vol Flow L/min Stripper Lean 56.72 2.24 3.95 
Liq Density kg/m3 Absorber Lean 1273.38 0.36 0.03 
Liq Density kg/m3 Absorber Rich 1271.41 0.43 0.03 
Liq Density kg/m3 Stripper Lean 1271.27 0.61 0.05 

Liq Mass Flow kg/min Absorber Lean 72.31 0.74 1.02 
Liq Mass Flow kg/min Absorber Rich 74.60 0.61 0.82 
Liq Mass Flow kg/min Stripper Lean 72.11 2.83 3.93 

 

The volumetric flow rate and density for the absorber lean, absorber rich 

and stripper lean streams are measured by the Micro Motion® flowmeters 
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(Figure 3-3).  The figure shows that the liquid flow rates oscillate over time.  The 

flow rate for the stripper lean exhibits the highest degree of oscillation and the 

highest standard deviation among the three flows rates.  The standard deviation 

for absorber lean, absorber rich, and stripper lean flow rates were 1.0, 0.8, and 

4.0%, respectively.  The density measurements also demonstrate a similar trend.  

The absorber lean and rich densities follow a smooth line and trend well with 

each other, whereas the density of the stripper lean tends to oscillate.  The figure 

seems to indicate that a filter was used to smooth out the density measurements 

for the absorber lean and absorber rich, whereas the stripper lean density 

measurement did not have a filter.  When a measurement is filtered, a running 

average over a period of 20 seconds is recorded instead of the instantaneous 

signal.  The standard deviations of the absorber lean, absorber rich, and stripper 

lean densities were 0.03, 0.03, and 0.05%, respectively.  The figure also seems to 

indicate that the density of the stripper lean matched the absorber rich instead of 

the absorber lean, which is unexpected.  The stripper lean density was adjusted 

to match the absorber lean measurements in the Data Reconciliation section of 

this chapter. 
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Figure 3-3. Real-time Liquid Flow Rate and Density Measurements of 
Absorber Lean (AL), Absorber Rich (AR), and Stripper Lean (SL) for 

Campaign 4 (6.4 m K+/1.6 m PZ, 1/24/06 11:00 - 13:00)  

The mass flow rates of the three liquid streams were calculated by 

multiplying the volumetric flow rate with the density (Figure 3-4).  The mass 

flow rates exhibit the cycling trend observed for the volumetric flow rates.  The 

absorber rich solution also has a consistently higher mass flow because of the 

absorption of CO2.  The figure also shows that after each liquid sample is taken, 

the stripper lean experiences a major upset and may take 20-30 minutes for it to 

recover from the disturbance. 
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Figure 3-4. Real-time Mass Flow Rate Measurements of Absorber Lean (AL), 

Absorber Rich (AR), and Stripper Lean (SL) for Campaign 4 (6.4 m K+/1.6 m PZ, 
1/24/06, 11:00 - 13:00) 

The temperature of the absorber lean, absorber rich, and stripper lean 

streams are measured by the Micro Motion® flowmeters (Figure 3-5).  The 

measurements show that the absorber rich temperature is consistently higher 

than the absorber lean temperature by approximately 7.5 °C and that the 

absorber lean and absorber rich temperatures trend well each other.  The figure 

also shows that the stripper lean temperature oscillates excessively, similar to the 

density and flow measurements.  Finally, the stripper lean temperature did not 

match the absorber lean temperature in the first 30 minutes of the time interval. 
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Figure 3-5. Real-time Temperature Measurements of Absorber Lean (AL), 

Absorber Rich (AR), and Stripper Lean (SL) for Campaign 4 (6.4 m K+/1.6 m PZ, 
1/24/06, 11:00 - 13:00) 

The stripper lean Micro Motion® measures the liquid flow from the 

stripper reboiler.  The level in the reboiler is maintained by the stripper bottoms 

pump (P-102) through a variable speed drive (VSD).  Due to the inherent design 

of the kettle reboiler, the volume of liquid is spread out over a large area.  Slight 

changes to the reboiler level results in a large displacement of liquid volume.  As 

a result, maintaining a constant level in the reboiler was difficult.  Also, the 

stripper bottoms pump is controlled in CASCADE mode base on the level of the 

reboiler.  In CASCADE mode, the level of the reboiler is manually set by the 

operator and the VSD of the pump is varied to maintain the specified reboiler 

level.  Therefore, the liquid flow to the stripper lean flowmeter constantly 

oscillated due to changes of the pump VSD.  In addition, upstream of the Micro 

Motion® flowmeter, there is a control valve which regulates the amount of 
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stripper lean liquid that is bypassed around the solvent cooler.  The two liquid 

streams are recombined just upstream of the flowmeter.  This may have also 

contributed to the fluctuations in temperature and flow measurements.  The 

oscillating temperatures resulted in fluctuating density readings.  Based on the 

above analysis, it was found that both the absorber lean and absorber rich flow 

rates had a standard error of ±1%, while the stripper lean had a standard error of 

±4%. 

The real time measurements of CO2 concentration for the inlet, middle, 

and outlet of the absorber for Campaign 4 on 1/20/06 from 3:00 to 5:30 AM are 

shown in Figure 3-6.  The inlet and outlet CO2 concentrations were measured 

with the in-situ Vaisala analyzers; the middle concentration was measured with 

the Horiba analyzer.  The figure also shows the concentration of carbon dioxide 

and water measured by the FTIR analyzer at the inlet and outlet of the absorber.  

The FTIR and Horiba analyzers use an extractive sampling system and the 

measurements for the two instruments were shifted by several minutes to 

account for the residence time in the sampling system. 

The Horiba measures dry CO2 gas concentration and the FTIR measures 

wet CO2 gas concentration.  Experiments indicated that the Vaisala analyzer 

measured wet CO2 gas concentration and this was assumed.  The figure shows 

that all of the measured CO2 gas concentrations trend relatively well with each 

other.  The slight oscillation in CO2 concentration over time was concluded to be 

reflective of real-time changes in the concentration and not associated with 

instrument noise or sampling error because all four measurements demonstrated 

the same peaks and valleys at the same time. 
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Figure 3-6. Real-time Measurements of CO2 and H2O Gas Concentrations in 

the Absorber and CO2 Recycle from the Stripper for Campaign 4 (5 m K+/2.5 m 
PZ, 1/20/06, 3:00 – 5:30) 

The FTIR CO2 concentrations match the inlet and outlet Vaisala 

measurements.  This is unexpected because the water content for the two 

analyzers are assumed to be different.  The oscillation of the outlet FTIR water 

concentration appears to trend with the outlet CO2 concentration, whereas the 

inlet H2O concentration does not follow trend of the inlet CO2 concentration.  The 

FTIR sample point is located 0.6 meters downstream of the steam injection point 

and the steam may not have completely mixed with the gas and resulted in 

erratic measurements. 

Finally, the plot shows that the CO2 recycle stream from the stripper 

trends well with the measurements of CO2 concentration.  However, the CO2 

recycle measurements oscillate excessively.  Over the time interval from 4:20 to 

5:30 AM, the standard deviation of the CO2 recycle measurement is ±1.8%.  The 
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CO2 recycle stream is measured with an annubar that was originally designed for 

vacuum operation and is oversized for pressure operation.  It was concluded that 

the real-time CO2 gas measurements are reliable, but the discrepancy between 

the FTIR and Vaisala measurements should be addressed in future experiments.  

Also, the outlet FTIR water measurement and CO2 recycle stream under high 

flow conditions are reliable. 

3.2 LIQUID DENSITY, FLOW RATE AND TEMPERATURE 

For each run condition, the real-time process measurements were 

averaged over the period ten minutes before and after the sample point.  In this 

section, the averaged values of the liquid density, flow rate, and temperatures for 

Campaign 4 are analyzed.  It was assumed that the data for the previous 

campaigns followed the same trends. 

Figure 3-7 compares the densities measured by the Micro Motion® 

flowmeters for the absorber lean, absorber rich, and stripper lean streams in a 

parity plot.  The figure shows that relative to the absorber lean, for the 5 m 

K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvents, the stripper lean was on average 

0.33% and 0.13% lower, respectively and the absorber rich stream was on 

average 0.6% higher and 0.04% lower, respectively.  The plot also shows that the 

5 m K+/2.5 m PZ density data has more variation than the 6.4 m K+/1.6 m PZ 

data.  Part of this discrepancy may have been due to the difference in 

temperature relative to the absorber lean stream. 
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Figure 3-7. Measured Density of Absorber Lean (AL), Absorber Rich (AR), and 
Stripper Lean (SL) by Micro Motion® Flowmeters of 5 m K+/2.5 m PZ and 6.4 m 

K+/1.6 m PZ for Campaign 4 

Figure 3-8 is a plot of the temperature difference for the absorber rich and 

stripper lean streams relative to the absorber lean stream.  The figure shows that 

for the 5 m K+/2.5 m PZ solvent, the majority of the stripper lean temperatures 

are 1 to 2 °C higher than that absorber lean and the difference in temperature for 

the 6.4 m K+/1.6 m PZ stripper lean and absorber lean streams are on average 

less than a 1 °C.  The absorber rich temperatures for the 5 m K+/2.5 m PZ and 6.4 

m K+/1.6 m PZ solvents are typically 4 to 12 °C and 4 to 8 °C higher than the 

absorber lean streams, respectively.  There relative difference in temperature 

between the absorber lean and rich streams appears to decrease with increasing 

absorber lean temperatures.  Another interpretation is that the liquid outlet 

temperature remained relatively constant and is independent of the inlet liquid 

stream temperature. 
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Figure 3-8. Temperatures of Absorber Lean (AL), Stripper Lean (SL), and 

Absorber Rich (AR) for 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ of Campaign 4 

The absorber inlet and outlet temperatures are measured by the Micro 

Motion® flowmeters and Rosemount pH meters at each respective location.  

Figure 3-9 shows that the temperature measurements by the pH probe for the 

absorber lean stream are on average consistently lower than that measured by 

the flowmeter.  The absorber lean pH probe is approximately 5 meters 

downstream of the flowmeter and the temperature is expected to be slightly 

lower.  However, temperature differences of 5 to 7 °C are observed for the 

absorber lean pH meter and flowmeter, which is unreasonable.  The absorber 

rich pH meter is located a few meters below the absorber sump and the absorber 

rich flowmeter is located approximately 37 meters downstream of the pH meter.  

The absorber rich liquid passes through a pump in between the pH probe 

measurement and the flowmeter measurement.  The pump may slightly increase 

the temperature of the absorber rich stream and this is reflected in the slightly 
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higher temperatures measured by flowmeter.  In both solvent compositions, the 

flowmeter temperatures are no more than 1 °C higher than the pH probe 

temperatures.  It was concluded that the temperatures measured by absorber 

inlet and outlet Micro Motion® flowmeters and absorber rich pH meter were 

reliable, but the absorber lean pH meter temperature measurement are not 

reliable. 

Data analysis of the absorber used the absorber lean Micro Motion® 

flowmeter and absorber rich pH probe temperature measurements as the 

absorber inlet and outlet temperatures, respectively.  However, the actual liquid 

temperature entering the absorber may be slightly cooler than the measured 

temperature because the temperature is measured approximately 22 meters 

upstream of the inlet nozzle. 
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Figure 3-9. Temperature Comparison of Micro Motion® Flowmeters and 
Rosemount pH Meters for the Absorber Inlet and Outlet of Campaign 4  
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The Micro Motion® Coriolis flowmeters measure mass flow, density, and 

temperature.  The parameters are then used to calculate the volumetric flow rate.  

The volumetric flow rate of the absorber lean, absorber rich, and stripper lean 

streams for Campaign 4 are compared in Figure 3-10.  The volumetric flow rates 

of the stripper lean for the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvents are 

on average, 0.9% lower and 0.3% higher than the absorber lean stream, 

respectively.  The volumetric flow rates of the absorber rich for the 5 m K+/2.5 m 

PZ and 6.4 m K+/1.6 m PZ solvents are on average, 2.4% and 3.3% higher than 

the absorber lean stream, respectively. 
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Figure 3-10. Volumetric Flow Rate Comparison of Absorber Lean (AL), 

Stripper Lean (SL), and Absorber Rich (AR) of 5 m K+/2.5 m PZ and 6.4 m 
K+/1.6 m PZ for Campaign 4  

Figure 3-11 illustrates the difference in mass flow rate between the 

absorber lean, absorber rich, and stripper lean stream of Campaign 4.  The mass 

flow rates of the stripper lean for the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ 
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solvents are on average, 1.2% lower and 0.2% higher than the absorber lean 

stream, respectively.  The mass flow rates of the absorber rich for the 5 m K+/2.5 

m PZ and 6.4 m K+/1.6 m PZ solvents are on average, 3.0% and 3.3% higher than 

the absorber lean streams, respectively. 
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Figure 3-11. Mass Flow Rate of Absorber Lean (AL), Stripper Lean (SL), and 

Absorber Rich (AR) for 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ of Campaign 4  

The slightly higher absorber rich mass flow rate is attributed to the 

absorption of CO2.  It was concluded that the discrepancy between the absorber 

lean and stripper lean mass flow rates was attributed to fluctuations in liquid 

flow due to reboiler level control issues and to possible error with the stripper 

lean density measurement.  The figure also shows that about 40% of the 5 m 

K+/2.5 m PZ runs were operated at 67 kg/min, with additional points at 55, 60, 

90, 109, 115, 134 kg/min.  For 6.4 m K+/1.6 m PZ solvent, approximately 40% of 

the runs were conducted at 72 kg/min, with additional points at 82, 86, 100, 111, 

and 125 kg/min. 
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3.3 LIQUID POTASSIUM AND PIPERAZINE CONCENTRATION 

For Campaign 4, the concentration of potassium and piperazine was 

analyzed using the ion chromatography method developed by this work.  The 

analytical method is detailed in the previous chapter.  The concentration of both 

species were analyzed in the absorber lean, absorber rich, absorber middle, 

stripper lean, and stripper middle samples.  The results of the piperazine and 

potassium analysis for the 5 m K+/2.5 m PZ solvent are shown in Figure 3-12.  

The plot shows that the concentration of both piperazine and potassium for the 

stripper middle samples are consistently lower than the other four sample 

locations by approximately 10%. 
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Figure 3-12. Potassium and Piperazine Measurements from Ion 

Chromatography for 5 m K+/2.5 m PZ of Campaign 4 for Absorber Lean (AL), 
Rich (AR), Middle (AM), and Stripper Lean (SL) and Middle (SM) 

A similar trend was also observed for the 6.4 m K+/1.6 m PZ solvent, 

where the stripper middle samples were 8.5% lower (Figure 3-13).  In the stripper, 
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reflux is continuously added as water to the solvent feed and it is possible that 

the solvent was being diluted.  However, at the same time, there is water loss 

from the solvent in the form of steam generation, which would concentrate the 

solvent.  At steady state, the evaporated water should be equivalent to amount of 

reflux that is being returned.  The ion chromatograph analysis of the stripper 

middle was conducted contiguously.  Therefore, it is possible that the calibration 

of analyzer for that set of runs was systemically offset by 10%.  The plot also 

shows that the piperazine concentration for several of the absorber lean points 

was systematically lower.  A more detailed analysis is presented later in this 

section.  A similar plot for the 6.4 m K+/1.6 m PZ solvent shows that the 

potassium concentration for the absorber lean points was consistently higher 

than the other sample points. 
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Figure 3-13. Potassium and Piperazine Measurements from Ion 

Chromatography for 6.4 m K+/1.6 m PZ of Campaign 4 for Absorber Lean (AL), 
Rich (AR), Middle (AM), and Stripper Lean (SL) and Middle (SM) 
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3.3.1 Potassium and Piperazine Concentration Adjustments 

A parity plot of the potassium concentrations for the absorber lean, 

absorber rich and stripper lean streams of Campaign 4 as measured by ion 

chromatography is shown in Figure 3-14.  The plot shows that the potassium 

concentration of the 5 m K+/2.5 m PZ absorber lean and stripper lean streams 

match.  However, the absorber rich potassium analysis is consistently lower than 

the absorber lean stream.  The absorber rich stream may have been slightly 

diluted by the addition of water from the steam injection of the gas pre-heater or 

the absorption of water from the gas due to condensation.  Another possibility is 

analytical error from the calibration and analysis of the solution on the ion 

chromatograph.  A similar trend is also observed for the piperazine analysis of 

the 5 m K+/2.5 m PZ absorber rich solution.  The plot was used to identify 

outliers of the potassium analysis for the 5 m K+/2.5 m PZ solutions. 
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Figure 3-14. Potassium Concentration Comparison of Absorber Lean (AL), 

Absorber Rich (AR), and Stripper Lean (SL) for Campaign 4  
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For 6.4 m K+/1.6 m PZ, the potassium concentration of the absorber lean is 

consistently higher than the absorber rich and stripper lean.  However, the 

absorber rich and stripper lean potassium values are consistent with each other.  

The analysis of the piperazine data for the 6.4 m K+/1.6 m PZ solutions did not 

demonstrate this trend.  Therefore, a correction factor of 0.924 was applied to the 

measured potassium concentrations of the 6.4 m K+/1.6 m PZ absorber lean data.  

The factor was obtained using MS Excel Solver function and setting the target of 

the average K/PZ mol ratio for the absorber lean equal to 3.61.  Figure 3-15 

shows the adjusted potassium concentration of the absorber lean points for the 

6.4 m K+/1.6 m PZ solution.  The figure was used to identify outliers for the 

potassium analysis of the 6.4 m K+/1.6 m PZ solution. 
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Figure 3-15. Corrected Absorber Lean Potassium Concentrations for 6.4 m 

K+/1.6 m PZ of Campaign 4 

The 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solutions were analyzed 

using standards containing piperazine and potassium carbonate at a K+/PZ ratio 
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of 2:1, which may have resulted in the possible discrepancies in the IC analysis of 

the 6.4 m K+/1.6 m PZ samples.  However, analysis of the 6.4 m K+/1.6 m PZ 

absorber rich and stripper lean for potassium and piperazine appear to be 

consistent with each other and do not support this hypothesis.  It was concluded 

that the IC method developed for the analysis of potassium and piperazine could 

be applied to the analysis of the 6.4 m K+/1.6 m PZ samples. 

The piperazine analysis from the ion chromatograph of the absorber lean, 

absorber rich and stripper lean solutions for Campaign 4 is shown in Figure 3-16.  

The piperazine analysis for the 5 m K+/2.5 m PZ solution shows that the 

absorber rich values are on average slightly lower than the absorber lean, while 

the stripper lean values were slightly higher than the absorber lean values.  

However, corrections were not applied to the measured values because the 

differences were relatively minor.  The piperazine values for the 6.4 m K+/1.6 m 

PZ samples appear to be consistent with each other and no corrections were 

made.  The plot was used to eliminate outliers for the piperazine analysis. 

Although the absolute values of the piperazine and potassium values may 

change from sample to sample due to changes in solvent density, the ratio of K+ 

to PZ should remain the same.  An analysis of the 5 m K+/2.5 m PZ solution 

shows that a portion of the absorber lean K+/PZ was 2.25 instead of 2.1.  Closer 

examination of the piperazine and potassium data indicate that the piperazine 

concentration for 25% of the data set was 6% lower than the stripper lean and 

absorber rich piperazine concentration.  The piperazine concentrations for those 

points were adjusted by a factor of 1.068 to give a K+/PZ ratio of 2.11. 
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Figure 3-16. Piperazine Concentration of Absorber Lean (AL), Absorber Rich 

(AR), and Stripper Lean (SL) for Campaign 4  
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Figure 3-17. K+/PZ Ratio Comparison Absorber Lean (AL), Absorber Rich (AR) 

and Stripper Lean (SL) for 5 m K+/2.5 m PZ of Campaign 4 
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A similar analysis for the 6.4 m K+/1.6 m PZ samples shows that the 

average K+/PZ ratio for the three solvent streams was approximately 3.6 instead 

of 4 (Figure 3-18).  The stripper lean samples match relatively well with the 

absorber lean while the absorber rich points are just slightly higher than absorber 

lean (Figure 3-18).  The figure also indicates that some of absorber lean points did 

not match the absorber rich and stripper lean.  Also, some of the absorber rich 

points appear to be consistently lower than the absorber lean.  The outlying 

points were identified for data analysis. 
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Figure 3-18. K+/PZ Ratio Comparison Absorber Lean (AL), Absorber Rich (AR) 

and Stripper Lean (SL) for 6.4 m K+/1.6 m PZ of Campaign 4  

Figure 3-19 shows that the total alkalinity (mol K+ + 2 mol PZ) of the 

absorber rich was consistently lower than the absorber lean stream for the 5 m 

K+/2.5 m PZ solvent, while the stripper lean points were on average slightly 

higher than the absorber lean points.  For the 6.4 m K+/1.6 m PZ solvent, the 

stripper lean values are slightly higher than the absorber lean (Figure 3-20).  The 
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absorber lean and rich measurements are scattered, but consistent with each 

other.  Based on the data analysis, it was concluded that the ion chromatography 

analysis for piperazine and potassium concentration had a precision of 

approximately ±10%.  In addition, the titration method used in the initial analysis 

for piperazine and potassium produced results that were consistently lower than 

the ion chromatography method. 
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Figure 3-19. Total Alkalinity of Absorber Lean (AL), Absorber Rich (AR) and 

Stripper Lean (SL) for 5 m K+/2.5 m PZ of Campaign 4 
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Figure 3-20. Total Alkalinity of Absorber Lean (AL), Absorber Rich (AR) and 

Stripper Lean (SL) for 6.4 m K+/1.6 m PZ of Campaign 4 

3.4 CO2 LOADING 

An analysis of the CO2 loading for the absorber lean and stripper lean for 

Campaign 2 is shown in Figure 3-21.  The loading for the two samples should 

match if the system is at steady state.  The parity plot shows that there is some 

discrepancy between the absorber lean and stripper lean loading data.  The 

absolute average deviation for the CO2 loading of the two streams is 11.3%.  This 

discrepancy may be related to analytical issues and inconsistencies that were 

encountered during the loading analysis.  It is also possible that the pilot plant 

was not at steady state and the composition of the stripper lean was different 

from the absorber lean composition.  It is difficult to determine the exact cause 

because the errore appear to be randomly distributed. 
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Figure 3-21. Absorber Lean and Stripper Lean CO2 Loading for 5 m K+/2.5 m 

PZ of Campaign 2 

Figure 3-22 is a parity plot of CO2 loading for the absorber lean and 

stripper lean of Campaign 4.  The figure shows that the loading analysis is 

relatively reliable because the absorber lean and stripper lean loading matched 

relatively well.  The absolute average deviation for the 5 m K+/2.5 m PZ and 6.4 

m K+/1.6 m PZ solvents are 2.7% and 2.2%, respectively.  The plot was used to 

eliminate outlying absorber lean and stripper lean loading points.  The points 

that had deviations greater than 5% were flagged and eliminated.  
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Figure 3-22. Absorber Lean and Stripper Lean Loading for 5 m K+/2.5 m PZ and 

6.4 m K+/1.6 m PZ of Campaign 4 

The capacity of a solvent is defined as the amount of CO2 that is absorbed 

per unit mass of solvent.  The capacity for the experimental runs was calculated 

by taking the difference in CO2 loading between the absorber rich and absorber 

lean stream.  A plot of the absorber lean and absorber rich loading for Campaign 

4 shows that the capacity for the 5 m K+/2.5 m PZ solvent is approximately 50% 

higher than the 6.4 m K+/1.6 m PZ solvent (Figure 3-23).  The figure also shows 

that the range of lean loading for the two solvents is completely different.  The 5 

m K+/2.5 m PZ solvent was operated at a lower range of lean loading, 2.3 to 2.7 

mol CO2/kg soln and the 6.4 m K+/1.6 m PZ solvent was operated from 2.6 to 3.2 

mol CO2/kg soln. 
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Figure 3-23. Absorber Lean and Absorber Rich Loading Comparison for 5 m 

K+/2.5 m PZ and 6.4 m K+/1.6 m PZ of Campaign 4 

Direct correlation of solvent loading to absolute pH values is difficult to 

measure and often unreliable due to limitations and differences among pH 

meters.  However, indirect measurement of CO2 loading through pH provides 

the operator real-time feedback of process conditions and simplifies operation of 

the plant.  The difference between the measured pH values for the absorber lean 

and absorber rich is plotted against the difference in CO2 loading of the absorber 

lean and rich streams, or capacity, of the solvent (Figure 3-24).  The figure shows 

that the liquid capacity for the 5 m K+/2.5 m PZ solvent correlated well with the 

ΔpH, whereas there was some scatter with the 6.4 m K+/1.6 m PZ data.  

Temperature corrections for the solvent and pH probe were not applied.  The 

automatic temperature compensation function for the pH meter had been 

disabled.  The figure also shows that the 5 m K+/2.5 m PZ solvent has a capacity 

that ranges from approximately 0.35 to 0.74 mol CO2/kg soln, while the 6.4 m 
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K+/1.6 m PZ solvent has a capacity that ranges from 0.20 to 0.45 mol CO2/kg 

soln.  It was assumed that the measured pH values were more reliable than the 

CO2 loading analysis.  Therefore, the figure shows that the some of the loading 

measurements for 6.4 m K+/1.6 m PZ contained significant error.  The plot can be 

used to determine the correct value of the erroneous loading measurements.  By 

taking the difference in pH and knowing at least one of the loading points are 

accurate, the incorrect loading measurement can be calculated from the capacity 

plot.  This method was not used in the analysis of the pilot plant data. 
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Figure 3-24. Liquid CO2 Capacity and pH Difference Between Absorber Lean 

and Rich for 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ of Campaign 4 

The pH and loading measurements obtained in Campaign 4 are shown in 

Figure 3-25.  The plot shows that the pH decreases with an increase in CO2 

loading of the solution.  The figure shows significant scatter and poor correlation 

of the pH and loading measurements.  The correlation of absolute pH 

measurements with CO2 loading was difficult to obtain because the water 
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content was constantly changing throughout the campaigns.  Also, due to the 

high ionic strength of the solvent, the pH measurements may not have been 

reliable.  In addition, the pH meters were only calibrated at the beginning of each 

campaign.  Instrument drift or pH probe degradation over time will affect 

absolute pH measurements.  Finally, the accuracy of the loading measurements 

will contribute to some of the error. 
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Figure 3-25. Loading and pH Measurements for Absorber Lean (AL) and 

Absorber Rich (AR) of Campaign 4 

3.5 GAS FLOW RATE 

In the first two campaigns, the gas flow was measured with a Dietrich 

Standard AN-75 annubar and Ashcroft pressure transmitters in a 20.3 cm 

diameter PVC pipe.  There were some issues with the Ashcroft transmitters and 

they were eventually replaced with Rosemount 3051 pressure transmitters.  The 

replacement date of the pressure transmitters is unclear, but may have occurred 
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during Campaign 2.  The gas flow rate was verified using a pitot tube traverse in 

February 2004, before the start of Campaign 1 and was determined to be accurate. 

In Campaign 3, the 20.3 cm diameter gas line was replaced with smaller 

diameter gas lines, 7.6 cm and 10.2 cm schedule 40 PVC pipe and new annubars 

were installed in each of the gas lines.  During the operation of Campaign 3, 

there were some issues with the gas rate measurement.  When the gas flow was 

shut off, the transmitter still displayed a relatively large flow rate.  The gas flow 

was manually zeroed in DeltaV to correct the offset. 

In Campaign 4, the two PVC gas lines were replaced with a single 10.2 cm 

diameter Schedule 10 stainless steel pipe and the annubar used in the previous 

campaign was reinstalled.  A correction factor for the new inner diameter was 

applied in DeltaV.  The gas flow rate was not re-evaluated after the modifications 

made in Campaigns 3 and 4.  However, packing tests that were performed after 

Campaigns 3 and 4 showed that the pressure drop measurements were 

comparable to the vendor values.  It was concluded that the real-time gas flow 

measurements were reliable. 

The gas flows for all of the annubars were calibrated for dry air.  However, 

during the operation of the CO2 capture pilot plant, the composition of the gas 

contained between 3 to 18% CO2 and from 2 to 10% H2O.  The molecular weight 

of the air stream was corrected for the difference in gas composition.  The 

correction term was applied as the square root of the ratio of the two molecular 

weights of the gases.  The correction term reduced the measured gas rate by 

approximately 3–5%. 

3.6 CO2 GAS CALIBRATION STANDARDS 

In the second campaign, it was erroneously concluded that the CO2 

calibration gas cylinders were based on a weight percent instead of volume 
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percent.  If it is assumed that the calibration gases are in weight percent, the 

material balance for the gas phase matches the liquid phase.  When the sales 

representative of the gas provider was consulted, we were informed that the 

cylinders were filled gravimetrically and it was initially assumed that the 

percentages were based on weight.  In the MEA campaign, a gas cylinder for 17% 

was purchased and used to calibrate the CO2 analyzers.  It was assumed that the 

17% was in weight percent, which was equivalent to 12 mole percent. 

However, after the completion of the Campaign 4, the material balance 

did not close when a weight based assumption was made.  Further investigation 

into the matter and additional contacts with the manufacturer indicated that the 

concentrations were volume percent and not mass percent.  To further 

corroborate this, some of the cylinders were tested. 

3.7 CO2 GAS ANALYZER CALIBRATION  

The Vaisala and Horiba analyzers are calibrated on a dry basis with 

Primary Standards for 1%, 4%, 4.9%, 12%, and 16.9 mol% CO2 purchased from 

Praxair, Inc.  The Vaisala analyzers are located in situ and provide real time CO2 

gas measurements.  The Horiba analyzer uses an extractive sampling system.  

Although calibrations are performed on a dry basis, online Vaisala 

measurements of CO2 are taken under wet, sometimes even condensing 

conditions such as in Campaign 2.  The gas stream for the Horiba analyzer, on 

the other hand, is conditioned and the water is removed prior to analysis. 

An analysis of the method, procedure, and results for the calibration of the 

CO2 analyzers was performed and a few errors were discovered.  In Campaigns 

1 and 2, linear calibration curves were used.  In Campaigns 3 and 4, a second 

order polynomial was used to fit the calibration curve.  Once the calibration 

curves are created, the parameters are inputted into the DeltaV process control 
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system and need to be uploaded into DeltaV in order for the changes to take 

effect.  If the new parameters are not uploaded, DeltaV continues to use the 

original calibration parameters.   

A review of the logged CO2 gas concentration data found that the 

calibration parameters for Campaign 2 were not properly updated.  A 

comparison of the process screen printouts and logged data showed that the 

calibration curve parameters for the outlet CO2 concentration had not been 

uploaded and updated after the 11/02/04 calibration.  The printout indicated 

that the 10/27/04 calibration parameters were used for the CO2 outlet.  In 

addition, it is possible that the inlet calibration curve had also not been updated, 

which may be significant because the slope of the calibration curve for the 

Horiba had changed from 1.24 to 1.42.  The material balance for Campaign 2 did 

not close after the pilot plant was reconfigured for vacuum operation, which also 

corresponds to when the analyzer was recalibrated on 11/02/04. 

In addition, it was discovered that the raw signals for the CO2 

concentration were being logged by DeltaV instead of the calibrated values.  This 

error was discovered after the completion of all four pilot plant campaigns when 

the online process screens were compared to the logged pilot plant data.  It was 

also discovered that the raw signals for the inlet and outlet CO2 of Campaign 1 

were logged instead of the calibrated values.  In Campaigns 2 and 4, the 

calibrated inlet CO2 concentration had been logged, but the raw signal for the 

outlet CO2 concentration was logged.  The raw outlet CO2 concentration for 

Campaign 3 may have also been logged, but this was not verified.  The erroneous 

inlet and outlet CO2 concentrations for Campaigns 1, 2 and 4 were updated using 

the log sheet of the CO2 calibration curves. 

The calibration date and parameters for the CO2 analyzer calibration 

curves for Campaigns 1, 2, 3, and 4 are listed in Tables 3-2, 3-3, 3-4, and 3-5, 
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respectively.  The calibration curves for Campaigns 3 and 4 have been refitted to 

a linear equation instead of a polynomial to facilitate comparison.  Three to four 

calibration points were used to generate the calibration equations, which all had 

R2 values greater than 0.999. 

Table 3-2. Campaign 1 CO2 Gas Analyzer Calibration Date and Equations 

Date Time CO2 In 
Vaisala 0–20% 

CO2 Mid 
Horiba 0–5% 

CO2 Out 
Vaisala 0–1% 

6/15/04  y = 1.0359x + 0.0045 - - 
6/18/04 9:37 y = 1.0234x + 0.0219 y = 0.3087x - 1.193 y = 1.1001x - 0.0154 
6/23/04 9:00 y = 1.0555x - 0.0166 y = 0.4278x - 1.7112 y = 1.0373x - 0.0373 
6/24/04 7:30 y = 1.0355x + 0.0085 y = 0.4479x - 1.7237 y = 1.0808x - 0.0203 

 

Table 3-3. Campaign 2 CO2 Gas Analyzer Calibration Date and Equations 

Date Time CO2 In 
Horiba 0–20% 

CO2 Out 
Vaisala 0–5% 

10/24/04  - y = 1.1534x - 0.0528 
10/25/04 16:59 y = 1.2631x - 4.8906 - 
10/26/04  y = 1.2342x - 4.7243 - 
10/27/04  y = 1.2383x - 4.8413 y = 1.1529x - 0.0305 
11/02/04  y = 1.4169x - 5.4974 y = 1.1008x - 0.0562 

 

Table 3-4. Campaign 3 CO2 Gas Analyzer Calibration Date and Equations  

Date Time CO2 In 
Vaisala 0–20% 

CO2 Mid 
Horiba 0–20% 

CO2 Out 
Vaisala 0–5% 

2/25/05 15:00 y = 0.9927x - 0.0318 y = 1.5533x - 6.2009 - 
2/28/05 - - - y = 1.1079x - 0.0744 
3/08/05 17:35 - y = 1.5675x - 5.7953 - 
3/14/05 - - - y = 1.1179x - 0.0508 
3/17/05 - y = 0.9731x - 0.0265 y = 1.5583x - 5.7671 y = 1.1049x - 0.0650 
4/05/05 - y = 0.9731x + 0.0114 y = 1.6127x - 5.9312 y = 1.1988x - 0.0580 
4/14/05 - y = 0.9221x + 0.0531 y = 1.5916x - 5.9856 y = 1.1980x - 0.0752 
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Table 3-5. Campaign 4 CO2 Gas Analyzer Calibration Date and Equations 

Date Time CO2 In 
Vaisala 0–20% 

CO2 Mid 
Horiba 0–20% 

CO2 Out 
Vaisala 0–5% 

11/07/05 12:29 y = 0.9473x - 0.0004 y = 1.5856x - 6.3451 y = 1.2264x - 0.1223 
1/10/06 7:55 y = 0.9560x - 0.1172 y = 1.6613x - 6.5822 y = 1.1508x - 0.1399 
1/18/06 13:18 y = 0.9443x - 0.0863 y = 1.7545x - 6.7772 y = 1.2164x - 0.1403 

FTIR  CO2 In - CO2 Out 
1/10/06 7:55 y = 1.0885x - 2E-05 - Same 

 

The tables show that the slope of the calibration curve for the 0–5% Horiba 

analyzer increased by 30% from the 6/18/04 to 6/23/04 calibration, but 

remained relatively constant in the calibration the on following day.  The slope of 

the high concentration Horiba analyzer (0–20%) steadily increased with each 

campaign, changing from 1.23 to 1.75.  In Campaign 2, the slope changed by 

approximately 15% for the 11/02/04 calibration.  In Campaign 3, the slope for 

the Horiba remained relatively constant and fluctuated between 1.5 and 1.6.  In 

Campaign 4, the slope increased from 1.66 to 1.75, an increase of 5.4%.  The 

Horiba produces a 4–20mA signal, which should give an offset of 4.  The tables 

show that the intercept of the calibration curve increases from 4.7 to 6.8 over the 

course of the three campaigns.   

In Campaign 1, the slope of the inlet 0–20% Vaisala CO2 analyzer 

remained relatively constant, fluctuating between 1.02 and 1.06.  In Campaign 2, 

the inlet 0–20% Vaisala CO2 analyzer failed at the beginning of the experiments 

due to excessive moisture in the gas.  A new 0–20% Vaisala probe was purchased 

and installed for Campaign 3.  The inlet 0–20% Vaisala CO2 analyzer was 

calibrated a total of four times during Campaign 3.  At the start of the campaign, 

the slope the calibration curve was 0.99 and eventually drifted down to 0.92.  

Prior to the start of Campaign 4, another 0–20% Vaisala probe was purchased.  

The new probe was installed and the old probe was retained as the backup in 
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event of another probe failure.  In Campaign 4, the inlet Vaisala analyzer was 

calibrated twice and remained relatively stable.  The slope for the calibration 

equations varied between 0.96 and 0.94 and intercept varied from 0.11 to 0.09. 

The outlet 0–5% Vaisala CO2 analyzer also appeared to remain relatively 

stable.  In Campaign 1, the slope of the calibration curve ranged from 1.04 to 1.10 

(~5% difference).  In Campaign 2, the slope of the calibration curve also varied by 

5%, changing from 1.15 to 1.10.  In Campaign 3, the slope of the calibration 

changed from 1.11 to 1.20, a difference of 10%.  In Campaign 4, a new 0–5% 

Vaisala probe was installed, but the existing transmitter was retained.  The slope 

of the calibration curve was 1.15 at the beginning of the campaign had slightly 

drifted to 1.22 when the analyzer was recalibrated at the start of the 6.4 m K+/1.6 

m PZ solvent composition change.  

In Campaign 4, the FTIR was calibrated at the start of the campaign 

(1/10/06) with the same CO2 gas standards used for the Horiba and Vaisala 

following the same standard procedure.  A calibration curve was generated and 

the parameters were entered into the DeltaV system.  The slope of the calibration 

curve was determined to be 1.09.  On 1/23/06, the baseline for the FTIR was re-

zeroed.  There was some concern with the results of the FTIR calibration.  First, 

the FTIR had previously been calibrated in the laboratory and according some 

sources, it did not need to be recalibrated once transported into the field.  If this 

is true, this indicates that either the 3 CO2 gas cylinders used to calibrate the FTIR 

were all off by 9% or there was a leak in the sample line. 

During the analysis of the CO2 gas concentration, it was found that the 

response for FTIR and Horiba lagged slightly behind that of the Vaisala 

analyzers, due to the extractive sampling methods used by both analyzers.  At 

each sample point, the data points 10 minutes before and after were averaged.  

The amount of time that the FTIR and Horiba data was shifted was evaluated on 
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a case by case basis.  The trend lines for all of the CO2 gas concentrations were 

plotted and visually matched.  The logged values for the FTIR were shifted by 4 

minutes for the data taken on the 10, 11, 12, 18, and 19th.  The data taken on the 

11th was shifted by 5 minutes.  The data for the remaining dates were shifted by 8 

minutes.  The Horiba data was shifted by 3 minutes for 1/12/06 and by 1 minute 

for 1/18/06 and 1/19/06.  The remaining data points were shifted by 2 minutes.  

In some cases, some of the FTIR points were deleted from the average because it 

occurred during the period when the location of the FITR analysis was switched 

from inlet to outlet or vice versa. 

Some possible sources of error for the CO2 analyzers include differences in 

the flow rate between the calibration gas and the sampling flow rate once the 

analyzers were placed into service.  If the sample gas rate is different than the 

calibration flow rate, there may be slight discrepancies with the measured CO2 

concentration.  In addition, it is possible that there may have been slight leaks in 

the sample lines.  The Horiba sampling system consists of an initial water 

knockout, a sample pump, another water knockout and a membrane for further 

drying.  During the operation of the pilot plant, the initial knockout continuously 

condensed water from the sample gas, which may have contained residual 

solvent that absorbed CO2.  In addition, a portion of the sample gas is diverted 

through the second water knockout and the remaining gas is sent to the Horiba 

analyzer for analysis.  A rotameter on the outlet of the Horiba analyzer was used 

to control the sample gas flow rate.  Depending on the conditions in the absorber, 

there was some variation in sampling gas rate.  The rotameter on the outlet of the 

Horiba needed to be adjusted periodically to maintain a constant sampling gas 

rate.  This may have contributed to some discrepancies in the analysis. 
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3.8 CO2 GAS CONCENTRATION 

Figure 3-26 shows that the inlet CO2 gas concentration measured by the 

FTIR and Vaisala analyzers matched.  The absolute average deviation for the 5 m 

K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvents were 1.2% and 1.7%, respectively.  

The two gas concentrations are measured on a wet basis and are expected to be 

different because the water content for the two locations should have been 

different. 
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Figure 3-26. Campaign 4 Inlet CO2 Gas Concentration of Vaisala 0–20% and 

FTIR (Wet Basis) for 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ 

Wet and dry CO2 calibration experiments that were performed on the 

Vaisala CO2 analyzers indicated that the sensors were responsive to water vapor 

pressure.  A gas mixture of CO2 and air was preheated and humidified prior to 

analysis by the Vaisala.  An increase in water vapor results in a proportionate 

decrease in reading for CO2 concentration.  The water vapor concentration was 
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adjusted by increasing the temperature and the changes may have partially been 

a result of the effect of temperature on the Vaisala analyzers. 

The inlet Vaisala analyzer is located upstream of the steam injection and 

was assumed to be at the annubar temperature, which varied between 16 to 

27 °C.  This results in a saturated water concentration ranging from 1.8 to 3.5 

mol%.  The FTIR, on the other hand, was analyzed at a gas temperature that was 

approximately 40 °C, which results in a saturated water concentration of 7.3 

mol%. 

One possible interpretation of the unexpected discrepancy is that while 

the steam injection may have heated the gas to 40 °C, the gas may not have been 

fully saturated.  This resulted in water concentrations that are comparable to the 

conditions at the Vaisala analyzer.  Under certain operating conditions, the 

Vaisala probes may have become wet due to condensing water.  A thin paper-

like membrane is used in the Vaisala probes to prevent water from contacting the 

working parts of the probe.  However, the membrane is not mechanically sealed 

and there is a possibility of water leakage. The Vaisala probes are designed to 

work in non-condensing environments.  In Campaign 2, the inlet Vaisala CO2 

analyzer failed because condensing water had penetrated the membrane.  It was 

concluded that the selection of the in situ Vaisala analyzers was useful for real 

time feedback for use in process control, but may not suitable for accurate 

measurements of CO2 in a pilot plant environment, especially under saturated 

conditions.  Finally, the liquid used to feed the steam injector is from the 

distillate of the stripper condenser.  The distillate may contain residual amounts 

of piperazine, which would have depressed the equilibrium vapor pressure of 

water. 

The outlet CO2 gas concentration (wet basis) measured by the FTIR and 

Vaisala analyzers also matched (Figure 3-27).  The absolute average deviation for 
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the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvents were 5.7% and 1.3%, 

respectively.  The two measurements of CO2 are expected to be different because 

of the water content and gas temperature.  The FTIR withdraws the gas sample 

directly from the head section at the top of the absorber, whereas the Vaisala 

analyzer, which is located downstream of the FTIR, analyzes a gas stream that 

has passed through the air cooler, a water knockout and is at a temperature of 10 

to 16 °C.  However, the equilibrium vapor pressure of water exiting the absorber 

will be lower than that of pure water because of the presence of potassium 

carbonate and piperazine. 
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Figure 3-27. Campaign 4 Outlet CO2 Gas Concentration of Vaisala 0–20% and 

FTIR (Wet Basis) for 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ 

The outlet Vaisala analyzer was operated under a slight vacuum (-0.4–1.5 

kPag).  It is possible that there may have been a slight leak.  The diameter of the 

Vaisala probe was a non-standard metric size and was inserted in the gas pipe 

using a Swagelok fitting with Teflon ferrules.  Although the seal around the 
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outside of the probe may have been sufficient, it is unknown whether the probe 

itself was gas–tight.  There is a cable that connects the probe to the transmitter 

and the seal between the probe and cable was probably not designed to be gas–

tight.  Depending operating conditions and the vacuum pressure a slight leak 

may have been possible. 

3.9 H2O GAS CONCENTRATION 

The concentration of water in the gas is important for determining the 

concentration of CO2 in the gas.  The absorber inlet and outlet water 

concentration was measured with the FTIR and was used as way to verify 

assumptions made regarding water content in the gas.  The saturated vapor 

pressure of water calculated at the measured inlet and outlet gas temperatures is 

plotted against the values obtained by the FTIR (Figure 3-28). 

The calculated vapor pressure of water assumes that the solvent is pure 

water and may not be valid for the outlet gas because the solvent contains 

piperazine and potassium carbonate.  Therefore, the vapor pressure of water for 

the outlet gas should be slightly depressed.  The absolute average deviation of 

the measured outlet water concentration was 5.5% and 7.9% lower than the 

calculated values for the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvent, 

respectively.  The absolute average deviation of the measured inlet water 

concentration was 10% and 17.4% lower than the calculated values, for the 5 m 

K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvent, respectively.  The variation of the 

measured values is most likely due to the close proximity of the FTIR inlet 

sample port to the steam injection point.  The gas was not well mixed at the 

sample point and resulted in erratic water measurements.  In addition, the 

depressed values may be due to the presence of residual solvent in the distillate.  
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This was confirmed when the absorber gas preheater had to be shut down to 

remove solvent residue that had accumulated over time on the reboiler tubes. 
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Figure 3-28. Gas Phase H2O Concentration Measured by FTIR and Calculated 
Values Assuming Saturation at Measured Inlet and Outlet Gas Temperatures 

for 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ of Campaign 4 

The vapor pressure of water over the 5 m K+/2.5 m PZ solvent was 

calculated with the Hilliard Aspen Plus® VLE model using a flash calculation 

from 25 – 60 °C.  Figure 3-29 shows that the vapor pressure values predicted by 

Aspen Plus® are approximately 14% lower than that predicted by the DIPPR 

equation (Design Institute for Physical Properties (DIPPR), 2006) over pure water.  

The points that are predicted by the VLE model are fitted to a second order 

polynomial is given by: 

 ( ) ( ) 7.6016)(12.348)(8518.8 2

2
+×−×= CTCTP AspenPlusOH    (3.1) 
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Figure 3-29. Predicted Vapor Pressure of Water Using Hilliard Aspen Plus® 

VLE Model and Calculated Vapor Pressure over Pure Water  

The values measured by the outlet FTIR would most likely correspond to 

the values predicted by the Aspen Plus® VLE model, but the FTIR values are not 

as low as that predicted by the simulation.  However, the FTIR sample point is 

approximately 7 meters upstream of the outlet gas temperature measurement, 

which may have been at a higher temperature. Thus, a higher water vapor 

pressure would be expected.  Also, the measured pressure at the top of the 

absorber column may not have corresponded to the value at the FTIR sample 

location and will slightly affect the mole percent reading of the FTIR.  Finally, the 

values of the water vapor pressure predicted by the Aspen Plus® model may not 

be accurate. 

3.10 GAS PHASE IMPURITIES 

Impurities may accumulate in the gas over time because it is continuously 

recycled.  In Campaign 4, the gas phase concentration of piperazine was 
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measured with the FTIR.  The FTIR measurements showed that the majority of 

the piperazine measurements were in the 0–20 ppm range for both the inlet and 

outlet of the absorber and it was concluded that piperazine volatility was 

insignificant (McLees, 2006).  The FTIR measurements also identified an 

unknown amine, possibly a degradation product, which had a sample spectrum 

similar to ethylenediamine and ethylamine.  During the operation of the 5 m 

K+/2.5 m PZ solvent, 10–100 ppm of hexane was detected by the FTIR.  When the 

solvent was changed to 6.4 m K+/1.6 m PZ, the inlet and outlet hexane 

concentration increased to 100–1000 ppm.  Hexane was used in an extraction 

experiment in the absorber prior to the start of Campaign 4.  In addition, 2–5 

ppm of NOx was measured in the gas.  Finally, it is possible that oil from the 

vacuum pump may have accumulated in gas over time because the gas comes 

into direct contact with the oil.  Aside from hexane, the concentrations of gas 

phase impurities were negligible.  Therefore, gas phase impurities should not 

affect the liquid composition and the performance of the absorber. 

3.11 DATA RECONCILIATION 

3.11.1 Stripper Lean Density 

The density of the stripper lean measurements for Campaign 4 was 

adjusted to match the absorber lean measurements.  Based on bench-scale 

density measurements made in Campaign 4, the dependence of temperature of 

the solvent was correlated and found have an average slope of -

0.000542±0.0000095.  The measured absorber lean and stripper lean densities 

were corrected to 40 °C and correlated based on a parity plot.  For 5 m K+/2.5 m 

PZ solvent, the density was corrected by the following equation: 

  0401.00343.1 5.2/5,, −⋅= PZKSLSLCORR ρρ    (3.2) 
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For the 6.4 m K+/1.6 m PZ solvent, the density was corrected by the 

following equation: 

  0515.00419.1 6.1/4.6,, −⋅= PZKSLSLCORR ρρ    (3.3) 
 

where ρ  has units of g/cm3.  The corrected density measurements are 

enumerated by the following table: 

Table 3-6. Campaign 4 Corrected Stripper Lean Density Measurements for 5 m 
K+/2.5 m PZ and 6.4 m K+/1.6 m PZ 

Run# SL Density SL Density  Run# SL Density SL Density 
 Original Corrected   Original Corrected 
 kg/m3 kg/m3    kg/m3 kg/m3  

4.1 1221 1223  4.20.1 1276 1278 
4.2.1 1226 1228  4.20.2 1274 1276 
4.2.2 1227 1229  4.21.1 1263 1264 
4.3.1 1225 1227  4.21.2. 1265 1267 
4.3.2 1225 1227  4.22.1 1271 1273 
4.4.1 1225 1227  4.22.2 1272 1274 
4.4.2 1225 1227  4.23 1274 1276 
4.5.1 1228 1230  4.24 1271 1272 
4.5.2 1230 1232  4.25 1265 1267 
4.6.1 1212 1214  4.26.1 1263 1264 
4.6.2 1213 1214  4.26.2 1264 1265 
4.7.1 1213 1215  4.27.1 1265 1266 
4.7.2 1213 1214  4.27.2 1266 1267 
4.8 1211 1212  4.28.1 1262 1263 

4.9.1 1213 1214  4.28.2 1263 1264 
4.9.2 1213 1215  4.29.1 1266 1268 
4.10.1 1212 1214  4.29.2 1268 1269 
4.10.2 1215 1217  4.30.1 1263 1265 
4.11.1 1216 1217  4.30.2 1265 1267 
4.11.2 1216 1218  4.31.1 1262 1263 
4.12.1 1218 1220  4.31.2 1263 1265 
4.12.2 1219 1220  4.32.1 1265 1266 
4.13.1 1215 1217  4.32.2 1265 1267 
4.13.2 1215 1216  4.33.1 1260 1261 
4.14.1 1217 1219  4.33.2 1260 1262 
4.14.2 1216 1218     
4.15.1 1218 1220     
4.15.2 1219 1220     
4.16.1 1217 1218     
4.16.2 1217 1219     
4.17.1 1216 1217     
4.17.2 1215 1217     
4.18 1221 1223     
4.19 1221 1222     
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3.11.2 Potassium, Piperazine, and CO2 Concentration 

The adjusted data for the potassium, piperazine, and CO2 concentration of 

Campaign 4 are listed in the tables below.  The adjustment factor and the 

corresponding data point are enumerated for the absorber lean and stripper 

middle samples of the 5 m K+/2.5 m PZ solution (Table 3-7). 

Table 3-7. Adjusted Liquid Analysis Data for Campaign 4 (5 m K+/2.5 m PZ) 

Run# AK K+ AL K+ AL PZ AL PZ AL CO2 AL CO2 SM K+ SM K+ SM PZ SM PZ 
 Adj Adj Adj Adj Adj Adj Adj Adj Adj Adj 
 Factor mol/kg Factor mol/kg Factor mol/kg Factor mol/kg Factor mol/kg 

4.1 - 3.04 - 1.43 - 2.55 1.11 2.90 1.10 1.39 
4.2.1 - 3.15 - 1.49 - 2.56 1.11 2.98 1.10 1.43 
4.2.2 - 3.16 - 1.49 - 2.50 1.11 3.17 1.10 1.52 
4.3.1 - 3.10 - 1.47 - 2.68 1.11 3.20 1.10 1.52 
4.3.2 - 3.15 - 1.49 - 2.68 1.11 3.22 1.10 1.55 
4.4.1 - 3.15 - 1.50 - 2.66 1.11 3.15 1.10 1.52 
4.4.2 0.90 3.13 0.90 1.50 0.90 2.69 1.11 3.23 1.10 1.56 
4.5.1 - 3.14 - 1.49 - 2.66 1.11 3.24 1.10 1.56 
4.5.2 - 3.15 - 1.50 - 2.70 1.11 3.19 1.10 1.53 
4.6.1 - 3.05 - 1.45 - 2.42 1.11 2.87 1.10 1.40 
4.6.2 - 3.08 - 1.46 - 2.43 1.11 3.04 1.10 1.47 
4.7.1 - 3.12 - 1.47 - 2.34 1.11 2.90 1.10 1.40 
4.7.2 - 3.09 - 1.45 - 2.33 1.11 3.14 1.10 1.50 
4.8 - 2.96 - 1.42 - 2.26 1.11 2.98 1.10 1.39 

4.9.1 - 3.06 - 1.44 - 2.27 1.11 3.02 1.10 1.47 
4.9.2 - 3.05 - 1.43 - 2.28 1.11 2.85 1.10 1.40 

4.10.1 - 3.04 - 1.43 - 2.63 1.11 3.09 1.10 1.52 
4.10.2 - 2.95 - 1.40 - 2.58 1.11 2.94 1.10 1.42 
4.11.1 0.88 3.11 0.88 1.40 - 2.60 1.11 3.07 1.10 1.48 
4.11.2 - 3.05 - 1.45 - 2.58 1.11 3.12 1.10 1.50 
4.12.1 - 3.10 - 1.47 - 2.58 1.11 3.06 1.10 1.47 
4.12.2 - 3.09 - 1.46 - 2.62 1.11 3.10 1.10 1.49 
4.13.1 1.07 2.94 1.07 1.40 - 2.38 1.11 2.93 1.10 1.41 
4.13.2 0.88 2.99 0.93 1.41 - 2.49 1.11 3.02 1.10 1.45 
4.14.1 0.88 3.06 0.93 1.43 - 2.56 1.11 2.99 1.10 1.44 
4.14.2 1.07 2.99 1.07 1.42 - 2.51 1.11 2.94 1.10 1.41 
4.15.1 1.07 3.14 1.07 1.49 - 2.56 1.11 2.96 1.10 1.40 
4.15.2 1.07 3.13 1.07 1.48 - 2.56 1.11 3.01 1.10 1.44 
4.16.1 0.90 3.19 0.90 1.60 0.90 2.78 1.11 3.87 1.10 1.84 
4.16.2 0.90 3.00 0.90 1.44 0.90 2.59 1.11 3.25 1.10 1.53 
4.17.1 1.07 3.19 1.07 1.50 - 2.36 1.11 2.93 1.10 1.43 
4.17.2 1.07 3.10 1.07 1.47 - 2.38 1.11 2.89 1.10 1.40 
4.18 1.07 3.15 1.07 1.49 - 2.48 1.11 3.01 1.10 1.44 
4.19 1.07 3.34 1.07 1.58 - 2.68 1.11 3.40 1.10 1.62 

 

The adjustment factor and the corresponding data point for the absorber 

lean and stripper middle samples of the 6.4 m K+/1.6 m PZ solution is shown in 
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Table 3-8.  All other data points from the liquid analysis were not corrected and 

were used directly in the CO2 material balance and mass transfer performance 

calculations.  

Table 3-8. Adjusted Liquid Analysis Data for Campaign 4 (6.4 m K+/1.6 m PZ) 

Run# Adj AL K+ SM K+ SM K+ SM PZ SM PZ 
 Factor Adj Adj Adj Adj Adj 
  mol/kg Factor mol/kg Factor mol/kg 

4.20.1 0.92 3.50 1.09 4.06 1.08 1.10 
4.20.2 0.92 3.74 1.09 3.80 1.08 1.01 
4.21.1 0.92 3.37 1.09 3.57 1.08 0.99 
4.21.2. 0.92 3.39 1.09 3.73 1.08 1.02 
4.22.1 0.92 - 1.09 4.31 1.08 1.19 
4.22.2 0.92 4.42 1.09 4.22 1.08 1.20 
4.23 0.92 4.38 1.09 4.03 1.08 1.11 
4.24 0.92 3.93 1.09 4.13 1.08 1.13 
4.25 0.92 3.71 1.09 3.53 1.08 0.98 

4.26.1 0.92 3.67 1.09 3.56 1.08 0.98 
4.26.2 0.92 3.60 1.09 3.49 1.08 0.96 
4.27.1 0.92 3.64 1.09 3.76 1.08 1.06 
4.27.2 0.92 3.82 1.09 3.58 1.08 1.00 
4.28.1 0.92 3.62 1.09 0.00 1.08 0.00 
4.28.2 0.92 3.60 1.09 3.69 1.08 1.02 
4.29.1 0.92 3.68 1.09 3.65 1.08 1.02 
4.29.2 0.92 3.75 1.09 3.59 1.08 1.00 
4.30.1 0.92 4.26 1.09 3.48 1.08 0.97 
4.30.2 0.92 3.61 1.09 3.51 1.08 0.98 
4.31.1 0.92 3.83 1.09 3.54 1.08 0.98 
4.31.2 0.92 3.86 1.09 3.61 1.08 1.00 
4.32.1 0.92 3.68 1.09 3.63 1.08 0.98 
4.32.2 0.92 3.52 1.09 3.84 1.08 1.07 
4.33.1 0.92 3.63 1.09 3.67 1.08 1.03 
4.33.2 0.92 3.47 1.09 3.59 1.08 1.00 

 

3.12 MATERIAL BALANCE 

A material balance for carbon dioxide was performed across the absorber.  

The rate of carbon dioxide removal was calculated for the gas phase by taking 

the difference between the inlet and outlet CO2 gas flow.  The CO2 gas flow was 

based on the measurements of CO2 gas concentration, the gas flow rate measured 

by the annubar, and the calculated water content.  The annubar was originally 

calibrated for air and a density correction was applied to the account for CO2 and 

H2O.  The liquid phase CO2 mass balance was calculated as the difference 
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between the inlet and outlet CO2 liquid flow.  The molar flow rate of CO2 in the 

liquid was calculated from the measured loading and the flow rate and density 

measured by the Micro Motion® flowmeters for each stream.  No adjustments 

were made to the raw data for the CO2 material balance calculations. 

3.12.1 Campaign 1 

The material balance for Campaign 1 indicates that gas side removal of 

CO2 was on average 14% higher than the liquid phase (Figure 3-30).  In the first 

campaign, the measurements from the Vaisala analyzer were used for the inlet 

and outlet CO2 concentration.  The outlet water concentration was assumed to be 

saturated at the outlet gas temperature and the inlet water concentration was 

assumed to be saturated at the gas temperature measured downstream of the air 

cooler.  In Campaign 1, samples were taken with Erlenmeyer flasks and it was 

likely that CO2 was lost due to flashing.  In addition, the analytical method for 

CO2 loading was not fully developed at the time, which may have contributed to 

addition errors in the liquid analysis.  However, the error appeared to be 

systematic, which indicates that the gas or liquid rate or CO2 gas concentration 

may be offset.  The liquid phase measurements are critical to the CO2 material 

balance.  If the absorber rich CO2 loading is increased by 2.5%, the offset is 

eliminated.  For gas–side adjustments, the total gas rate would need to be 

decreased by 12% to correct the offset. 
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Figure 3-30. Campaign 1 CO2 Material Balance on Absorber Liquid and 

Absorber Gas (5 m K+/2.5 m PZ, Flexipac 1Y) 

3.12.2 Campaign 2 

The material balance for Campaign 2 is shown in Figure 3-31.  The 

absolute average deviation between and gas and liquid CO2 material balance was 

24.1% and the maximum deviation was 60.1%.  In Campaign 2, the inlet and 

outlet gas was assumed to be saturated at the measured inlet and outlet gas 

temperatures.  During this campaign, the air cooler was not operated and the 

inlet gas was recycled around the blower in order to increase the inlet gas 

temperature.  Due to the saturated conditions, the inlet Vaisala analyzer failed 

and was replaced with the Horiba analyzers.  In the second campaign, the 

stripper was first operated at an average pressure of 1.6 bar and one run at 3.4 

bar was conducted.  The plant was then shut down and reconfigured to operate 

the stripper in under vacuum.  The pilot plant was then shut down again and 

reconfigured to operate at a stripper pressure of 1.7 bar. 
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The figure shows that the material balance for the gas and liquid matched 

relatively well prior to vacuum operation, which is represented by PSTR1 = 1.6 

bar and PSTR = 3.4 bar.  However, the results for vacuum operation indicated 

that the gas phase material was consistently higher than the liquid side by 

approximately 45%.  Even after the pilot plant was reconfigured back to 

pressurized stripping, the material balance was somewhat scattered (PSTR2 = 1.7 

bar).  During the second set of high pressure runs, the absorber was operated 

with an inlet CO2 concentration of 17% because it had initially been assumed that 

the CO2 gas calibration standards were in mass percent. 
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Figure 3-31. Campaign 2 CO2 Material Balance on Absorber Liquid and 

Absorber Gas (5 m K+/2.5 m PZ, Flexipac 1Y) 

When the pilot plant was configured to vacuum stripping, all of the CO2 

gas analyzers were calibrated on 11/02/04.  In the recalibration, the slope of the 

inlet Horiba analyzer had increased from 1.24 to 1.42.  It is possible that the new 

calibration was performed incorrectly.  However, examination of the Horiba 
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calibration curves from Campaigns 2, 3, and 4 shows that the slope gradually 

increased in each campaign.  The slope of the outlet Vaisala CO2 analyzer did not 

change much, therefore, it was concluded that the CO2 analyzers were calibrated 

properly.  In the second campaign, sample bombs were used take samples.  In 

the updated loading analysis method, the liquid samples were covered with 

parafilm and inorganic carbon standards were analyzed every 6 to 10 samples to 

correct for analyzer drift.  Corrections based on the standards to the loading 

analysis varied between 5 to 10 percent.  The liquid sampling and analytical 

method for liquid CO2 loading remained consistent throughout the campaign.  

The IC standards were made on a routine basis and the TOC analyzer used for 

the loading analysis was calibrated at the beginning of each analytical run.  

Dilutions to the liquid samples were made on a mass basis. 

3.12.3 Campaign 4 

A material balance was performed for the absorber gas and absorber 

liquid for 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvents of Campaign 4 

(Figure 3-32).  For 5 m K+/2.5 m PZ, the absolute average deviation between and 

gas and liquid CO2 material balance was 14.0% and the maximum deviation was 

52.4%.  For 6.4 m K+/1.6 m PZ, the absolute average deviation between and gas 

and liquid CO2 material balance was 10.9% and the maximum deviation was 

28.0%.  The material balance for the 5 m K+/2.5 m PZ runs had a systematic offset. 
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Figure 3-32. Campaign 4 CO2 Material Balance on Absorber Liquid and 

Absorber Gas for 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ (Flexipac AQ Style 
20) 

In the fourth campaign, the flow rate of CO2 gas from the overhead gas 

accumulator was measured with an annubar.  At steady state, the flow of the 

CO2 recycle stream should match the CO2 removal rate in the absorber.  The 

material balance for the absorber gas and CO2 recycle is shown in Figure 3-33.  

The material balance assumes the flow was pure CO2 from the recycle stream.  

The CO2 recycle and absorber gas CO2 of the 6.4 m K+/1.6 m PZ data match.  

Although the 5 m K+/2.5 m PZ data for the CO2 recycle appears to be 

reproducible, it is not accurate because the CO2 recycle annubar was originally 

specified for vacuum operation.  The runs with 6.4 m K+/1.6 m PZ were 

conducted under vacuum and a sufficiently high superficial gas velocity was 

achieved.  The CO2 recycle annubar outputs the flow measurement in terms of 

standard cubic feet per minute (SCFM).  Since the pressure, pressure drop and 
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temperature at the annubar were not logged, the flow measurement could not be 

verified at the two stripper conditions. 
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Figure 3-33. Absorber Gas and CO2 Recycle Material Balance for 5 m K+/2.5 m 

PZ and 6.4 m K+/1.6 m PZ of Campaign 4 Assuming Pure CO2 

However, during the operation of the pilot plant, approximately 150 liters 

of water was discovered in the overhead gas accumulator where the CO2 gas was 

stored and 38 liters of water had to be periodically pumped out each day.  If the 

CO2 recycle stream is assumed to be saturated with water at the condensate 

temperature, the CO2 recycle the material balance for the recycle and absorber 

gas does not work as well.  Since the water content in CO2 recycle could not be 

verified, this effect was ignored.  It was assumed that water overflowed from the 

liquid accumulator into the overhead gas accumulator through the alternate gas 

line. 
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Figure 3-34. CO2 Recycle and Absorber Gas Material Balance for 5 m K+/2.5 m 

PZ and 6.4 m K+/1.6 m PZ of Campaign 4 Assuming Pure CO2 

Since the material balance for the CO2 recycle seemed to match the 

absorber gas flow measurements, it was concluded that there was a systematic 

error with the liquid-side CO2 material balance.  It was found that a two percent 

adjustment of the liquid loading measurement or liquid mass flow rate would 

have accounted for the material balance discrepancy between the absorber gas 

and liquid CO2.  In addition, some of the liquid loading measurements were 

adjusted up to 10% based on the analysis of the 100 ppm IC standards used to 

correct for analyzer drift.  An error of 1–2% in the liquid mass flow rate is 

entirely possible, while an error of 10% in the gas flow measurement is less likely. 

The low values of CO2 in the liquid phase may also indicate there was CO2 

loss during the sample collection, transfer, and analysis process, specifically from 

the absorber rich samples.  It is possible that CO2 may have flashed when the 

sample bombs were disengaged from the quick-connects.  Also, the syringes 
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used to extract the sample and to dilute the sample for TOC analysis may have 

contained trapped air, which would skew the loading results.  The auto-sampler 

for the TOC analyzer also uses a syringe to extract the sample.  Additional losses 

of CO2 may have occurred when the samples were transferred to the TOC 

sample vials.  The samples were poured into the TOC vials and exposed directly 

to the air. 

3.13 ABSORBER MASS TRANSFER PERFORMANCE 

The mass transfer performance of the absorber for Campaigns 1, 2 and 4 

was evaluated using the CO2 material balance obtained in the previous section.  

The overall gas phase mass transfer coefficient (KG) was calculated using the 

following equation: 
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where GK is the overall gas phase mass transfer coefficient with units of 

gmol/Pa-cm2-s, 
2CON is the number moles of CO2 that are absorbed with units of 

(gmol/min), effa is the effective interfacial area with units of cm2/cm3, and pV is 

the volume of packing in units of cm3.  The log mean driving force, lmCOP ,2
Δ , has 

units of Pa and is given by the following equation: 
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where outinCOP /,2

 is the partial pressure of CO2 at the inlet and outlet of the 

absorber and *
/,2 outinCOP is the partial of pressure of CO2 in equilibrium with the 

liquid composition at the inlet and outlet of the absorber. 
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3.13.1 Equilibrium CO2 Partial Pressure 

Recent measurements by Hilliard have shown that the VLE data obtained 

by Cullinane may not be correct.  The Hilliard experimental results indicate that 

the equilibrium partial pressure of CO2 was offset by 10% in CO2 loading or 

20 °C in temperature (Figure 3-35).  To obtain the correct partial pressure of CO2, 

the measured CO2 loading was multiplied by a factor of 0.9.  In this work, it was 

assumed that the rate data obtained by Cullinane was consistent with the given 

partial pressures of CO2, but not with the CO2 loading. 
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Figure 3-35. Updated Bench-scale Vapor–Liquid Equilibrium Data Measured 
by Hilliard for 5 m K+/2.5 m PZ and Aspen Plus® Model Based on Cullinane 

Data 

For the pilot plant mass transfer calculations, the equilibrium partial 

pressure of CO2 was obtained through a flash calculation using the Hilliard 

(2005) K+/PZ VLE model developed in Aspen Plus®.  Since the model was 

developed based on the Cullinane VLE data, the predicted results were also 
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incorrect.  The molar flow rates of K2CO3, PZ, and H2O were entered into Aspen 

Plus® flash.  The concentration of water was calculated using the measurements 

of CO2 loading and the K+ and PZ concentration from the ion chromatograph.  

The CO2 concentration was converted to molality by dividing through by the 

water concentration and multiplied by 0.9 to account for the VLE error.  Since, 

K2CO3 contains one mole of CO2, the concentration of CO2 was then adjusted by 

subtracting half of the calculated potassium carbonate concentration.  The 

equation that was used to calculate the Aspen Plus® input for the flow rate of 

CO2 is given by: 

 2
][

][
90.0][ 32

2

2
,2

COK
OH

COCO Aspen −
⋅

=    (3.6) 

 
where AspenCO ,2  is the CO2 flow rate with units of mol/hr, ][ 2CO  is the 

concentration of the CO2 in units of mol/kg soln, ][ 2OH  is the concentration of 

water in units of kg H2O/kg soln, and ][ 32COK  is the concentration of K2CO3 in 

units of mol/kg H2O. 

The concentration of potassium and piperazine measured by ion 

chromatography indicate that there was a slight difference between the expected 

concentrations and the actual solution composition.  For the flash calculation, the 

average potassium and piperazine concentration for each campaign composition 

was used.  In Campaign 1, four different solution compositions were used and 

the concentrations were adjusted accordingly.  The difference in solution 

composition will affect the calculation of the equilibrium partial pressure of CO2.  

For example, the IC analysis showed that for Campaign 4, the concentration of 

potassium was actually 5.9 molal and not 6.4 molal as originally planned.  

According a flash calculation, for a given loading, the partial pressure of CO2 for 
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5.9 m K+/1.6 m PZ may be 50–100% higher than the 6.4 m K+/1.6 m PZ (Figure 

3-36).  The Kg calculation used the 5.9 m K+/1.6 m PZ solvent formulation. 
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Figure 3-36. Vapor–Liquid Equilibrium Data for 5.9 m K+/1.6 m PZ and 6.4 m 

K+/1.6 m PZ at 20 and 40 °C Generated from Aspen Plus® Model 

The following tables list the values that were calculated and entered into 

the Aspen Plus® flash calculation to determine the partial pressure of CO2 in 

equilibrium with the bulk solution.  The equilibrium pressure was calculated 

using the absorber lean solution composition at the top of the column and the 

absorber rich solution composition at the bottom of the column. 
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Table 3-9. Campaign 1 Aspen Plus® Input for PCO2* (5 m K+/2.5 m PZ) 

Run# H2O K2CO3 PZ K/PZ H2O Temp Aspen CO2 Temp Aspen CO2 
        Top Top Bot Bot 
 kg/kg soln mol/hr mol/hr  mol/hr °C mol/hr °C mol/hr 

1.1.1 0.70 1.67 2.26 1.48 55.5 39.33 0.953 29.19 1.255 
1.1.2 0.70 1.67 2.26 1.48 55.5 39.11 0.434 28.57 1.232 
1.1.3 0.70 1.67 2.26 1.48 55.5 38.90 0.524 28.95 1.298 
1.2.1 0.70 1.86 2.06 1.81 55.5 41.50 0.468 32.28 0.888 
1.2.2 0.70 1.86 2.06 1.81 55.5 43.16 1.105 32.59 1.053 
1.2.3 0.70 1.86 2.06 1.81 55.5 44.46 0.448 32.58 1.094 
1.3.1 0.70 1.86 2.06 1.81 55.5 41.02 0.647 38.36 0.976 
1.3.2 0.70 1.86 2.06 1.81 55.5 40.67 0.767 38.09 0.910 
1.3.3 0.70 1.86 2.06 1.81 55.5 40.42 0.715 38.06 1.192 
1.4.1 0.70 1.86 2.06 1.81 55.5 40.01 0.783 39.40 1.173 
1.5.1 0.70 1.86 2.06 1.81 55.5 40.08 0.836 38.26 1.073 
1.6.1 0.70 1.86 2.06 1.81 55.5 39.53 0.673 44.04 1.268 
1.7.1 0.70 1.86 2.06 1.81 55.5 40.05 0.712 39.25 1.374 
1.8.1 0.63 2.57 2.58 1.99 55.5 41.16 0.789 29.68 1.894 
1.8.2 0.63 2.57 2.58 1.99 55.5 41.48 0.826 29.45 1.421 
1.9.1 0.63 2.57 2.58 1.99 55.5 41.49 0.786 31.63 1.947 
1.9.2 0.63 2.57 2.58 1.99 55.5 41.55 0.825 31.49 1.538 
1.10.1 0.63 2.57 2.58 1.99 55.5 41.58 0.935 30.13 1.464 
1.10.2 0.63 2.57 2.58 1.99 55.5 41.52 0.870 29.83 1.569 
1.11.1 0.63 2.57 2.58 1.99 55.5 34.63 0.910 22.56 1.759 
1.11.2 0.63 2.57 2.58 1.99 55.5 35.39 0.963 22.66 1.542 
1.12.1 0.63 2.57 2.58 1.99 55.5 39.81 1.004 34.39 1.465 
1.12.2 0.63 2.57 2.58 1.99 55.5 39.64 0.468 34.43 1.567 
1.13.1 0.63 2.57 2.58 1.99 55.5 40.49 1.373 38.54 2.051 
1.14.1 0.63 2.57 2.58 1.99 55.5 40.26 1.536 41.05 2.346 
1.15.1 0.63 2.57 2.58 1.99 55.5 39.59 1.511 39.76 2.193 
1.15.2 0.63 2.57 2.58 1.99 55.5 43.23 1.552 40.86 2.288 
1.16.1 0.63 2.57 2.58 1.99 55.5 43.34 1.567 38.47 2.309 
1.16.2 0.63 2.57 2.58 1.99 55.5 42.48 1.567 38.83 2.317 
1.17.1 0.63 2.57 2.58 1.99 55.5 41.34 1.603 38.39 2.282 
1.17.2 0.63 2.57 2.58 1.99 55.5 41.22 1.644 38.40 2.357 
1.18.1 0.60 2.79 2.67 2.09 55.5 46.24 1.774 43.36 2.799 
1.18.2 0.60 2.79 2.67 2.09 55.5 46.05 1.691 43.54 2.765 
1.19.1 0.60 2.79 2.67 2.09 55.5 45.27 1.865 40.44 2.787 
1.19.2 0.60 2.79 2.67 2.09 55.5 44.84 1.766 39.81 2.704 

 

1779



 180 

Table 3-10. Campaign 2 Aspen Plus® Input for PCO2* (5 m K+/2.5 m PZ) 

Run# H2O K2CO3 PZ K/PZ H2O Temp Aspen CO2 Temp Aspen CO2 
        Top Top Bot Bot 
 kg/kg soln mol/hr mol/hr  mol/hr °C mol/hr °C mol/hr 

2.1.1 0.65 2.29 1.96 2.33 55.5 40.20 1.383 47.44 2.066 
2.1.2 0.65 2.29 1.96 2.33 55.5 40.27 1.133 47.16 2.201 
2.2.1 0.65 2.29 1.96 2.33 55.5 41.21 1.113 50.51 2.166 
2.3.1 0.65 2.29 1.96 2.33 55.5 40.73 1.310 44.74 2.466 
2.4.1 0.65 2.29 1.96 2.33 55.5 40.60 1.381 44.59 2.277 
2.5.1 0.65 2.29 1.96 2.33 55.5 40.55 1.378 44.61 2.154 
2.6.1 0.65 2.29 1.96 2.33 55.5 41.20 1.330 45.93 2.203 
2.7.1 0.65 2.29 1.96 2.33 55.5 41.27 1.872 46.41 2.254 
2.8.1 0.65 2.29 1.96 2.33 55.5 41.36 1.287 46.64 2.055 
2.8.2 0.65 2.29 1.96 2.33 55.5 41.59 1.416 47.77 2.279 
2.9.1 0.65 2.29 1.96 2.33 55.5 40.56 1.203 41.84 2.167 
2.9.2 0.65 2.29 1.96 2.33 55.5 40.79 1.182 42.34 2.254 
2.10.1 0.65 2.29 1.96 2.33 55.5 41.20 1.652 48.00 2.405 
2.10.2 0.65 2.29 1.96 2.33 55.5 41.30 1.387 48.19 2.252 
2.11.1 0.65 2.29 1.96 2.33 55.5 41.39 1.791 48.45 2.431 
2.11.2 0.65 2.29 1.96 2.33 55.5 41.42 1.716 48.56 2.536 
2.12.1 0.65 2.29 1.96 2.33 55.5 41.05 1.640 48.38 2.665 
2.12.2 0.65 2.29 1.96 2.33 55.5 40.97 1.497 47.97 2.633 
2.13.1 0.65 2.29 1.96 2.33 55.5 40.68 1.178 44.97 2.213 
2.13.2 0.65 2.29 1.96 2.33 55.5 40.31 1.566 44.12 1.983 
2.14.1 0.65 2.29 1.96 2.33 55.5 43.47 -2.285 30.74 -2.285 
2.14.2 0.65 2.29 1.96 2.33 55.5 42.52 1.787 30.08 2.402 
2.15.1 0.65 2.29 1.96 2.33 55.5 41.90 1.641 34.57 2.195 
2.16.1 0.65 2.29 1.96 2.33 55.5 41.98 1.621 34.47 2.242 
2.16.2 0.65 2.29 1.96 2.33 55.5 38.78 1.488 31.50 2.040 
2.17.1 0.65 2.29 1.96 2.33 55.5 38.99 1.460 29.96 2.081 
2.18.1 0.65 2.29 1.96 2.33 55.5 44.79 1.623 37.17 2.014 
2.18.2 0.65 2.29 1.96 2.33 55.5 44.81 1.616 37.56 2.090 
2.19.1 0.65 2.29 1.96 2.33 55.5 46.99 1.725 40.51 2.428 
2.19.2 0.65 2.29 1.96 2.33 55.5 47.82 1.768 42.35 2.159 
2.20.1 0.65 2.29 1.96 2.33 55.5 40.11 1.393 47.96 2.051 
2.20.2 0.65 2.29 1.96 2.33 55.5 40.08 1.508 48.27 2.471 
2.21.1 0.65 2.29 1.96 2.33 55.5 40.10 1.782 48.30 2.600 
2.21.2 0.65 2.29 1.96 2.33 55.5 40.86 1.735 50.70 2.428 
2.22.1 0.65 2.29 1.96 2.33 55.5 41.77 1.559 51.19 2.273 
2.22.2 0.65 2.29 1.96 2.33 55.5 41.08 1.544 50.94 2.348 
2.23.1 0.65 2.29 1.96 2.33 55.5 39.86 1.426 47.95 2.464 
2.23.2 0.65 2.29 1.96 2.33 55.5 39.82 1.398 47.27 2.160 
2.24.1 0.65 2.29 1.96 2.33 55.5 39.68 1.384 47.57 2.270 
2.24.2 0.65 2.29 1.96 2.33 55.5 39.65 1.080 47.49 2.021 
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Table 3-11. Campaign 4 Aspen Plus® Input for PCO2* (5 m K+/2.5 m PZ) 

Run# H2O H2O K2CO3 PZ K/PZ H2O Temp Aspen CO2 Temp Aspen CO2 
 Top Bot       Top Top Bot Bot 
 kg/kg soln kg/kg soln mol/hr mol/hr  mol/hr °C mol/hr °C mol/hr 

4.1 0.65 0.63 2.44 2.32 2.10 55.5 39.93 1.194 48.83 1.710 
4.2.1 0.64 0.61 2.44 2.32 2.10 55.5 38.89 1.150 48.56 2.288 
4.2.2 0.64 0.60 2.44 2.32 2.10 55.5 38.96 1.055 48.42 2.486 
4.3.1 0.63 0.62 2.44 2.32 2.10 55.5 42.09 1.360 50.59 2.224 
4.3.2 0.63 0.60 2.44 2.32 2.10 55.5 42.49 1.324 50.78 2.379 
4.4.1 0.63 0.61 2.44 2.32 2.10 55.5 43.62 1.299 50.52 2.371 
4.4.2 0.63 0.47 2.44 2.32 2.10 55.5 43.94 1.364 50.43 3.605 
4.5.1 0.63 0.61 2.44 2.32 2.10 55.5 42.01 1.305 47.08 2.347 
4.5.2 0.63 0.61 2.44 2.32 2.10 55.5 41.38 1.354 46.46 2.460 
4.6.1 0.65 0.63 2.44 2.32 2.10 55.5 46.73 1.006 51.77 2.146 
4.6.2 0.65 0.63 2.44 2.32 2.10 55.5 43.57 0.996 51.75 2.181 
4.7.1 0.65 0.64 2.44 2.32 2.10 55.5 45.19 0.844 50.95 1.780 
4.7.2 0.65 0.63 2.44 2.32 2.10 55.5 44.97 0.843 50.99 1.740 
4.8 0.66 0.64 2.44 2.32 2.10 55.5 43.28 0.839 47.54 1.721 

4.9.1 0.66 0.64 2.44 2.32 2.10 55.5 43.20 0.781 47.36 1.898 
4.9.2 0.66 0.63 2.44 2.32 2.10 55.5 43.21 0.811 47.30 1.830 
4.10.1 0.64 0.64 2.44 2.32 2.10 55.5 44.28 1.322 51.32 1.794 
4.10.2 0.65 0.63 2.44 2.32 2.10 55.5 41.74 1.305 51.61 2.070 
4.11.1 0.64 0.63 2.44 2.32 2.10 55.5 41.59 1.210 49.13 2.110 
4.11.2 0.64 0.63 2.44 2.32 2.10 55.5 41.20 1.245 48.89 2.167 
4.12.1 0.64 0.63 2.44 2.32 2.10 55.5 39.81 1.214 46.45 2.046 
4.12.2 0.64 0.63 2.44 2.32 2.10 55.5 39.86 1.275 46.41 2.117 
4.13.1 0.66 0.63 2.44 2.32 2.10 55.5 41.48 1.017 47.65 1.504 
4.13.2 0.65 0.64 2.44 2.32 2.10 55.5 43.02 1.146 49.17 1.801 
4.14.1 0.64 0.64 2.44 2.32 2.10 55.5 42.76 1.196 48.19 1.804 
4.14.2 0.65 0.64 2.44 2.32 2.10 55.5 42.80 1.171 47.93 1.757 
4.15.1 0.64 0.64 2.44 2.32 2.10 55.5 39.54 1.159 45.48 1.909 
4.15.2 0.64 0.63 2.44 2.32 2.10 55.5 39.61 1.160 45.61 1.812 
4.16.1 0.61 0.61 2.44 2.32 2.10 55.5 41.40 1.480 48.46 2.620 
4.16.2 0.64 0.61 2.44 2.32 2.10 55.5 41.29 1.283 48.15 1.954 
4.17.1 0.64 0.63 2.44 2.32 2.10 55.5 40.15 0.821 49.49 1.723 
4.17.2 0.65 0.63 2.44 2.32 2.10 55.5 40.63 0.918 50.98 1.833 
4.18 0.64 0.61 2.44 2.32 2.10 55.5 39.98 1.018 51.31 1.950 
4.19 0.62 0.60 2.44 2.32 2.10 55.5 40.26 1.212 52.11 2.141 
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Table 3-12. Campaign 4 Aspen Plus® Input for PCO2* (6.4 m K+/1.6 m PZ) 

Run# H2O H2O K2CO3 PZ K/PZ H2O Temp Aspen CO2 Temp Aspen CO2 
 Top Bot     Top Top Bot Bot 
 kg/kg soln kg/kg soln mol/hr mol/hr  mol/hr °C mol/hr °C mol/hr 

4.20.1 0.65 0.63 2.90 1.61 3.60 55.5 38.76 1.426 43.53 1.595 
4.20.2 0.64 0.63 2.90 1.61 3.60 55.5 38.60 1.217 43.45 1.432 
4.21.1 0.66 0.64 2.90 1.61 3.60 55.5 39.00 1.318 42.98 1.440 
4.21.2. 0.65 0.64 2.90 1.61 3.60 55.5 40.52 1.354 44.89 1.532 
4.22.1 - 0.63 2.90 1.61 3.60 55.5 36.76 - 44.09 1.706 
4.22.2 0.59 0.69 2.90 1.61 3.60 55.5 36.71 1.008 43.98 1.951 
4.23 0.59 0.62 2.90 1.61 3.60 55.5 37.83 1.136 45.64 1.881 
4.24 0.62 0.61 2.90 1.61 3.60 55.5 37.49 1.250 45.31 1.891 
4.25 0.64 0.63 2.90 1.61 3.60 55.5 39.48 1.033 44.90 1.497 

4.26.1 0.65 0.64 2.90 1.61 3.60 55.5 38.33 1.001 44.47 1.584 
4.26.2 0.65 0.64 2.90 1.61 3.60 55.5 38.68 1.072 45.14 1.529 
4.27.1 0.65 0.63 2.90 1.61 3.60 55.5 40.01 1.047 46.10 1.717 
4.27.2 0.64 0.63 2.90 1.61 3.60 55.5 39.30 0.953 45.57 1.598 
4.28.1 0.65 0.64 2.90 1.61 3.60 55.5 38.88 0.994 45.80 1.708 
4.28.2 0.65 0.63 2.90 1.61 3.60 55.5 38.39 1.031 45.00 1.546 
4.29.1 0.65 0.64 2.90 1.61 3.60 55.5 39.42 0.957 46.36 1.636 
4.29.2 0.64 0.62 2.90 1.61 3.60 55.5 39.49 0.926 46.60 1.557 
4.30.1 0.62 0.63 2.90 1.61 3.60 55.5 41.02 0.391 46.75 1.449 
4.30.2 0.66 0.63 2.90 1.61 3.60 55.5 40.44 0.910 46.50 1.616 
4.31.1 0.63 0.64 2.90 1.61 3.60 55.5 41.57 1.022 47.06 1.688 
4.31.2 0.63 0.63 2.90 1.61 3.60 55.5 41.55 1.141 47.02 1.604 
4.32.1 0.65 0.62 2.90 1.61 3.60 55.5 43.53 1.027 48.14 1.690 
4.32.2 0.65 0.60 2.90 1.61 3.60 55.5 43.72 1.139 48.28 2.052 
4.33.1 0.65 0.66 2.90 1.61 3.60 55.5 45.55 0.987 46.16 1.604 
4.33.2 0.66 0.67 2.90 1.61 3.60 55.5 45.08 1.090 46.08 1.425 

 

3.13.2 Effective Interfacial Area of Packing 

In the first two campaigns, Flexipac 1Y structured packing (asp = 410 

m2/m3) was used in the absorber and in the final campaign, Flexipac AQ Style 20 

structured packing (asp = 213 m2/m3) was used.  Effective area measurements for 

Flexipac 1Y were conducted in the air–water tower and in the carbon steel 

absorber column that was used in the pilot plant campaigns.   The Flexipac AQ 

Style 20 tests were conducted using the air–water tower system.  Experiments for 

the air–water tower were performed by absorbing CO2 from ambient air into a 

solution of 0.1 N NaOH.  The air–water PVC column contained 3.05 m of packing 

and had a diameter of 0.43 m.  Experiments with the pilot plant absorber used a 

solution of 0.1 N KOH.  The absorber contained 6.1 m of packing and also had a 
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diameter of 0.43 m.  Effective area measurements have been performed 

extensively by SRP in the air–water column with numerous packing and are 

reliable.  The air–water measurements for the Flexipac 1Y and AQ packing were 

used in the evaluation of the mass transfer performance.   

Figure 3-37 shows that the Flexipac 1Y effective area measurements in the 

air–water column were approximately 1.8 times higher than the steel absorber 

column, while the Flexipac 1Y structured packing has approximately 50% more 

effective area than Flexipac AQ packing.  The effective area measurements were 

correlated solely as a function of the superficial liquid rate.  The effective area 

(m2/m3) for Flexipac 1Y packing in the air–water column was correlated to the 

following equation:  

  262.18 + (L)1.7841, ⋅=−AWYFlexipaceffa    (3.7) 
 

The effective area for Flexipac AQ Style 20 packing in the air–water column was 

correlated to the following equation:  

  57.204)(569.0, +⋅=− La AWFlexipacAQeff    (3.8) 
 

where, L is the superficial liquid velocity with units of m/hr.  The correlations 

for the effective area do not account for differences in density, surface tension, 

and viscosity of the potassium carbonate and piperazine solvent, which are 

dramatically different than of the 0.1 N hydroxide solutions.  Preliminary results 

from the Separations Research Program at the University of Texas at Austin have 

shown that the interfacial area may increase by 1–1.5 times if the surface tension 

is reduced by a one-half. 
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Figure 3-37. Correlation of Effective Interfacial Area for Flexipac 1Y and 
Flexipac AQ Style 20 from Air–Water (AW) and Absorber Column (ABS) 

Experiments 

3.13.3 Kg Mass Transfer Coefficient  

The results of the Kg calculation for Campaigns 1, 2, and 4 are tabulated in 

Tables 3-13, 3-14, 3-15, and 3-16.  Since the gas-side CO2 removal rates were more 

consistent than the liquid-side, those values were used as NCO2.  However, the 

gas-side removal rates were also consistently higher than the liquid side by 

approximately 10% and the Kg results should be interpreted accordingly.  An 

average equilibrium partial pressure of CO2 was calculated for each Kg based on 

an arithmetic average of the inlet and outlet equilibrium CO2 partial pressure.  

Possible pinch point locations were identified as occurring in the bottom or top 

of the absorber column.  The pinches were identified when the ratio of the 

equilibrium partial pressure of CO2 to the bulk CO2 partial pressure approached 

one.  Outliers were also identified in the table. 
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Table 3-13. Campaign 1 Results for KG Calculation 

Run# NCO2 Liq Eff Intf PCO2 PCO2* PCO2 PCO2* LMCD Kgx1010 PCO2* Comments 
  Rate Area Top Top Bot Bot  gmol/ Ave  
 gmol/min m/hr m2/m3 Pa Pa Pa Pa Pa Pa-cm2-s Pa  

1.1.1 14.90 7.84 276.2 178 32 2826 30 897 1.15 31 - 
1.1.2 14.65 7.90 276.3 188 1 2783 26 954 1.06 14 - 
1.1.3 14.24 7.85 276.2 187 3 2720 34 934 1.06 18 - 
1.2.1 8.63 7.84 276.2 5 2 2950 11 418 1.43 7 - 
1.2.2 8.46 7.83 276.1 6 76 2901 22 - - - Outlier 
1.2.3 8.30 7.83 276.1 7 3 2855 25 444 1.30 14 - 
1.3.1 6.34 15.78 290.3 26 8 2223 30 451 0.93 19 - 
1.3.2 6.89 15.79 290.4 29 16 2420 23 458 0.99 19 - 
1.3.3 6.66 15.76 290.3 32 12 2346 62 477 0.92 37 - 
1.4.1 11.04 15.77 290.3 39 16 3883 67 739 0.98 41 - 
1.5.1 11.42 14.59 288.2 56 21 2979 43 655 1.16 32 - 
1.6.1 18.86 12.29 284.1 330 8 11346 139 3064 0.41 74 Outlier 
1.7.1 12.13 7.97 276.4 793 11 11426 124 3939 0.21 67 Outlier 
1.8.1 17.18 7.86 276.2 285 6 3333 59 1217 0.98 33 - 
1.8.2 17.92 7.91 276.3 230 7 3410 16 1165 1.06 11 - 
1.9.1 20.42 7.92 276.3 599 6 3407 85 1584 0.89 45 - 
1.9.2 21.22 7.93 276.3 582 7 3495 28 1609 0.91 17 - 

1.10.1 11.40 8.02 276.5 47 12 2974 19 657 1.20 16 Top Pinch 
1.10.2 10.35 7.80 276.1 32 9 2683 25 555 1.29 17 Top Pinch 
1.11.1 7.37 3.90 269.1 245 5 2713 18 1016 0.52 11 Outlier 
1.11.2 6.89 3.97 269.3 168 7 2482 10 846 0.58 8 Outlier 
1.12.1 12.87 11.04 281.9 359 13 2080 31 957 0.91 22 - 
1.12.2 19.95 10.37 280.7 508 0 3329 41 1488 0.91 21 - 
1.13.1 34.36 12.26 284.1 1346 46 13878 221 5255 0.44 133 - 
1.14.1 26.94 10.98 281.8 1274 69 13139 637 4828 0.38 353 - 
1.15.1 26.72 12.41 284.3 1338 61 12312 366 4772 0.38 213 - 
1.15.2 25.17 12.42 284.3 957 96 11315 528 3927 0.43 312 - 
1.16.1 29.97 12.33 284.2 1978 101 12261 461 5398 0.37 281 - 
1.16.2 30.54 12.32 284.2 1968 93 12512 487 5461 0.38 290 - 
1.17.1 16.64 8.03 276.5 756 92 11529 422 3708 0.31 257 - 
1.17.2 16.82 8.02 276.5 617 100 11527 532 3426 0.34 316 - 
1.18.1 27.51 12.31 284.1 498 169 12224 2060 2868 0.65 1114 Top Pinch 
1.18.2 28.06 12.28 284.1 521 136 12463 1876 3078 0.61 1006 Top Pinch 
1.19.1 16.24 7.90 276.3 668 192 11341 1639 3061 0.37 915 Top Pinch 
1.19.2 16.85 7.92 276.3 460 146 11572 1204 2873 0.41 675 Top Pinch 

1. LMCD = Log Mean Concentration Difference 
2. PCO2,AVE* = Average of Inlet and Outlet PCO2*.  Plotted against Kg Results. 
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Table 3-14. Campaign 2 Results for KG Calculation 

Run# NCO2 Liq Eff Intf PCO2 PCO2* PCO2 PCO2* LMCD Kgx1010 PCO2* Comments 
  Rate Area Top Top Bot Bot  gmol/ Ave  

 gmol/min m/hr m2/m3 Pa Pa Pa Pa Pa Pa-cm2-
s Pa  

2.1.1 52.84 12.73 284.9 2261 105 11523 1844 5010 0.71 975 - 
2.1.2 50.40 12.73 284.9 2582 47 11410 2949 4917 0.69 1498 - 
2.2.1 37.35 12.74 284.9 6109 48 12810 3153 7720 0.32 1600 - 
2.3.1 33.22 14.28 287.6 4445 87 11889 6654 4783 0.46 3370 - 
2.4.1 37.78 17.45 293.3 3969 108 12460 3363 6110 0.40 1735 - 
2.5.1 35.83 17.43 293.3 2962 106 11133 2143 5349 0.44 1125 - 
2.6.1 38.43 19.92 297.7 2051 97 10888 2769 4328 0.57 1433 - 
2.7.1 39.88 19.96 297.8 2379 603 11616 3423 4196 0.61 2013 - 
2.8.1 44.80 20.87 299.4 4388 86 12292 1688 6986 0.41 887 - 
2.8.2 43.80 20.79 299.3 4118 132 12013 4035 5753 0.49 2084 - 
2.9.1 28.97 13.62 286.5 3702 61 11577 1909 6172 0.31 985 - 
2.9.2 29.41 13.57 286.4 3579 58 11627 2724 5802 0.34 1391 - 
2.10.1 35.16 18.36 294.9 1934 275 12390 6365 3385 0.67 3320 - 
2.10.2 34.81 18.33 294.9 2029 117 12493 3751 4493 0.50 1934 - 
2.11.1 32.91 18.30 294.8 1840 454 11963 7128 2760 0.77 3791 - 
2.11.2 33.02 18.38 295.0 1997 349 12189 10246 1791 1.19 5298 - 
2.12.1 35.62 19.21 296.5 557 261 12590 15545 - - 7903 Outlier 
2.12.2 39.59 19.16 296.4 240 162 12179 13732 - - 6947 Outlier 
2.13.1 33.61 15.96 290.6 2813 57 11876 2719 5331 0.41 1388 - 
2.13.2 34.34 15.88 290.5 3186 192 12349 1106 6235 0.36 649 - 
2.14.1 15.93 7.76 276.0 784 - 4980 - - - - Outlier 
2.14.2 14.87 7.78 276.1 910 487 4801 2438 1128 0.91 1463 - 
2.15.1 18.03 9.43 279.0 738 281 5510 1378 1669 0.74 830 - 
2.16.1 18.05 9.30 278.8 626 265 5395 1655 1446 0.86 960 - 
2.16.2 19.36 8.54 277.4 513 129 4566 592 1536 0.87 361 - 
2.17.1 16.02 8.55 277.4 1148 120 4461 638 2128 0.52 379 - 
2.18.1 17.13 12.57 284.6 467 334 4107 782 991 1.16 558 - 
2.18.2 16.75 12.47 284.4 419 327 3994 1087 815 1.38 707 - 
2.19.1 17.58 15.69 290.2 251 551 4027 4672 - - 2612 Top Pinch 
2.19.2 17.43 15.70 290.2 285 674 4084 1909 - - 1292 Top Pinch 
2.20.1 71.55 32.70 320.5 2141 107 17111 1805 6576 0.65 956 - 
2.20.2 69.94 32.66 320.4 1978 155 16931 8103 4440 0.94 4129 - 
2.21.1 67.81 35.20 325.0 1259 398 17075 12519 2218 1.80 6458 Outlier 
2.21.2 63.64 35.30 325.1 1528 357 17485 7917 3998 0.94 4137 - 
2.22.1 75.58 35.18 324.9 2609 212 18737 4759 6568 0.68 2486 - 
2.22.2 75.99 35.28 325.1 1928 190 18160 6091 5330 0.84 3141 - 
2.23.1 65.95 24.00 305.0 4861 117 17873 7784 7084 0.58 3950 - 
2.23.2 64.28 23.90 304.8 4286 106 16938 2560 8254 0.49 1333 - 
2.24.1 69.96 24.01 305.0 3686 100 17604 3865 7558 0.58 1983 - 
2.24.2 71.01 23.96 304.9 4080 37 18160 1575 8886 0.50 806 - 

1. LMCD = Log Mean Concentration Difference 
2. PCO2,AVE* = Average of Inlet and Outlet PCO2*.  Plotted against Kg Results. 
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Table 3-15. Campaign 4 – 5 m K+/2.5 m PZ Results for KG Calculation 

Run# NCO2 Liq Eff Intf PCO2 PCO2* PCO2 PCO2* LMCD Kgx1010 PCO2* Comment 
  Rate Area Top Top Bot Bot  gmol/ Ave  
 gmol/min m/hr m2/m3 Pa Pa Pa Pa Pa Pa-cm2-s Pa  

4.1 41.98 22.51 217.4 641 35 8404 329 2884 1.28 182 - 
4.2.1 58.48 20.13 216.0 4184 27 16830 1688 8498 0.61 858 - 
4.2.2 58.99 20.15 216.0 5110 20 17761 3174 9020 0.58 1597 - 
4.3.1 44.92 20.87 216.5 2712 71 16151 1587 6983 0.57 829 - 
4.3.2 45.97 20.96 216.5 2919 66 16773 2604 7061 0.57 1335 - 
4.4.1 55.62 23.32 217.8 5327 68 17789 2495 9400 0.52 1282 - 
4.4.2 55.54 23.37 217.9 5601 85 17848 97798 - - - Outlier 
4.5.1 0.00 23.27 217.8 6949 60 17215 1849 10567 - 955 Outlier 
4.5.2 65.77 23.32 217.8 6947 65 18182 2581 10654 0.54 1323 - 
4.6.1 50.09 19.26 215.5 2453 36 17219 1365 7144 0.62 701 - 
4.6.2 50.32 19.24 215.5 2119 25 17016 1509 6699 0.67 767 - 
4.7.1 54.09 23.34 217.9 1398 16 13792 468 5270 0.90 242 - 
4.7.2 53.19 23.30 217.8 1074 16 13432 422 4763 0.98 219 - 
4.8 51.03 23.27 217.8 1948 13 11291 304 5213 0.86 159 - 

4.9.1 63.13 23.18 217.8 5958 10 17138 485 10398 0.53 247 - 
4.9.2 62.14 23.23 217.8 5766 11 16761 401 10150 0.54 206 - 
4.10.1 45.41 20.89 216.5 5107 78 18170 500 10060 0.40 289 - 
4.10.2 45.30 20.90 216.5 5246 58 18224 1085 10000 0.40 572 - 
4.11.1 47.75 23.27 217.8 5253 43 15431 1020 9043 0.46 531 - 
4.11.2 47.32 23.31 217.8 5549 46 15563 1186 9240 0.45 616 - 
4.12.1 39.71 23.29 217.8 4816 37 11605 691 7429 0.47 364 - 
4.12.2 41.97 23.28 217.8 5942 44 13064 853 8675 0.42 449 - 
4.13.1 70.78 46.46 231.0 5267 22 17976 173 10275 0.57 98 - 
4.13.2 70.17 46.56 231.1 4474 41 17063 430 9226 0.63 235 - 
4.14.1 66.38 48.12 232.0 3015 46 17895 401 8189 0.67 224 - 
4.14.2 63.00 48.02 231.9 2263 43 16637 347 7060 0.74 195 - 
4.15.1 49.73 37.59 226.0 2007 30 17319 431 6952 0.61 230 - 
4.15.2 49.84 37.64 226.0 2270 30 17607 332 7360 0.57 181 - 
4.16.1 61.95 40.14 227.4 6333 93 17113 4944 8877 - - Outlier 
4.16.2 56.27 40.11 227.4 3883 52 13761 604 7558 0.63 328 - 
4.17.1 70.61 40.29 227.5 4956 9 17249 359 9726 0.61 184 - 
4.17.2 76.00 40.31 227.5 4352 14 17672 539 9315 0.69 276 - 
4.18 68.79 32.39 223.0 1982 19 14632 758 6090 0.97 389 - 
4.19 66.08 32.32 223.0 1403 38 13749 1375 4994 - - Outlier 

1. LMCD = Log Mean Concentration Difference 
2. PCO2,AVE* = Average of Inlet and Outlet PCO2*.  Plotted against Kg Results. 
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Table 3-16. Campaign 4 – 6.4 m K+/1.6 m PZ Results for KG Calculation 

Run# NCO2 Liq Eff Intf PCO2 PCO2* PCO2 PCO2* LMCD Kgx1010 PCO2* Pinch 
  Rate Area Top Top Bot Bot  gmol/ Ave  
 gmol/min m/hr m2/m3 Pa Pa Pa Pa Pa Pa-cm2-s Pa  

4.20.1 38.78 36.72 225.5 5134 121 16308 319 9463 0.35 220 - 
4.20.2 38.27 36.89 225.6 5324 54 16373 177 9732 0.33 116 - 
4.21.1 39.65 41.79 228.4 3349 82 14795 176 7576 0.44 129 - 
4.21.2. 42.55 41.80 228.4 4325 106 16782 279 9006 0.40 193 - 
4.22.1 33.15 24.20 218.3 8969 20 18340 492 12891 - - Outlier 
4.22.2 34.22 24.26 218.4 9081 20 18870 1142 12914 - - Outlier 
4.23 37.26 24.27 218.4 7769 37 18308 984 11890 0.27 511 - 
4.24 36.63 24.24 218.4 7278 56 17652 1001 11288 0.28 528 - 
4.25 38.84 27.51 220.2 5577 29 16768 247 10056 0.34 138 - 

4.26.1 45.33 33.77 223.8 3718 23 17484 327 8767 0.44 175 - 
4.26.2 45.73 33.84 223.8 4259 31 18147 281 9462 0.41 156 - 
4.27.1 41.40 29.10 221.1 5338 32 17325 576 9954 0.36 304 - 
4.27.2 40.18 29.13 221.2 4958 21 16608 369 9492 0.37 195 - 
4.28.1 37.48 24.31 218.4 6429 24 17052 549 10669 0.31 286 - 
4.28.2 35.27 24.27 218.4 5206 26 15248 296 9218 0.33 161 - 
4.29.1 38.99 24.28 218.4 4412 21 15714 442 8729 0.39 232 - 
4.29.2 40.37 24.32 218.4 5121 19 16777 342 9689 0.36 180 - 
4.30.1 43.96 29.08 221.1 3244 1 16062 238 7938 0.48 119 - 
4.30.2 46.03 29.09 221.1 4148 20 17511 416 9125 0.44 218 - 
4.31.1 48.43 33.94 223.9 9008 34 17232 552 12432 0.33 293 - 
4.31.2 48.10 33.94 223.9 8822 53 17095 413 12304 0.33 233 - 
4.32.1 47.11 29.10 221.1 10050 41 17931 593 13339 0.31 317 - 
4.32.2 45.38 29.08 221.1 9563 64 17180 1967 12133 - - Outlier 
4.33.1 44.82 24.28 218.4 10402 43 17826 391 13592 0.29 217 - 
4.33.2 43.42 24.24 218.4 10257 60 17435 209 13406 - - Outlier 

1. LMCD = Log Mean Concentration Difference 
2. PCO2,AVE* = Average of Inlet and Outlet PCO2*.  Plotted against Kg Results. 

 

Figure 3-38 shows the Kg results for the absorber in Campaign 1.  In the 

first campaign, the four slightly different compositions of the K+/PZ solvent 

were used.  The four different compositions are differentiated as Run 1, Run 2-7, 

Run 8-17, and Run 18-19.  The figure shows that the first three sets of solvent 

compositions gave comparable results over an equilibrium CO2 partial pressure 

that ranged from 6 to 1000 Pa.  The averaged results for each set of runs are also 

plotted.  However, the results for the last run were much higher and not 

consistent with the other three sets.  In Run 18-19, water was removed to further 

concentrate the solvent and the absorption rate was expected to higher.  In 

addition, the calculated results seemed to indicate that there was a pinch at the 
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top of the absorber.  The figure also shows that the Kg results were lower than 

the wetted wall column results at 40 °C.  This is somewhat unexpected because 

temperature bulges that ranged from 50 to 70 °C were observed.  It is possible 

that there was some gas film resistance, which would reduce the mass transfer 

rate.  Also, the temperature bulge may have caused the absorber to pinch in the 

middle of the column. 
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Figure 3-38. Wetted Wall Column Results (kg’) and Absorber (Kg) Results for 

Campaign 1 (5 m K+/2.5 m PZ, Flexipac 1Y Structured Packing) 

In the second campaign, the absorber was operated over an equilibrium 

partial pressure that ranged from 200 to 3000 Pa (Figure 3-39).  The absorber was 

operated at three different inlet CO2 gas concentrations: 5, 12, and 17 mole 

percent CO2.  The average Kg results for the 5 and 12% run conditions matched 

the wetted wall column at 40 °C.  The 17% case has a slightly higher absorption 

rate and was in between the 40 and 60 °C wetted wall curves. 
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Figure 3-39. Wetted Wall Column Results (kg’) and Absorber (Kg) Results for 

Campaign 2 (5 m K+/2.5 m PZ, Flexipac 1Y Structured Packing) 

Figure 3-40 shows that in Campaign 4, the 5 m K+/2.5 m PZ solvent had 

an absorption rate that is approximately twice that of the 6.4 m K+/1.6 m PZ 

solvent.  The figure also shows that both solvents had slower absorption rates 

than the wetted wall column at 40 °C.  In addition, the kg’ for the 6.4 m K+/1.6 m 

PZ solvent at 40 °C was calculated from the FORTRAN model developed by 

Cullinane (2005).  The FORTRAN model assumes kl = 0.0004 m/s and kg = 5.0 x 

10-9 kmol/Pa-m2-s.  The plot shows that the normalized flux of FORTRAN model 

for 6.4 m K+/1.6 m PZ matched the wetted wall column data for the 5 m K+/2.5 

m PZ solvent, which is unexpected. 

In the fourth campaign, Flexipac AQ Style 20 structured packing was used, 

whereas in the first and second campaigns, Flexipac 1Y structured packing was 

used.  When comparing the results from Campaigns 2 and 4, the mass transfer 

performance was worse with the Flexipac AQ packing.  The new packing is 

1790



 191 

designed to have a lower liquid holdup, which may reduce the mass transfer 

performance.  Also, the effect of bridging between the channels in the packing 

will be more prevalent with the Flexipac 1Y because it has a more surface area 

and the channels are narrower.  Although the net effect of bridging is to decrease 

available interfacial area, it may increase the amount of liquid holdup in the 

packing and provide better mass transfer performance for this system. 

0.2

1

100 1000 10000

5K/2.5PZ
6.4K/1.6PZ
5K/2.5PZ AVE
6.4K/1.6PZ AVE

K
g a

nd
 k

g' 
x 

10
10

(g
m

ol
/P

a-
cm

2 -
s)

PCO2* (Pa)

5K/2.5PZ
WWC 60°C

5K/2.5PZ
WWC 40°C

6.4K/1.6PZ
FRTN 40°C

 
Figure 3-40. Absorber Kg Results for Campaign 4 (5 m K+/2.5 m PZ and 6.4 m 
K+/1.6 m PZ, Flexipac AQ Style 20 Structured Packing), Wetted Wall Column 

Results (kg’) for 5 m K+/2.5 m PZ at 40 and 60 °C, and 6.4 m K+/1.6 m PZ 
FORTRAN Model Results at 40 °C 

The results for all three potassium carbonate and piperazine campaign are 

compared to the 7 m MEA results from Campaign 3 (Dugas, 2006).  The MEA 

mass transfer coefficient was calculated assuming a 17% inlet CO2 concentration 

and was divided by 1.8 because the original calculation used the effective area 

measurements performed in the metal absorber column and not in the air–water 

column.  Flexipac 1Y structured packing was used in the third campaign. 
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Figure 3-41 shows that for Flexipac 1Y packing, the 5 m K+/2.5 m PZ 

solvent was approximately 2.5 times faster than 7 m MEA when compared with 

the Campaign 2 results, while the 5 m K+/2.5 m PZ results from Campaigns 1 

and 4 were approximately 1.2 times higher than 7 m MEA.  In Campaign 1, 

differences in solvent composition resulted in a slower absorption rate.  In 

Campaign 4, a less efficient packing (Flexipac AQ Style 20) was used.  The Kg 

analysis also shows that the 5 m K+/2.5 m PZ solvent has an absorption rate 2 

times faster than 6.4 m K+/1.6 m PZ.  Flexipac 1Y structured packing performed 

1.8 times better than the Flexipac AQ Style 20 structured packing, even after 

accounting for the measured values of wetted area.  Finally, the Kg results for the 

5 m K+/2.5 m PZ solvent in Campaign 2 matched the performance of the wetted 

wall column at 40 °C. 
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Figure 3-41. Comparison of Kg Results for 5 m K+/2.5 m PZ, 6.4 m K+/1.6 m PZ, 

7 m MEA, and kg’ of Wetted Wall Column (Cullinane, 2005) 
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3.14 ABSORBER TEMPERATURE PROFILE 

The absorption of CO2 into piperazine promoted potassium carbonate is 

an exothermic reaction.  One of the advantages of the K+/PZ solvent is that the 

heat of absorption is tunable with a composition change.  The heat of absorption 

can be varied from 10 to 20 kcal per mol of CO2 that is absorbed.  The heat that is 

produced results in an increase in temperatures of the liquid and gas and the 

transfer of water between the two phases.  At the location in the absorber column 

where the bulk of the CO2 is absorbed, the temperature profile of the absorber 

will reach a maximum and produce a temperature bulge.  At a high liquid to gas 

(L/G) ratio, the temperature bulge will be observed towards the bottom of the 

column and at low L/G ratios, the temperature bulge will be located at the top of 

the column. 

The increase in temperature typically increases the kinetics of the 

absorption of CO2, but at the same time will affect the vapor–liquid equilibrium.  

At high temperatures, the partial pressure of CO2 in equilibrium with the liquid 

may begin to approach to the partial pressure of CO2 in the bulk gas.  The lack of 

a driving force results in a “pinch”, where additional CO2 is not absorbed by the 

solvent.  As a result, the mass transfer performance of the column is reduced.  In 

the operation of a plant, pinch points are typically avoided to maximize the 

available mass transfer area of the column. 

3.14.1 Temperature Sensor Location  

The temperature profile of the absorber was characterized with RTDs 

installed along the length of the column.  The RTD sensors are inserted several 

centimeters into the packing and contact a mixture of gas and liquid.  It is almost 

impossible to surmise whether the temperature of the gas or liquid is being 

measured.  The location of the temperature sensors in absorber are shown in 
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Figure 3-42.  The reference point is given as the bottom of the lower bed of 

packing.  The absorber is divided into two beds of packing, each with a height of 

3.05 meters.  The two beds of packing are separated by a 1.67 meter section that 

contains a spool piece where the collector plate and redistributor are located. 

 
Figure 3-42. Location of Temperature Sensors in Absorber Column 
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In Campaign 1, the following temperature sensors were used: TT4071, 

TT7073, TT4076, and TT4078.  However, temperature sensor TT4076 was located 

6.31 m above the reference point.  In the first campaign, the surface temperature 

of the absorber column was measured with an infrared (IR) temperature sensor 

to estimate the amount of heat loss from the uninsulated absorber column.  The 

IR measurements were made every 0.15 meters along the length of each packed 

bed. 

3.14.2 Infrared and RTD Measurements 

Figure 3-43 illustrates the IR and RTD measurements made on 6/24/04 at 

10:45 AM.  The gas and liquid flow rates were 8.5 m3/min and 19.5 L/min, 

respectively.  The inlet CO2 concentration was approximately 12% and the lean 

loading was 0.53 mol CO2/(mol K+ + 2 mol PZ). The figure shows that there is a 

2–3 °C difference between the two measurements (TT4073 and TT4076).  It can be 

concluded that the resulting temperature difference is a result of heat loss.  A 

simple heat loss calculation was performed for the just the surface area 

containing the packing and assuming the thermal conductivity of steel was 43.3 

W/m-K and that there was a temperature difference of 2 °C between the inside 

and outside of the column across the entire length of the column.  The heat loss 

for 6.1 m of the column was estimated to be 51.4 kW, which is in the range of 

forced  
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Figure 3-43. Absorber Temperature Profile for Run Performed on 6/24/04 at 

10:45 AM (G = 8.5 m3/min, L = 29.5 L/min, CO2 In = 12%, Lean Ldg = 0.53 
mol/Talk) 

The figure also shows that there is a drop in temperature of ~2.5 °C at 1.4 

meters.  The dip in temperature is most likely a result of heat loss from the two 

support fixtures of the absorber column, which are located in the immediate 

vicinity.  The support fixtures behave as two large fins, conducting and 

dissipating heat from the absorber column. 

An IR temperature measurement taken at middle of the spool piece was 

3.8 °C higher than the surrounding measurements made above and below.  The 

higher temperatures indicate that CO2 is being absorbed in the collector plate or 

redistributor.  However, this is not expected to happen.  Future studies should 

examine this phenomenon in more detail.  

Finally, the inlet and outlet temperatures for the gas and liquid are shown.  

The liquid inlet temperature is about 5 °C higher than top RTD temperature 
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(TT4078) and the outlet gas temperature is approximately 3 °C lower.  

Temperature sensor TT4078 is located directly above the distributor and does not 

contact any liquid.  Therefore, TT4078 should be a good indicator of outlet gas 

temperature.  The outlet gas sensor is located approximately 8 meters 

downstream of the absorber and is expected to be lower than TT4078 because of 

heat loss.  However, during some of the runs, the temperature measurement of 

TT4078 was actually lower than the gas outlet measurement.  It is possible that 

the probe was not inserted far enough into the column or evaporative cooling 

from condensation may have skewed the temperature measurement.  At the 

bottom of the column, temperature sensor TT4071 is located 6.3 cm below the 

inlet gas nozzle and should have intermittent contact with liquid falling down 

through the packing.  In this case, the inlet gas measurement was lower than 

TT4071 and the outlet liquid temperature matched the RTD measurement.  It 

should be noted that the outlet liquid passes through a pump, a filter and 

approximately 38 meters of piping before the temperature is measured. 

The absorber liquid outlet has two temperature measurements.  The outlet 

pH meter is located 0.9 meters from the absorber outlet and the absorber rich 

Micro Motion® is located approximately 38 meters downstream of the absorber 

outlet.  The absorber lean Micro Motion® is located 22 meters upstream of the 

absorber inlet nozzle.  The lean pH temperature measurement is located 

approximately 5 meters downstream of the Micro Motion®. 

3.14.3 Temperature Bulge 

The location and magnitude of the temperature bulge is dependent upon 

several factors such as liquid flow rate, liquid to gas flow rate ratio (L/G), inlet 

CO2 gas concentration, solvent composition, mass transfer area, and inlet gas and 
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liquid temperatures.  An analysis of the temperature bulge was performed for 

the three potassium carbonate and piperazine campaigns. 

Figure 3-44 shows that the location of the temperature bulge depends on 

the liquid to gas flow rate ratio (L/G).  At low L/G ratios, the temperature bulge 

will typically be located near the top of the column.  As the L/G ratio increases, 

the temperature bulge will begin to move down towards the bottom of the 

column and will cease to exist at high liquid rates.  At a high L/G ratio, the bulk 

of the enthalpy is carried out of the column by the high liquid flow rate. 
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Figure 3-44. Temperature Bulge Location and Magnitude in Absorber 
(Campaign 4, 5 m K+/2.5 m PZ, CO2 In = 17 mol%, L = 93–139 kg/min) 

The location of the temperature bulge (Tmax) was determined based on the 

RTD measurements.  The exact maximum temperature and corresponding 

location could not be determined because it is not practical to have temperature 

measurements every 5 cm along the entire length of the column.  Figure 3-45 

shows that as the L/G ratio increases, the location of Tmax will move from the top 
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of the column to the bottom, which was also shown in the previous figure.  The 

plot also shows that at low inlet CO2 gas concentrations, the temperature bulge 

will begin to shift down the column at lower L/G ratios.  The Tmax location of the 

3–5% inlet CO2 runs begin to shift at a L/G = 2, while the transition point for the 

12% runs occur at L/G = 3.5 and the 17% runs occur at L/G = 4.5. 
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Figure 3-45. Location of Temperature Bulge as a Function of Liquid to Gas 

Ratio and Inlet CO2 Gas Concentration for Campaigns 1, 2, and 4 

A plot of the Tmax measurements and L/G ratio illustrates the magnitude 

of the temperatures that were attained in the three campaigns (Figure 3-46).  The 

figure shows that the maximum temperatures were achieved at an L/G ratio of 4 

to 5 kg/kg.  The 12% CO2 data from Campaign 2 also suggests that the 

temperature bulge passes through a maximum at L/G = 3.5. 

The average temperature of the absorber column was calculated by 

integrating the area under the temperature profile curve and dividing by the 

height of the column.  There were some issues with the TT4078 temperature 
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measurements located at the top of the absorber (8.05 meters).  For the analysis, 

the highest of the following three temperatures were used as the top 

temperature: gas out, liquid in or TT4078.  At the bottom of the absorber, where 

TT4071 was located (-0.46 m), the higher of the following two temperatures was 

used: liquid out or TT4071. 
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Figure 3-46. Magnitude of Temperature Bulge as a Function of Liquid to Gas 

Ratio and Inlet CO2 Gas Concentration for Campaigns 1, 2, and 4 

In Campaign 1, only four RTD temperature measurements were available, 

whereas in Campaigns 2 and 4, there were 7 and 6 RTD measurements, 

respectively.  Therefore, the integrated temperature profiles of Campaign 1 

should not be directly compared to those obtained in the other two campaigns 

because the profile was not characterized as well.  Finally, the temperature 

profile was integrated from the -0.46 m to 8.05 m on the x-axis.  The lowest 

temperature in the profile was used as the reference point for the y-axis as a way 

of normalizing the difference between top and bottom temperatures, which 
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varied with each of the runs and were typically the lowest temperatures in the 

temperature profile. 

Table 3-17. Campaign 1 Temperature Profile Analysis 

Run# L/G L Temp Temp Temp Temp Tm ax Tmax Tave CO2 Rem 
   8.05 m 6.31 m 2.19 m -0.46 m  Loc  Gas-side 
 kg/kg kg/min °C °C °C °C °C m °C gmol/min 

1.1.1 1.11 21.7 42.6 45.8 39.9 29.2 45.8 6.31 40.6 16.92 
1.1.2 1.11 21.7 42.0 45.5 39.5 28.6 45.5 6.31 40.1 16.63 
1.1.3 1.12 21.7 42.4 45.6 39.6 29.0 45.6 6.31 40.3 16.17 
1.2.1 2.18 21.9 41.5 46.8 46.6 32.9 46.8 6.31 44.0 9.81 
1.2.2 2.19 21.9 43.2 48.6 47.3 33.1 48.6 6.31 45.1 9.61 
1.2.3 2.20 22.0 44.5 48.8 47.5 33.0 48.8 6.31 45.4 9.44 
1.3.1 4.43 43.9 41.0 39.9 37.8 38.4 39.9 6.31 38.9 7.20 
1.3.2 4.43 44.0 40.7 40.0 37.7 38.1 40.0 6.31 38.9 7.83 
1.3.3 4.43 43.9 40.4 39.7 37.4 38.1 39.7 6.31 38.6 7.57 
1.4.1 4.40 43.9 40.0 39.7 37.5 39.4 39.7 6.31 38.8 12.54 
1.5.1 2.81 38.1 40.1 39.7 37.3 38.3 39.7 6.31 38.6 12.97 
1.6.1 5.60 33.9 39.5 48.2 48.0 44.0 48.2 6.31 46.6 21.43 
1.7.1 5.46 22.1 41.5 63.5 51.4 39.2 63.5 6.31 52.7 13.78 
1.8.1 1.17 23.0 43.6 46.8 40.9 29.7 46.8 6.31 41.5 19.50 
1.8.2 1.17 22.9 43.5 46.3 40.6 29.4 46.3 6.31 41.1 20.34 
1.9.1 0.90 22.9 42.1 42.3 36.7 31.6 42.3 6.31 38.4 23.13 
1.9.2 0.89 22.9 41.9 42.1 36.8 31.5 42.1 6.31 38.3 24.05 
1.10.1 1.73 23.2 42.7 51.6 48.0 30.1 51.6 6.31 45.9 12.95 
1.10.2 1.68 22.5 42.7 51.8 48.1 29.8 51.8 6.31 46.0 11.76 
1.11.1 1.12 11.4 35.8 40.7 33.9 22.6 40.7 6.31 34.7 8.36 
1.11.2 1.13 11.5 36.1 41.4 34.3 22.7 41.4 6.31 35.1 7.82 
1.12.1 1.22 32.1 42.9 47.2 41.8 34.4 47.2 6.31 42.6 14.59 
1.12.2 1.20 30.0 43.7 47.7 41.7 34.4 47.7 6.31 42.8 22.61 
1.13.1 3.59 35.3 49.4 64.9 54.8 38.5 64.9 6.31 55.2 38.98 
1.14.1 3.81 30.9 46.2 67.4 57.7 41.0 67.4 6.31 57.3 30.57 
1.15.1 4.13 35.6 39.6 61.5 53.0 39.8 61.5 6.31 52.5 30.33 
1.15.2 4.13 35.6 44.0 67.7 59.0 40.9 67.7 6.31 57.7 28.57 
1.16.1 3.45 35.7 50.8 65.2 57.2 38.5 65.2 6.31 56.4 33.93 
1.16.2 3.48 35.8 49.7 64.6 57.4 38.8 64.6 6.31 56.2 34.60 
1.17.1 4.18 22.9 48.2 66.8 56.7 38.4 66.8 6.31 56.5 18.89 
1.17.2 4.20 22.9 47.7 67.2 57.1 38.4 67.2 6.31 56.7 19.09 
1.18.1 4.26 35.9 52.9 71.0 63.5 44.6 71.0 6.31 62.0 31.23 
1.18.2 4.25 35.9 53.2 71.3 63.5 46.7 71.3 6.31 62.5 31.86 
1.19.1 4.28 23.1 53.7 68.3 59.0 40.4 68.3 6.31 58.8 18.43 
1.19.2 4.30 23.2 53.2 69.3 59.0 39.8 69.3 6.31 58.9 19.14 
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Table 3-18. Campaign 2 Temperature Profile Analysis 

Run# L/G L Temp Temp Temp Temp Temp Temp Temp Tm ax Tmax Tave CO2 Rem 
   8.05 m 6.77 m 5.55 m 4.48 m 3.11 m 2.19 m -0.46 m  Loc  Gas-side 
 kg/kg kg/min °C °C °C °C  °C °C °C m °C gmol/min 

2.1.1 1.93 36.9 49.2 59.7 53.2 52.7 48.3 48.5 49.1 59.7 6.77 51.5 52.74 
2.1.2 1.93 37.0 48.8 59.1 52.8 52.4 48.1 48.1 48.8 59.1 6.77 51.1 50.28 
2.2.1 1.97 37.0 50.8 58.9 53.1 53.5 49.8 50.0 51.8 58.9 6.77 52.5 37.00 
2.3.1 2.86 41.7 44.6 62.0 56.7 57.2 52.3 51.4 45.5 62.0 6.77 53.2 33.09 
2.4.1 3.48 51.0 40.9 62.5 58.3 59.2 54.1 54.3 45.4 62.5 6.77 54.3 37.70 
2.5.1 3.49 50.8 40.7 62.2 58.4 59.4 54.5 54.5 45.8 62.2 6.77 54.4 35.77 
2.6.1 3.98 58.0 41.2 59.3 59.1 59.8 56.6 58.0 47.5 59.8 4.48 55.5 38.39 
2.7.1 4.01 58.2 41.3 61.6 60.0 61.0 57.5 58.5 47.7 61.6 6.77 56.4 39.83 
2.8.1 3.14 60.6 45.8 63.2 59.1 59.1 57.6 54.7 48.0 63.2 6.77 55.9 44.61 
2.8.2 3.17 60.4 46.2 63.4 59.4 59.4 58.1 55.6 48.9 63.4 6.77 56.4 43.60 
2.9.1 3.40 39.7 41.1 64.2 58.7 57.3 55.5 53.7 42.7 64.2 6.77 54.0 28.92 
2.9.2 3.40 39.6 42.2 64.8 59.1 57.5 55.9 54.0 43.0 64.8 6.77 54.4 29.35 
2.10.1 4.74 53.6 41.2 52.2 58.8 58.7 59.1 59.8 48.9 59.8 2.19 55.2 35.12 
2.10.2 4.75 53.5 41.3 52.6 59.2 59.0 59.3 59.9 49.7 59.9 2.19 55.5 34.77 
2.11.1 4.78 53.3 41.4 55.0 60.6 60.8 61.0 60.7 49.4 61.0 3.11 56.7 32.87 
2.11.2 4.82 53.6 41.4 56.0 61.0 61.1 61.4 60.9 50.5 61.4 3.11 57.2 32.98 
2.12.1 5.06 56.0 41.0 59.7 59.2 57.3 57.2 57.3 50.5 59.7 6.77 55.6 35.61 
2.12.2 4.79 55.7 41.0 52.4 57.0 56.6 56.9 58.1 48.7 58.1 2.19 54.0 39.58 
2.13.1 3.96 46.7 40.7 65.0 61.4 62.1 61.5 59.0 45.0 65.0 6.77 57.4 33.57 
2.13.2 3.93 46.6 40.3 62.5 59.9 61.0 60.1 57.9 44.1 62.5 6.77 56.1 34.28 
2.14.1 1.97 23.2 43.5 48.0 44.1 43.7 36.6 39.7 34.1 48.0 6.77 41.1 15.93 
2.14.2 1.98 23.3 42.5 46.9 43.4 43.3 36.2 39.5 33.3 46.9 6.77 40.5 14.87 
2.15.1 2.40 28.1 41.9 51.2 49.5 50.6 44.6 46.3 37.0 51.2 6.77 46.1 18.03 
2.16.1 2.33 27.4 42.0 50.9 49.8 51.0 45.1 46.7 36.9 51.0 4.48 46.3 18.05 
2.16.2 1.70 25.6 38.8 44.8 40.8 41.3 35.6 36.9 34.0 44.8 6.77 38.7 19.35 
2.17.1 1.70 25.6 39.0 43.9 40.1 40.7 34.9 36.6 33.0 43.9 6.77 38.1 16.01 
2.18.1 2.51 37.3 44.8 45.9 47.5 49.6 43.7 46.7 40.5 49.6 4.48 45.6 17.13 
2.18.2 2.47 36.6 44.8 45.7 47.5 49.7 43.9 47.1 40.9 49.7 4.48 45.7 16.74 
2.19.1 3.12 46.1 47.0 44.2 44.3 46.9 41.2 46.6 43.6 46.9 4.48 44.8 17.58 
2.19.2 3.15 46.2 47.8 46.3 46.5 49.2 44.4 49.8 44.9 49.8 2.19 47.1 17.42 
2.20.1 5.73 94.8 40.1 42.5 46.7 51.7 49.3 52.9 49.7 52.9 2.19 48.4 71.52 
2.20.2 5.77 94.5 40.1 42.2 45.8 51.4 48.9 52.8 50.1 52.8 2.19 48.2 69.91 
2.21.1 6.43 102.2 40.1 40.7 43.4 48.9 47.1 50.8 50.1 50.8 2.19 46.6 67.80 
2.21.2 6.61 102.0 40.9 42.3 45.6 51.1 49.9 53.7 52.0 53.7 2.19 48.8 63.62 
2.22.1 6.20 101.2 41.8 44.4 49.0 54.0 53.0 56.3 52.4 56.3 2.19 51.1 75.52 
2.22.2 6.24 101.9 41.1 42.9 47.2 52.5 51.6 55.1 52.1 55.1 2.19 49.9 75.95 
2.23.1 4.17 69.7 41.5 72.1 67.5 67.6 64.7 63.2 49.0 72.1 6.77 62.1 65.79 
2.23.2 4.14 69.3 39.8 71.0 67.1 67.4 64.6 62.9 48.6 71.0 6.77 61.6 64.16 
2.24.1 4.18 70.0 41.5 72.6 67.6 68.1 65.2 63.8 49.1 72.6 6.77 62.4 69.88 
2.24.2 4.13 69.5 42.0 72.5 67.6 68.0 65.0 63.6 49.0 72.5 6.77 62.4 70.91 

 

1802



 203 

Table 3-19. Campaign 4 – 5 m K+/2.5 m PZ Temperature Profile Analysis 

Run# L/G L Temp Temp Temp Temp Temp Temp Tm ax Tmax Tave CO2 Rem 
   8.05 m 6.77 m 5.55 m 4.48 m 2.19 m -0.46 m  Loc  Gas-side 
 kg/kg kg/min °C °C °C °C °C °C °C m °C gmol/min 

4.1 3.85 64.9 42.4 57.1 64.9 65.4 62.1 49.4 65.4 4.48 58.9 42.0 
4.2.1 4.05 58.1 45.8 64.8 67.9 64.9 61.3 49.3 67.9 5.55 60.4 58.5 
4.2.2 4.05 58.3 46.1 64.9 67.3 64.3 60.5 49.3 67.3 5.55 60.0 59.0 
4.3.1 5.75 60.6 42.1 44.3 50.5 52.2 55.7 50.9 55.7 2.19 50.9 44.9 
4.3.2 5.79 60.6 42.5 44.8 51.3 52.9 56.3 51.2 56.3 2.19 51.5 46.0 
4.4.1 4.87 67.6 43.6 52.7 60.5 61.0 60.9 50.7 61.0 4.48 56.8 55.6 
4.4.2 4.84 67.9 43.9 54.1 62.4 62.4 61.5 50.8 62.4 5.55 57.7 55.5 
4.5.1 3.81 67.7 45.7 58.4 61.5 59.6 56.7 48.1 61.5 5.55 56.0 - 
4.5.2 3.79 67.9 43.6 56.9 59.9 58.1 55.4 47.8 59.9 5.55 54.7 65.8 
4.6.1 5.15 55.2 46.7 66.8 69.7 68.4 64.7 52.3 69.7 5.55 63.1 50.1 
4.6.2 5.13 54.9 43.6 58.4 67.5 67.3 64.7 51.9 67.5 5.55 61.1 50.3 
4.7.1 4.86 67.1 45.2 62.2 68.4 67.5 64.7 51.1 68.4 5.55 61.8 54.1 
4.7.2 4.89 66.8 45.0 59.9 68.0 67.8 65.3 51.2 68.0 5.55 61.6 53.2 
4.8 3.93 66.9 47.2 62.1 64.1 62.2 58.0 48.2 64.1 5.55 57.9 51.0 

4.9.1 3.82 66.6 50.9 65.0 64.2 61.2 57.0 48.0 65.0 6.77 58.1 63.1 
4.9.2 3.84 66.8 51.0 64.6 64.0 61.0 56.8 47.9 64.6 6.77 57.9 62.1 
4.10.1 5.58 60.0 44.3 49.9 56.7 58.6 60.2 51.3 60.2 2.19 55.3 45.4 
4.10.2 5.57 60.0 41.7 46.8 53.4 57.5 59.6 51.0 59.6 2.19 53.8 45.3 
4.11.1 4.66 66.8 41.6 46.1 52.2 54.4 56.8 49.6 56.8 2.19 51.9 47.7 
4.11.2 4.67 67.1 41.2 45.4 51.3 53.5 56.0 49.4 56.0 2.19 51.2 47.3 
4.12.1 3.79 67.2 39.8 49.5 56.3 57.2 55.5 47.6 57.2 4.48 52.6 39.7 
4.12.2 3.77 67.2 39.9 50.7 56.6 57.1 55.1 47.6 57.1 4.48 52.7 42.0 
4.13.1 7.68 133.7 41.5 42.6 44.8 46.6 48.5 48.8 48.8 -0.46 46.3 70.8 
4.13.2 7.66 133.8 43.0 44.1 46.3 48.5 50.5 50.2 50.5 2.19 48.0 70.2 
4.14.1 9.79 138.6 42.8 43.1 44.7 46.2 48.1 49.3 49.3 -0.46 46.3 66.4 
4.14.2 9.92 138.4 42.8 42.9 44.2 45.6 47.5 49.1 49.1 -0.46 45.9 63.0 
4.15.1 10.43 108.5 39.5 39.7 41.0 42.2 44.0 46.5 46.5 -0.46 42.7 49.7 
4.15.2 10.47 108.9 39.6 39.8 41.2 42.5 44.1 46.6 46.6 -0.46 42.8 49.8 
4.16.1 6.53 115.1 41.4 42.9 46.4 49.2 51.1 49.8 51.1 2.19 48.0 61.9 
4.16.2 6.56 115.3 41.3 42.0 44.7 47.4 49.5 49.2 49.5 2.19 46.7 56.3 
4.17.1 6.48 115.3 40.1 41.5 45.9 49.9 52.8 51.0 52.8 2.19 48.4 70.6 
4.17.2 6.48 115.2 40.6 42.0 46.4 50.8 54.0 51.9 54.0 2.19 49.2 76.0 
4.18 5.39 92.7 40.0 41.1 44.5 50.4 56.2 52.2 56.2 2.19 49.4 68.8 
4.19 5.44 92.5 40.3 41.2 43.9 49.7 56.3 52.6 56.3 2.19 49.3 66.1 
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Table 3-20. Campaign 4 – 6.4 m K+/1.6 m PZ Temperature Profile Analysis 

Run# L/G L Temp Temp Temp Temp Temp Temp Tm ax Tmax Tave CO2 Rem 
   8.05 m 6.77 m 5.55 m 4.48 m 2.19 m -0.46 m  Loc  Gas-side 
 kg/kg kg/min °C °C °C °C °C °C °C m °C gmol/min 

4.20.1 10.43 111.1 38.8 37.7 37.5 40.9 41.4 44.4 44.4 -0.46 40.5 38.8 
4.20.2 10.36 111.1 38.6 37.2 38.2 39.8 41.1 44.3 44.3 -0.46 40.2 38.3 
4.21.1 11.58 124.2 39.0 38.8 39.2 40.4 41.5 44.3 44.3 -0.46 40.8 39.7 
4.21.2. 11.77 124.8 40.5 40.5 41.1 42.4 43.6 45.7 45.7 -0.46 42.7 42.6 
4.22.1 6.84 72.2 36.8 37.5 37.6 40.5 41.0 44.5 44.5 -0.46 40.1 33.1 
4.22.2 6.91 72.3 36.7 37.6 37.8 40.4 41.0 44.6 44.6 -0.46 40.2 34.2 
4.23 6.80 72.5 37.8 39.0 40.2 42.2 43.3 46.5 46.5 -0.46 42.1 37.3 
4.24 6.81 72.6 37.5 38.6 40.0 41.6 42.9 46.2 46.2 -0.46 41.7 36.6 
4.25 7.69 81.6 39.5 39.8 40.3 42.5 43.5 46.7 46.7 -0.46 42.5 38.8 

4.26.1 9.67 100.3 38.3 38.9 39.9 41.6 43.1 45.1 45.1 -0.46 41.7 45.3 
4.26.2 9.72 100.7 38.7 39.3 40.6 42.3 43.8 45.8 45.8 -0.46 42.3 45.7 
4.27.1 8.14 86.4 40.0 40.9 42.7 44.4 45.8 47.2 47.2 -0.46 44.2 41.4 
4.27.2 8.15 86.5 39.3 39.9 41.6 43.4 44.8 46.5 46.5 -0.46 43.2 40.2 
4.28.1 6.71 71.8 38.9 40.0 41.9 43.8 45.3 46.8 46.8 -0.46 43.5 37.5 
4.28.2 6.72 71.8 38.4 39.0 40.5 42.5 43.8 45.9 45.9 -0.46 42.3 35.3 
4.29.1 6.79 72.1 39.4 40.3 42.2 44.4 46.0 47.5 47.5 -0.46 44.1 39.0 
4.29.2 6.79 72.2 39.5 40.6 42.7 45.0 46.8 47.9 47.9 -0.46 44.6 40.4 
4.30.1 8.07 86.2 41.0 41.2 42.4 44.7 46.2 48.2 48.2 -0.46 44.6 44.0 
4.30.2 8.07 86.5 40.4 40.6 42.5 44.5 45.9 47.9 47.9 -0.46 44.3 46.0 
4.31.1 5.69 100.5 41.6 42.5 45.4 47.5 49.1 48.7 49.1 2.19 46.7 48.4 
4.31.2 5.74 100.4 41.6 42.4 45.1 47.2 48.8 48.7 48.8 2.19 46.5 48.1 
4.32.1 4.83 86.1 43.5 45.6 50.7 53.9 55.8 49.9 55.8 2.19 51.4 47.1 
4.32.2 4.85 86.2 43.7 45.9 51.3 55.1 56.6 49.9 56.6 2.19 52.0 45.4 
4.33.1 3.99 71.6 45.6 54.3 57.8 56.6 53.7 48.1 57.8 5.55 53.4 44.8 
4.33.2 3.99 71.5 45.1 52.6 56.9 56.0 53.7 48.2 56.9 5.55 52.9 43.4 

 

The average temperature of the absorber was correlated to the maximum 

temperature measured in the absorber column (Figure 3-47).  The average 

absorber temperature increased as the maximum temperature increased.  The 

figure also shows the distribution of the integrated temperature profiles among 

the three campaigns.  The plot shows that the highest temperature was achieved 

with 5 m K+/2.5 m PZ solvent with the Flexipac 1Y packing and at inlet CO2 gas 

concentrations of 12 and 17 mol%. 
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Figure 3-47. Integrated Area of Absorber Temperature Profile and Maximum 

Temperature Measurements in the Absorber 

3.15 PRESSURE DROP 

Flexipac AQ Style 20 structured packing has a corrugation angle of 50 

degrees.  This results in lower liquid holdup, lower pressure drop, and a higher 

capacity.  Flexipac 1Y structured packing has a corrugation angle of 45 degrees, 

narrower channels, and a higher pressure drop.  Figure 3-48 shows the pressure 

drop data obtained for all three K+/PZ campaigns.  The pressure drop was 

calculated by taking the square root of the total pressure drop across the absorber 

column and normalizing by the inlet superficial gas velocity.  The total pressure 

drop was calculated as the sum of the pressure drop for the top (PDT 451) and 

bottom (PDT 450) packing bed.  The figure shows that the Flexipac 1Y packing 

used in Campaigns 1 and 2 had a higher pressure drop normalized by gas 

velocity than the Flexipac AQ structured packing used in Campaign 4.  The total 

pressure drop across the column in Campaigns 1 and 2 were comparable, but the 
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gas rate was typically higher in Campaign 2.  The average superficial gas velocity 

for Campaigns 1 and 2 were 1.06 and 1.43 m/s, respectively. 

Analysis of Campaign 1 pressure drop data found that when the ratio for 

the pressure drop of the bottom bed to top bed exceeded one, the points fell 

inside the circled region of the figure, where the ratio ranged from 1.1 to 2.2.  The 

majority of the remaining points had bottom to top bed ratios of approximately 

0.95.  The pressure drop for the low gas flow rate points in Campaign 2 was 

similar to the high bottom to top bed ratio values of Campaign 1.  However in 

Campaign 2, the threshold for bottom to top bed ratio was 1.4.  The low gas rate 

points of Campaign 2 that fell in the circled region had a bottom to top bed ratio 

that ranged from 1.8–5.3.  It is possible that for some of these points, the bottom 

bed of the absorber column was foaming.  For other points of Campaign 2, the 

ratio of the pressure drop for the bottom and top bed ranged from 0.9 to 1.4. 

Figure 3-49 is a plot of the Flexipac AQ Style 20 packing data for the 5 m 

K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvent compositions.  For a given liquid 

rate and a gas rate of 0.95 m/s, the figures shows that the 6.4 m K+/1.6 m PZ 

solvent has a lower total pressure drop than the 5 m K+/2.5 m PZ.  At a gas rate 

of 1.59 m/s, both solvents had comparable pressure drop measurements.  This is 

most likely due to temperature bulge effect.  When the temperature bulge is large, 

the density of the gas is much lower and will increase the pressure drop.  The 6.4 

m K+/1.6 m PZ has a slower CO2 absorption rate and does not generate much of 

temperature bulge at low gas rates (high L/G), which results in a lower pressure 

drop.  At high gas rates (low L/G), the figure suggests that the hydrodynamics 

of the gas and liquid outweigh the effects of the temperature bulge because the 

temperature bulge for the 6.4 m K+/1.6 m PZ solvent were lower than the 5 m 

K+/2.5 m PZ solvent.  Therefore, column pressure drop designs should account 

for the temperature bulge. 

1806



 207 

1

2

3

4

0 10 20 30 40 50

C1 12%
C2 12%
C2 Vac 4-5%
C2 17%
C4 5/2.5 17%
C4 6.4/1.6 17%

P
re

ss
ur

e 
D

ro
p/

G
as

 V
el

oc
ity

 (i
n 

H
2O

)0.
5 /(

m
/s

)

Liquid Velocity (m/hr)

Low Gas
Rate

Flexipac 1Y

Flexipac AQ

Bot/Top > 1

 
Figure 3-48. Pressure Drop Data of Flexipac 1Y and Flexipac AQ Style 20 for 

Campaigns 1,2, and 4 (5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ Solvent) 
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Figure 3-49. Pressure Drop of Flexipac AQ Style 20 for Campaign 4 as a 

Function of Solvent Composition (5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ) 
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3.16 STRIPPER HEAT DUTY 

In the first two campaigns, the stripper feed was not pre-heated 

adequately.  Therefore, the heat duty obtained for the Campaigns 1 and 2 were 

not representative.  In Campaign 4, a plate and frame cross-exchanger was 

installed which reduced the approach temperature down to 5–10 °C, relative to 

the reboiler.  However, due to the higher temperatures, the stripper feed would 

flash at the top of the absorber column in the distributor.  It was estimated that 

the feed entering the distributor was approximately 90–95% gas.  In future pilot 

plant campaigns, a two-phase distributor should be used, which will improve 

the mass transfer performance in the stripper. 

The approximate reboiler heat duty of Campaign 4 is shown in Figure 3-50.  

The heat duty was calculated based on the steam rate to the reboiler and does not 

account for heat loss from the stripper.  A detailed analysis of stripper 

performance for the fourth campaign is presented in Oyenekan (2007).  The plot 

shows that reboiler heat duty increases with CO2 removal efficiency for the 5 m 

K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solvent compositions.  However, the 5 m 

K+/2.5 m PZ solvent has a slightly lower heat duty for a given CO2 removal 

efficiency.  This is unexpected because the 6.4 m K+/1.6 m PZ solvent has a lower 

heat of absorption than 5 m K+/2.5 m PZ solvent. 

1808



 209 

  

50

100

150

200

250

300

0.4 0.5 0.6 0.7 0.8 0.9 1

H
ea

t D
ut

y 
(k

ca
l/m

ol
 C

O
2)

CO2 Removal Efficiency

6.4K/1.6PZ

5K/2.5PZ

 
Figure 3-50. Campaign 4 Stripper Performance for 5 m K+/2.5 m PZ and 6.4 m 

K+/1.6 m PZ 

3.17 CROSS EXCHANGER PERFORMANCE 

The number of transfer units (NTU) per pass for the Alfa Laval M6-FG 

plate and frame cross-exchanger was calculated and plotted against the solvent 

flow rate.  The cross-exchanger has a heat transfer area of 14.8 m2, consists of 99 

plates and is arranged for 5 pass flow.  Figure 3-51 shows that the NTUs per pass 

are inversely related to the liquid flow rate.  The approach temperatures of the 5 

m K+/2.5 m PZ and the 6.4 m K+/1.6 m PZ solvent ranged from 6.9 to 8.9 °C and 

3.4 to 6.4 °C, respectively.  The approach temperature was lower for the 6.4 m 

K+/1.6 m PZ because it was operated under vacuum and the stripper 

temperature profile was much lower.  As a result, the NTU dependence is 

slightly different than the 5 m K+/2.5 m PZ solvent. 
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Figure 3-51. Number of Transfer Units for Alfa Laval M6-FG Plate and Frame 

Cross-Exchanger (Area = 14.8 m2, 99 Plates, 5 Pass Flow) 

3.18 CONCLUSIONS 

The real-time process measurements were reasonably accurate, with the 

exception of the temperature measurement for the absorber inlet pH meter.  The 

stripper lean mass flowmeter needs to be examined to determine the cause of the 

oscillating density, temperature, and volumetric flow measurements.  The liquid 

flow measurements demonstrated some oscillation and had a standard deviation 

between 1 and 4%.  

The effective interfacial area of Flexipac 1Y was 30% less than Flexipac AQ 

Style 20 and the specific dry area of Flexipac 1Y was approximately twice that of 

the Flexipac AQ packing.  Better mass transfer performance was observed with 

Flexipac 1Y packing, which may due to higher liquid holdup from the inherent 

design of the packing and possibly from bridging.  The Kg for Flexipac 1Y was 

approximately two times higher than that of Flexipac AQ over the same partial 
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pressure range.  The Kg of the 5 m K+/2.5 m PZ solvent was approximately three 

times higher than the 6.4 m K+/1.6 m PZ solvent.  For Flexipac 1Y, the Kg for the 

5 m K+/2.5 m PZ solvent was approximately two times higher than the 7 molal 

MEA. 

Heat loss from the uninsulated absorber column may be significant.  The 

temperature bulge was quantified by integrating the area under the absorber 

temperature profile and was correlated with the maximum measured 

temperature.  The location of the temperature bulge moves from the top of the 

column to bottom as the L/G ratio is increased. 

The pressure drop normalized by the gas rate was approximately 1.5–2 

times higher in the Flexipac 1Y than in Flexipac AQ Style 20, which had steeper 

corrugation angle.  Lower pressure drop was observed with 6.4 m K+/1.6 m PZ 

at the lower gas rate because of a low magnitude temperature bulge.  However, 

at high gas rates, the pressure drop will be dictated only by hydraulics. 

In future campaigns, it is recommended that the concentration of water in 

the liquid samples be analyzed.  This would help with the interpretation and 

validation for the liquid analysis of the potassium, piperazine and carbon 

dioxide concentrations.  It is also recommended that quality control and quality 

assurance for the liquid sampling and liquid analysis of CO2 loading be verified 

and validated. 
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Chapter 4: Rated-Based Absorber Modeling 

 

 

 

The thermodynamics and kinetics of potassium carbonate, piperazine, and 

carbon dioxide were measured in a wetted wall column (Cullinane, 2005).  A 

rigorous thermodynamic model was developed by Cullinane in FORTRAN using 

the electrolyte non-random two-liquid (NRTL) theory, which predicted vapor–

liquid equilibrium (VLE) and speciation for the K2CO3-PZ-CO2-H2O system.  The 

equilibrium constants and interaction parameters were regressed using 

experimental data.  Cullinane also developed a rigorous kinetic model in 

FORTRAN that determined the rate constants and diffusion coefficients based on 

experimental data.  Hilliard (2005) developed an Aspen Plus® VLE model with 

the thermodynamic data of Cullinane.  Hilliard used the Data Regression System 

(DRS) in Aspen Plus® to simultaneously regress the interaction parameters and 

equilibrium constants for the electrolyte-NRTL model. 

In this work, a rate-based model was developed in Aspen Plus® RateSepTM 

to interpret the results from the pilot plant.  The absorber model incorporates the 

Hilliard (2005) VLE model to predict vapor–liquid equilibrium and component 

speciation.  The absorber model also uses the rate constants developed by 

Cullinane to predict kinetics.  The concentration based rate constants regressed 

by Cullinane were converted into activity based rates and entered into RateSep™.  

The absorber model calculates heat and mass transfer and physical properties 

using correlations that are specified by the user within the Aspen Plus® 

framework.  The absorption of carbon dioxide is an exothermic reaction and 
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typically results in a temperature bulge in the column.  This affects the 

thermodynamics, kinetics, and physical properties of the solvent. 

4.1 THERMODYNAMICS OF POTASSIUM CARBONATE PROMOTED PIPERAZINE 

The thermodynamic model for the potassium carbonate, piperazine and 

carbon dioxide system was originally developed by Cullinane (2005) and 

extended by Hilliard (2005).  Cullinane measure the solubility of carbon dioxide 

in 0.6–3.6 molal piperazine and 2.5–6.2 molal potassium ion (K+) from 40 to 

110 °C using a wetted wall column.  The speciation of piperazine was 

determined using 1H NMR.  A rigorous thermodynamic model was developed in 

FORTRAN based on the electrolyte nonrandom two-liquid model (electrolyte-

NRTL).  Hilliard extended the Cullinane work by creating an electrolyte-NRTL 

model in Aspen Plus® using the Cullinane data from the wetted wall column.  

Hilliard simultaneously regressed binary interaction parameters for the K2CO3-

PZ-CO2-H2O system.  The VLE model was able to represent the total pressure, 

CO2 solubility, and proton NMR speciation for the electrolyte system.  However, 

the simultaneous regression of the interaction parameters by Hilliard did not 

incorporate heat capacity data for the K2CO3-PZ-CO2-H2O system because it was 

not available.  Therefore, the temperature dependence of the regressed binary 

interaction and enthalpy parameters may not have been adequately captured.  

Recent CO2 solubility measurements by Hilliard found that the Cullinane VLE 

data may be offset by 20 °C or shifted by 10% on a CO2 loading basis.  At the time 

of writing, Hilliard had not updated the VLE Aspen Plus® model with the new 

data.   The original Hilliard (2005) K+/PZ VLE model was used in this work and 

a 10% adjustment to the experimental loading was applied. 
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4.1.1 Reconciliation of Hilliard Aspen Plus® Thermodynamic Model 

A non-equilibrium rate-based absorber model for CO2 absorption into 

aqueous piperazine and potassium carbonate was developed using Aspen Plus® 

RateSep™.  The model incorporates the Aspen Plus® VLE model that Hilliard 

(2005) developed for the K2CO3-PZ-CO2-H2O system.  However, the absorber 

model initially predicted unexpected temperature profiles, which indicated that 

the heat of absorption for CO2 was not being correctly predicted by Aspen Plus®.  

The heat of absorption for the VLE model needed to be reconciled before the 

absorber modeling work could be continued. 

4.1.2 CO2 Heat of Absorption Inconsistency 

An Aspen Plus® flash calculation was used to generate heat duty and 

vapor–liquid equilibrium data using the Hilliard (2005) VLE model.  The flash 

calculation was performed by absorbing a gas stream of CO2 into a liquid 

containing potassium carbonate, piperazine, and CO2 (Figure 4-1).  An outlet 

vapor fraction of 1.0 x 10-9 was specified and the pressure and temperature of the 

inlet streams were adjusted to match the flash conditions. 

 
Figure 4-1. Schematic of Aspen Plus® Flash Calculation 
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The heat duty (HD) from the Aspen Plus® flash calculation represents the 

heat of absorption of CO2 into the K+/PZ solvent.  The heat of absorption can 

also be calculated from the Gibbs–Helmholtz equation using the vapor pressure 

data generated by the flash calculation and is given by the following equation: 

 ⎟
⎠

⎞
⎜
⎝

⎛ −
Δ

−=
12,

, 11ln
12

22

TTR
H

P
P

AB

TCO

TCO
   (4.1) 

 
Flash calculations were conducted from 40 to 120 °C at incremental 

temperatures of 0.1 °C and from 0.45 to 0.55 mol CO2/(mol K+ + 2 mol PZ) 

loading.  Using the Gibbs–Helmholtz equation, the heat of absorption was 

calculated from the vapor pressures generated at T1 and T2 (i.e. 40 and 40.1 °C) in 

equilibrium with the loading of the liquid outlet stream.  It was assumed that the 

difference in loading between the incremental temperatures was negligible 

because the amount of CO2 absorbed was extremely small.  The heat of 

absorption calculated from the Gibbs–Helmholtz equation (ΔH-VLE) is expected 

to match the heat duty generated by the Aspen Plus® flash calculation (ΔH-HD). 

Table 4-1 clearly shows that the heat of absorption predicted by Aspen 

Plus® does not match the VLE predictions.  The heat duties generated by Aspen 

Plus® were not reasonable and in some cases, predicted positive heats of 

absorption at high loadings.  The heat duty calculated by Aspen Plus® is derived 

from an enthalpy balance using the heats of formation, heat capacities, and heats 

of vaporization of the various species.  However, it appears that Aspen Plus® 

does not check whether the heat duty is consistent with the other 

thermodynamic data such as the equilibrium constants and CO2 vapor pressure.  

The problem was initially discovered when an Aspen Plus® RateFrac™ absorber 

model was first developed from the Hilliard VLE model.  The absorber model 
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predicted a negative temperature profile, varying from 40 °C at the top of the 

column to a negative temperature at the bottom. 

Table 4-1. Heat of Absorption Comparison for 5 m K+/2.5 m PZ 

 Temp 
K 

PCO2 
Pa 

ΔH-Aspen Plus® 
Heat Duty 
kcal/mol 

ΔH-Gibbs  
Helmholtz 
kcal/mol 

313.15 152 -2.45 -17.54 
333.15 364 -6.48 -16.07 
313.15 2413 49.30 -12.41 
333.15 4475 42.43 -12.58 

 

4.1.3 Heat of Formation Adjustment 

The liquid heats of formation at 298.15 K were calculated for the four 

piperazine species (PZH+, PZCOO¯, PZ(COO¯)2, and H+PZCOO¯) using the 

parameters from the equilibrium constants and the Van’t Hoff equation.  The 

equilibrium equations for the four piperazine species are given below. 

 ++ +⎯→←+ OHPZOHPZH 32   (4.2) 
 
 OHPZCOOΗCΟPZ -

23 +⎯→←+ −   (4.3) 
 
 OHCOOPZΗCΟPZCOO -

223 )( +⎯→←+ −−   (4.4) 
 
 +−−+ +⎯→←+ PZHPZCOOPZPZCOOH   (4.5) 
 

The Van’t Hoff equation is given by the following equation: 

 
R
H

Td
Kd rxnΔ

−=)/1(
ln   (4.6) 

 
The equilibrium constants for the piperazine species in the Hilliard model are in 

activity based mole-fractions. 
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Table 4-2. Equilibrium Constants in the Hilliard Aspen Plus® Electrolyte 
NTRL Model 

TCTBAKeq ln/ln ++=  Eqn No. 
 

Equilibrium 
Constant A B C 

4.7 
OHPZH

OHPZ

PZH aa
aa

K
2

3

⋅
⋅

=
+

+

+  481.945 -33448.7 -69.7827 

4.8 
−

−

+ ⋅
⋅

=
3

2

HCOPZ

OHPZCOO
PZH aa

aa
K  -609.969 36511.7 87.075 

4.9 
−−

−

+ ⋅

⋅
=

3

22)(

HCOPZCOO

OHCOOPZ
PZH aa

aa
K  -251.395 14080.2 36.7818 

4.10 
PZPZCOO

PZHPZCOO
PZH aa

aa
K

⋅
⋅

=
−

+−

+  -488.753 27752.8 69.7831 

 

The heat of reaction can be calculated by differentiating the Keq equation with 

respect to 1/T, which results in: 

 RTCBHrxn )( ⋅+−=Δ   (4.11) 
 
The heats of formation for the unknown piperazine species can be back-

calculated from the known species using the heat of reaction determined from 

the equilibrium reaction at 298.15 K. 

 reactfprodfrxn HHH ,, −=Δ   (4.12) 
 
For piperazine and water, Aspen Plus® does not list the liquid heat of 

formation at 298.15 K.  Instead, it lists the standard enthalpy of formation of ideal 

gas at 298.15 K (DHFORM) and the enthalpy of vaporization at the boiling point 

(DHVLB) and uses this information to extrapolate a liquid heat of formation at 

298.15 K (Table 4-3).  The heat of formation for water was determined using the 

DIPPR database and the values for H3O+ and HCO3¯ were used directly as 

entered in Aspen Plus®. 
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For piperazine, the liquid heat of formation was extrapolated by 

condensing one mole of piperazine gas into liquid at 298.15 K, using a heater 

block created in Aspen Plus®.  The molar enthalpy from the flash calculation 

yielded a heat of formation of -8.21 kcal/mol for liquid piperazine at 298.15 K.  

However, when the value of -8.21 kcal/mol was used to calculate the heats of 

formation for the corresponding piperazine species, it gave unsatisfactory results.  

Instead, the heat of formation for liquid piperazine was iteratively adjusted until 

the heat duty from the flash calculation matched the heat of absorption 

calculated from the vapor pressures at 298.15 K and a loading of 0.45 mol 

CO2/(mol K+ + 2 mol PZ).  In the flash calculation, the amount of gaseous CO2 to 

be absorbed was assumed to be 1% of the total CO2 concentration in the liquid.  

Later absorber model simulations showed that at each segment (50 segments 

total) the amount of CO2 that was absorbed ranged from 0.14 to 1.3% of the total 

CO2 liquid concentration.  Therefore, 1% was used in order to simplify the flash 

calculation. 

The heats of formation for the PZH+, PZCOO¯, and PZ(COO¯)2 ions were 

entered into Aspen Plus® as DHAQFM under the DATA4 tab of Pure 

Components in the Properties tab.  The H+PZCOO¯ ion was given a net zero 

charge and treated as a molecule in the VLE regression analysis by Hilliard.  To 

maintain this consistency, the ion was treated as an ideal gas molecule and given 

a zero enthalpy of vaporization.  The heat of formation was entered as DHFORM 

under DATA4 and zero coefficients were entered into the Watson heat of 

vaporization equation for H+PZCOO¯ under DHVLWT-1 in the Pure 

Components tab of Aspen Plus®.  The heat of formation parameters for the 5 m 

K+/2.5 m PZ solution is listed in Table 4-3.  In order to match the heat duty from 

Aspen Plus® with the heat of absorption calculated from the Van’t Hoff equation 

for the 6.4 m K+/1.6 m PZ solution, the heat of formation of liquid piperazine 
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was adjusted to -6.80 kcal/mol.  The calculated DHAQFM parameters for the 6.4 

m K+/1.6 m PZ solution are only approximately 1 kcal/mol higher than the 5 m 

K+/2.5 m PZ values and are listed in Table 4-4. 

 Table 4-3. Heats of Formation Used for 5 m K+/2.5 m PZ Solution 

 Species 
 

DHFORM 
(kcal/mol) 

DHVLB 
(kcal/mol) 

DHAQFM 
(kcal/mol) 

ΔHf,298.15 Used 
(kcal/mol) Source 

H2O(l) -57.8 9.717 - -68.315 DIPPR 
H3O+ - - -68.269 -68.269 Aspen 

HCO3¯ - - -165.279 -165.279 Aspen 
PZ(l) 3.917 9.999 - -5.88 Adjusted 
PZH+ - - -30.943 - Calc 

PZCOO¯ - - -123.797 - Calc 
PZ(COO¯)2 - - -226.947 - Calc 
H+PZCOO¯ -135.066 0 - - Calc 

 

Table 4-4. Heats of Formation Used for 6.4 m K+/1.6 m PZ Solution 

 Species 
 

DHFORM 
(kcal/mol) 

DHVLB 
(kcal/mol) 

DHAQFM 
(kcal/mol) 

ΔHf,298.15 Used 
(kcal/mol) Source 

H2O(l) -57.8 9.717 - -68.315 DIPPR 
H3O+ - - -68.269 -68.269 Aspen 

HCO3¯ - - -165.279 -165.279 Aspen 
PZ(l) 3.917 9.999 - -6.80 Adjusted 
PZH+ - - -31.863 - Calc 

PZCOO¯ - - -124.717 - Calc 
PZ(COO¯)2 - - -227.867 - Calc 
H+PZCOO¯ -135.986 0 - - Calc 
 

4.1.4 Heat Capacity Adjustment 

The Hilliard (2005) VLE model does not contain heat capacity parameters 

for the four piperazine species (PZH+,PZCOO¯,PZ(COO¯)2, and H+PZCOO¯).  

Hilliard regressed entropy reference values (SO25C) for the four PZ species, 

which can by used by Aspen Plus® to calculate heat capacities (Hilliard, 2003).  
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The single parameter SO25C values yielded better results than before, but the 

heat of absorption still did not match at the higher temperatures and loading.  

Therefore, multi-parameter heat capacity correlations were regressed for the four 

piperazine species using the equilibrium constants.  From the Van’t Hoff 

equation: 

 
( )Td

Kd
R
H eqrxn

/1
ln

=
Δ

−   (4.13) 

 
Substituting the equation for the equilibrium constant and differentiating yields: 

 ( )RTCBHrxn ⋅+−=Δ   (4.14) 
 
Differentiating ΔΗrxn and substituting yields the change heat capacity of 

the equilibrium reaction.  If there were four parameters in the equilibrium 

constant equation, the resulting heat capacity equation would have a dependence 

on temperature.  This would be more representative because the heat capacities 

of the products and reactants in the equilibrium reactions typically exhibit a 

temperature dependence. 

 RCdT
HdC rxn

rxnp ⋅=
Δ

=Δ ,   (4.15) 

 
Applying the same principles used to calculate the heats of formation, the heat 

capacities for the unknown piperazine species can be calculated. 

 ∑ ∑−=Δ reacPprodPrxnP CCC ,,,   (4.16) 
 
It was not obvious from the Aspen Plus® property database what was 

used to calculate the heat capacities of the individual components.  A heater 

block was setup in the Aspen Plus® process flow sheet.  PZ and H2O were 

entered individually and heated at incremental temperatures ranging from 25 to 

120 °C.  The heat capacity was calculated from the heat input required to heat the 
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component by 0.1 °C.  The heater block calculated zero heat input for the HCO3¯ 

and H3O+ species, which made sense because they were ions.  In Aspen Plus®, 

under the CPAQ0-1 tab, it lists a single parameter heat capacity for H3O+ as 17.98 

cal/mol-K and is independent of temperature.   

Under Parameters|Prop-Set, the heat capacities for the four species were 

created and used in a sensitivity analysis to determine the pC values that Aspen 

Plus® was using.  Over the temperature range from 25 to 120 °C, the heat 

capacity of the PZ and H2O generated by Aspen Plus® matched the results from 

the heater block.  However, Aspen Plus® generated identical heat capacities for 

the H3O+ and HCO3¯ ions, which varied from 12.6 to 18.9 cal/mol-K over the 25 

to 120 °C temperature range, respectively.  The heat capacity of the species was 

regressed in the following two parameter form: 

Table 4-5. Regressed Heat Capacity Parameters from Aspen Plus® Property-Set 
Calculation  

BTACP +=  Species 
(cal/mol-K) A B 

H2O 11.84 0.018 
H3O+ 17.98 0.000 

HCO3¯ -7.44 0.066 
PZ 19.33 0.089 

 

When the above parameters were used, the heat duty from the Aspen 

Plus® flash calculation matched to heat of absorption calculated from the CO2 

partial pressure with a 3% error over the temperature range from 25 to 70 °C and 

up 6% error for the temperature range from 100 to 120 °C (Table 4-6). 
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Table 4-6. Reconciled Heats of Absorption Results 

 Temp 
K 

PCO2 
Pa 

ΔH-HD 
kcal/mol 

ΔH-VLE 
kcal/mol 

Diff 
% 

298.15 32 -20.39 -20.39 0.004 
313.15 344 -17.19 -16.84 -2.07 
333.15 24001 -11.18 -11.32 1.27 
343.15 10677 -13.22 -12.85 -2.86 
373.15 77922 -11.79 -11.99 1.66 
383.15 50817 -10.22 -10.65 4.03 
393.25 22704 -7.43 -7.86 5.56 

 

The second CPAQ0-1 parameter for the HCO3¯ species was arbitrarily 

adjusted to minimize the difference in value for the heat duty and heats of 

absorption over the 25–70 °C temperature range because the focus of this work is 

on the absorber.  For the 5 m K+/2.5 m PZ solution, the optimized fit was 

obtained when the HCO3¯ parameter was changed to 0.45 and resulted in an 

error of less than 1% (Table 4-7).  For the 6.4 m K+/1.6 m PZ solution, the 

optimized fit was obtained when the HCO3¯ parameter was adjusted to 1.00 

(Table 4-8).  More error was observed with the 6.4 m K+/1.6 m PZ solution, 

which ranged from 1.3 to 8.8%.  Since H+PZCOO¯ has a zero charge and was 

treated as a molecule, the heat capacity parameters were entered into Aspen 

Plus® under the ideal gas heat capacity equation (CPIG-1). 
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Table 4-7. Heat Capacity Constants (CPAQ0-1) for  5 m K+/2.5 m PZ 

BTACP +=  Species 
(cal/mol-K) A B 

H2O 11.84 0.018 
H3O+ 17.98 0.000 

HCO3¯ -7.44 0.450 
PZ 19.33 0.089 

PZH+ 164.05 0.071 
PZCOO 172.97 0.521 

PZ(COO¯)2 226.74 0.953 
H+PZCOO¯ 179.11 0.503 

 

Table 4-8. Heat Capacity Constants (CPAQ0-1) for 6.4 m K+/1.6 m PZ 

BTACP +=  Species 
(cal/mol-K) A B 

H2O 11.84 0.018 
H3O+ 17.98 0.000 

HCO3¯ -7.44 1.000 
PZ 19.33 0.089 

PZH+ 164.05 0.071 
PZCOO 172.97 1.071 

PZ(COO¯)2 226.74 2.053 
H+PZCOO¯ 179.11 1.053 

 

Based on a discussion with Dr. Chau-Chyun Chen of Aspen Technologies, 

an attempt was made to calculated the heat capacity of the HCO3¯ ions using the 

Criss-Cobble correlation (Criss and Cobble, 1964).  The four heat capacity values 

given by Criss and Cobble at 298.15, 333.15, 373.15, and 423.15 K were regressed 

into the following three parameter equation: 

 )ln(TCBTACp ++=   (4.17) 
 

The values for A, B, and C, in units of cal/mol-K, were -47.03, 3.307, and -

0.00445, respectively.  However, the results were unsatisfactory.  It was also 
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found that the SO25C for HCO3¯ in Aspen Plus® (21.78 cal/mol-K) was somewhat 

lower than the value regressed from the Criss and Cobble data (27.82 cal/mol-K). 

Once the heat capacity parameters for the piperazine ion species were 

entered into Aspen Plus®, the predicted heat capacity of the solvent was found to 

be approximately the same as water.  Accurate predictions of heat capacity are 

important for the enthalpy balance across the absorber column, which is 

manifested in the magnitude and location of the temperature bulge.  Hilliard has 

recently obtained heat capacity data for the potassium carbonate and piperazine 

system, which was previously unavailable. 

CPAQ0-1 parameters for K+, OH¯, CO2, HCO3¯,and CO32¯ were initially 

regressed using Aspen Plus® DRS and heat capacity data for the K2CO3-H2O, 

KHCO3-H2O, and K2CO3-PZ-CO2-H2O system.  Although relatively accurate heat 

capacity values were predicted for the three solution systems, the heat duty 

predicted by Aspen Plus® for the absorption of CO2 was changed and no longer 

matched the heat of absorption calculated by the Van’t Hoff equation using the 

predicted equilibrium partial pressures of CO2. 

It was found that by adjusting the CPAQ0 parameters for potassium, the 

heat capacity of the solution could be decreased without affecting the heat of 

absorption of CO2 that was reconciled in the previous section.  Using the Hilliard 

heat capacity data for 5 m K+/2.5 m PZ and the Aspen Plus® DRS regression 

package, the best fit was found using only the first CPAQ0 parameter.  It was 

found that the heat capacity of the solution could not be adequately represented 

for the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solutions with just one value of 

the CPAQ0 parameter.  Therefore, a different value of the CPAQ0/1 parameter 

was regressed for each solution composition.  The CPAQ0/1 parameter for 6.4 m 

K+/1.6 m PZ solution was regressed using 6 m K+/1.2 m PZ data because that 

was the only data available.  The values for the regressed CPAQ0/1 parameters 
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are shown in Table 4-9.  The CPAQ0/1 parameter for the 5 m K+/2.5 m PZ 

solution is approximately four times higher than the 6 m K+/1.2 m PZ solution.  

The average absolute deviation for the 5 m K+/2.5 m PZ and 6 m K+/1.2 m PZ 

solutions were 2.0 and 2.1%, respectively. 

Table 4-9. Aqueous Heat Capacity Parameters for K+ Regressed using DRS   

Parameter Component Solution Value 
(J/kmol-K) 

σ  
(J/kmol-K) 

CPAQ0/1 K+ 5 m K+/2.5 m PZ -342374.53 5321.20 
CPAQ0/1 K+ 6 m K+/1.2 m PZ -121275.25 5837.74 

 

A plot of the experimental and estimated values of heat capacity for the 5 

m K+/2.5 m PZ solution is shown in Figure 4-2.  The figure shows that the over 

the temperature range from 40 to 80 °C, the heat capacity of the solution 

decreases with loading.  Over the temperature range, the estimated heat capacity 

at a loading of 0.49 mol CO2/(mol K+ + 2 mol PZ) was up to 3% lower than the 

experimental data, while at a loading of 0.55 mol CO2/(mol K+ + 2 mol PZ), the 

estimated heat capacity was up to 3% higher than the experimental data.  The 

figure also shows that the estimated heat capacities increased in value with a rise 

in temperature.   

The results for the 6 m K+/1.2 m PZ DRS regression are shown in Figure 

4-3.  The plot shows that the experimental heat capacity values for the 5 m K+/2.5 

m PZ and 6 m K+/1.2 m PZ solution were approximately the same over the 

temperature range from 40 to 80 °C.  The figure shows that at a loading of 0.43 

mol CO2/(mol K+ + 2 mol PZ), the estimated heat capacity was up to 5% lower 

than the experimental values at 80 °C.  The predicted heat capacity at the higher 

loading demonstrated the same increasing trend as the experimental data, but 

was approximately 1.5% higher in value. 
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Figure 4-2. DRS Estimated and Experimental Values of Heat Capacity for 5 m 

K+/2.5 m PZ at Loading of 0.49 and 0.55 mol CO2/(mol K+ + 2 mol PZ) 
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Figure 4-3. DRS Estimated and Experimental Values of Heat Capacity for 6 m 

K+/1.2 m PZ at Loading of 0.43 and 0.58 mol CO2/(mol K+ + 2 mol PZ) 
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Differential heat of absorption data for the 5 m K+/2.5 m PZ and 6 m 

K+/1.2 m PZ solutions were available from Hilliard et al. (2006).  Figure 4-4 

shows that the heat of absorption predicted by the Aspen Plus® flash calculation 

generally matched relatively well with the 40 and 60 °C experimental data over 

the loading range from 0.45 to 0.7 mol CO2/(mol K+ + 2  mol PZ).  However, at 

loadings below 0.45, the experimental data was over-predicted by 20 KJ/mol 

CO2 at 40 C and under-predicted by 20 KJ/mol CO2 at 80 °C.  The figure also 

shows that the experimental data at 80 °C was not consistent with the 40 and 

60 °C data and it was concluded that there may have been some errors in the 

measurement. 
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Figure 4-4. Comparison of Differential Heat of Absorption of CO2 for the 5 m 

K+/2.5 m PZ Solution with Aspen Plus® Heat Duty Calculation using Adjusted 
Heat of Formation and Heat Capacity Parameters 

The experimental and Aspen Plus® model results for the 6 m K+/1.2 m PZ 

solution are shown in Figure 4-5.  The figure shows that Aspen Plus® model 
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predicted reasonable heat of absorptions over the loading range from 0.51 to 0.68 

mol CO2/(mol K+ + 2 mol PZ) for temperatures of 40, 60, and 80 °C.  However, at 

a temperature of 40 °C and at the low loading range, the predicted heat of 

absorption was 50% higher than the experimental data, while at 80 °C, the Aspen 

Plus® model under-predicted the heat of absorption by approximately 10 KJ/mol 

CO2.  Since the inlet and outlet of the absorber is typically maintained at 40 °C, it 

is possible that the temperature profiles predicted by the RateSep™ absorber 

model will exceed the experimental results even after accounting for heat loss. 
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Figure 4-5. Comparison of Differential Heat of Absorption of CO2 for the 6 m 

K+/1.2 m PZ Solution with Aspen Plus® Heat Duty Calculation using Adjusted 
Heat of Formation and Heat Capacity Parameters 

4.1.5 Zwitterion Issues in Aspen Plus®  

Aspen Plus® does not account for the existence of net-neutrally charged 

zwitterions.  In the Hilliard (2005) K+/PZ VLE model, the H+PZCOO¯ ion was 

given a net charge of zero and was treated as a molecule.  This created a number 
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of issues such as the skewed predictions for the heat of absorption.  During the 

early stages of the reconciliation process, when the charge for the H+PZCOO¯ ion 

was changed to 0.0001, the heat duties generated by the Aspen Plus® flash 

calculation gave reasonable trends (Table 4-10).  According to communications 

with Aspen Technologies, when the charge for the H+PZCOO¯ ion is set to zero, 

the ion is treated as a solvent.  When the charge is changed to 0.0001, the ion is 

treated is as an ionic solute.  Therefore, with a near zero charge, the H+PZCOO¯ 

zwitterion is treated effectively as a “molecular solute.”  The Aspen Plus® 

software was originally developed without accounting for zwitterions. 

Table 4-10. Heat of Absorption, Charge H+PZCOO- = 0.0001 

 Temp 
K 

PCO2 
Pa 

ΔH-HD 
kcal/mol 

ΔH-VLE 
kcal/mol 

313.15 168 -31.63 -20.39 
323.15 396 -31.31 -15.74 
313.15 3315 -17.09 -11.52 
323.15 5881 -17.17 -11.68 

 

The use of a 0.0001 charge for H+PZCOO¯ slightly changed the predictions 

for VLE.  The change in charge also affects the diffusivity of the H+PZCOO¯ ion.  

In Aspen Plus®, the diffusivity is inversely proportional to the charge.  This was 

corrected by inputting the value of 1e-3 in the IONMOB-1 parameter for 

H+PZCOO¯ (Chen, 2006).  If no values for the IONMOB-1 are entered for a certain 

species, the default value of 5 kmol is used.  The heats of formation and heat 

capacities for the four piperazine ions were calculated from the equilibrium 

constants following the methods outlined above and entered into Aspen Plus® 

under the DHFORM and CPAQ0-1 forms.  While the heats of absorption were 

reconciled, attempts to re-regress the vapor–liquid equilibrium constants using a 

0.0001 charge did not produce satisfactory results.  The method described in the 
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previous section was used instead to reconcile the heat of absorption in Aspen 

Plus®. 

4.2 KINETICS OF PIPERAZINE AND POTASSIUM CARBONATE 

The kinetics for the absorption of carbon dioxide into aqueous potassium 

carbonate and piperazine were measured by Cullinane (2005) in a wetted wall 

column (Cullinane, 2005).  Experiments were conducted with 0.45–3.6 molal 

piperazine and 0–3.1 molal potassium carbonate at 25–110 °C.  The rate constants 

for the absorption of CO2 were regressed using the eddy diffusivity model 

developed by Bishnoi and Rochelle (2002).  The reaction of CO2 with piperazine 

was modeled using the “zwitterion” mechanism (Caplow, 1968).  Carbon dioxide 

reacts with the amine to form a neutrally charged intermediate species, followed 

by the extraction of the proton by a base (Equations 4.18 and 4.19). 
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For the zwitterion mechanism, the rate of reaction can be written as 

(Danckwerts, 1979): 
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If we assume that ∑kb[b] << kr, then the reaction can be re-written as: 
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The following amine reactions were used in the Cullinane model (2005).  
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According to Cullinane, hydroxide reactions were not included in the 

second set of reactions because the concentration is typically very small when 

PZCOO¯ is present.  All of the buffering reactions were considered to be in 

equilibrium.  The reversible rate expressions for CO2 with PZ and PZCOO¯ are 

given by the following equations: 
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The temperature dependence of the rate constants is given by: 
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where ok is the rate constant at 298.15K and aHΔ is the activation energy.  An 

ionic strength correction is made to the rate constants by: 

  ( )Ikk 3.0exp∞=    (4.28) 
 

where I is the ionic strength of the solution and given by the following: 

  ( )∑=
i

ii zCI 2

2
1   (4.29) 

 
where Ci is the molar concentration and the zi is the charge of the species i. 

The catalysis of the formation of bicarbonate ion by hydroxide, piperazine, 

and piperazine carbamate was also included in the Cullinane model (2005).  The 

reactions that form the bicarbonate ion were included to properly model 

equilibrium in the boundary layer, but do not affect the CO2 absorption rate.  The 

three reversible reactions are: 

  −− ⎯⎯ →←+ −

32 HCOOHCO OH
k   (4.30) 

 
  −+ +⎯⎯→←++ 322 HCOPZHOHCOPZ PZk   (4.31) 

 
  −−+− +⎯⎯⎯ →←++ −

322 HCOPZCOOHOHCOPZCOO PZCOO
k   (4.32) 

 
The rate expression for bicarbonate formation is given by  
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The rate constant from Pohorecki (1988) for the reaction of CO2 and OH¯ 

was used.  The reaction depends on the ionic strength and is written as 

  ∑+= ∞
−−

i
iiOHOH

Ikk κloglog   (4.34) 
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where 
 
  

)(
0.2382916.11log

KT
k

OH
−=∞

−   (4.35) 

 
and κi is the ion specific parameter and Ii is the ionic strength of species i. 

The rates constants for bicarbonate formation by the amines were 

assumed to be the same as MDEA (Littel, 1991) and is given by: 
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  (4.36) 

 
The rate constant for the amine-catalyzed formation of bicarbonate was 

corrected for ionic strength using equation 4.28. 

4.3 CONVERSION TO ACTIVITY-BASE KINETICS 

In Aspen Plus® 2006, the new version of RateSepTM allows the user to 

enter activities in terms of mole gamma using the power law kinetic expression: 
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where k is the pre-exponential factor independent of temperature, n is the 

temperature exponent, E is the activation energy, To is the reference temperature 

(298.15K), k is the pre-exponential factor, xi is reactant species i, γi is the activity 

coefficient, and αi is the reaction order for the species.  Since the equilibrium 

constants were already activity based, it made sense to implement activity based 

kinetics within the model as well. 

The rate constants developed by Cullinane (2005) use concentration based 

units and needed to be converted into activity units.  A simple algebraic 

manipulation was performed using the following equation: 
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where ka is the activity base rate constant, kc is the concentration based rate 

constant, [i] is the concentration of species i in units of mol/L, and xi is the mole 

fraction and γi is the activity coefficient.  The last term in the denominator 

represents the total molar concentration per liter of solvent and was assumed to 

be constant across the column.  For the 5 m K+/2.5 m PZ solution, a value of 

48.38 mol/L was used, which was based on an Aspen Plus® calculation.  The 

value of the total molar concentration for the 6.4 m K+/1.6 m PZ solution was 

51.29 mol/L. 

The kinetics developed by Cullinane (2005) contains a correction for ionic 

strength.  However, in Aspen Plus®, this correction cannot be directly 

implemented.  In this work, the ionic strength was assumed to be constant and a 

correction was applied to k, the pre-exponential term of the reaction rate.  Figure 

4-6 illustrates the loading and temperature dependence of ionic strength for the 5 

m K+/2.5 m PZ solvent.  In the pilot plant campaigns, the loading ranged from 

0.4 to 0.55 mol CO2/(mol K+ + 2mol PZ).  In the calculation of the pre-

exponential factors, an ionic strength of 5.15 mol/L was used for the 5 m K+/2.5 

m PZ solution, which was calculated at 50 °C and a loading of 0.5 mol CO2/(mol 

K+ + 2mol PZ). 

Figure 4-7 illustrates the loading and temperature dependence of ionic 

strength for the 6.4 m K+/1.6 m PZ solvent.  An ionic strength of 6.90 mol/L, 

which was calculated at 50 °C and a loading of 0.5 mol CO2/(mol K+ + 2 mol PZ), 

was used for the rate calculation of the 6.4 m K+/1.6 m PZ solution. 
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The overall rate for the reversible reactions is given by the difference 

between the forward and reverse rate and is given by the following equations: 
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  (4.39) 

 
where bPZCOOPZk −/  is the forward rate constant in activity units, bPZCOOPZK −/  is the 

equilibrium constant, and ia  is the activity of the species ( iix γ ). 

Since the ionic strength of the 6.4 m K+/1.6 m PZ solution is 

approximately 40% higher than that of the 5 m K+/2.5 m PZ solution and the 

total molar concentration of components were slightly different, two sets of 

kinetic parameters were calculated and entered into RateSep™.  The kinetic 

parameters for the forward and reverse reactions of the 5 m K+/2.5 m PZ and 6.4 

m K+/1.6 m PZ solutions are listed in the tables below.  The pre-exponential 

factor for the PZ–H2O and PZCOO¯–H2O reactions assume a pseudo-first order 

rate constant with a water concentration 55.55 mol/L (Cullinane, 2005). 
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Table 4-11. Forward Activity-Based Rate Parameters of 5 m K+/2.5 m PZ for 
Piperazine, Piperazine Carbamate, and Bicarbonate Reactions as Entered into 

Aspen Plus® RATESEP™ 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ −

−
⎟
⎠
⎞

⎜
⎝
⎛=

o

n

o
for TTR

E
T
TkRate 11exp  Ea,40°C Eqn No. Reaction 

kf x 1010 Ef (KJ/kmol) nf (KJ/kmol) 
40 OHPZ 2−  0.84 -17619 17.25 26202 
41 PZCOOPZ −  1.87 -35394 25.70 29898 
42 PZPZ −  3.62 -116263 44.43 -3407 
43 −− 2

3COPZ  39.33 -54002 36.07 37626 
44 OHPZ −  46.75 -31303 23.83 29229 
45 OHPZCOO 2−  0.41 63251 -1.47 59507 
46 PZCOOPZCOO −  1.87 45476 6.98 63202 
47 PZPZCOO −  3.63 -35394 25.70 29898 
48 −− 2

3COPZCOO  19.36 26868 17.35 70931 
49 )( 32

−− HCOOHCO  9.30 x 10-4 77495 -3.05 69746 
50 )( 32

−− HCOCOPZ  2.68 x 10-6 -5086 17.55 39490 
51 )( 32

−− HCOCOPZCOO  1.98 x 10-6 75784 -1.18 72794 

 

Table 4-12. Reverse Activity-Based Rate Parameters of 5 m K+/2.5 m PZ for 
Piperazine, Piperazine Carbamate, and Bicarbonate Reactions as Entered into 

Aspen Plus® RATESEP™ 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠

⎞
⎜
⎝

⎛
−

−
⎟
⎠

⎞
⎜
⎝

⎛
=

o

n

o
rev TTR

E
T
TkRate 11exp  Ea,40°C Eqn No. Reaction 

kr (KJ/kmol) nf (KJ/kmol) 
52 OHPZ 2−  1.94 x 1014 185406 -33.04 101474 
53 PZCOOPZ −  2411 214987 -24.59 152526 
54 PZPZ −  682 364854 -75.65 172698 
55 −− 2

3COPZ  7623 252380 -49.70 126125 
56 OHPZ −  3.52 x 10-2 283511 -48.94 159194 
57 OHPZCOO 2−  2.37 x 1015 79780 -1.47 76035 
58 PZCOOPZCOO −  59954 109361 6.98 127088 
59 PZPZCOO −  16960 259228 -44.08 147260 
60 −− 2

3COPZCOO  93182 146755 -18.14 100687 
61 )( 32

−− HCOOHCO  3.84 x 10-3 88750 11.25 117337 
62 )( 32

−− HCOCOPZ  2.77 172473 -15.45 133221 
63 )( 32

−− HCOCOPZCOO  14.04 22606 35.61 113048 
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Table 4-13. Forward Activity-Based Rate Parameters of 6.4 m K+/1.6 m PZ for 
Piperazine, Piperazine Carbamate, and Bicarbonate Reactions as Entered into 

Aspen Plus® RATESEP™ 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ −

−
⎟
⎠
⎞

⎜
⎝
⎛=

o

n

o
for TTR

E
T
TkRate 11exp  Ea,40°C Eqn No. Reaction 

kf x 1010 (KJ/kmol) nf (KJ/kmol) 
64 OHPZ 2−  1.07 26842 3.15 34850 
65 PZCOOPZ −  2.23 6050 12.95 38935 
66 PZPZ −  3.89 -46093 21.94 9645 
67 −− 2

3COPZ  38.25 -18707 25.84 46931 
68 OHPZ −  40.52 7499 12.23 38571 
69 OHPZCOO 2−  0.59 78985 -5.84 64139 
70 PZCOOPZCOO −  2.49 58193 3.95 68225 
71 PZPZCOO −  4.35 6050 12.95 38935 
72 −− 2

3COPZCOO  20.98 33436 16.84 76221 
73 )( 32

−− HCOOHCO  1.36 x 10-3 90027 -6.01 90031 
74 )( 32

−− HCOCOPZ  3.16 x 10-6 38815 3.70 38815 
75 )( 32

−− HCOCOPZCOO  2.60 x 10-6 90958 -5.30 90958 

 

Table 4-14. Reverse Activity-Based Rate Parameters of 6.4 m K+/1.6 m PZ for 
Piperazine, Piperazine Carbamate, and Bicarbonate Reactions as Entered into 

Aspen Plus® RATESEP™ 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠

⎞
⎜
⎝

⎛
−

−
⎟
⎠

⎞
⎜
⎝

⎛
=

o

n

o
rev TTR

E
T
TkRate 11exp  Ea,40°C Eqn No. Reaction 

kr Ef (KJ/kmol) nf (KJ/kmol) 
76 OHPZ 2−  2.47 x 1014 229866 -47.14 110121 
77 PZCOOPZ −  2888 256430 -37.35 161563 
78 PZPZ −  733 435024 -98.13 185750 
79 −− 2

3COPZ  7413 287674 -59.93 135431 
80 OHPZ −  0.031 322313 -60.54 168536 
81 OHPZCOO 2−  3.36 x 1015 95514 -5.84 80668 
82 PZCOOPZCOO −  80000 122078 3.95 132110 
83 PZPZCOO −  20315 300672 -56.84 156297 
84 −− 2

3COPZCOO  100937 153322 -18.64 105977 
85 )( 32

−− HCOOHCO  5.6 x 10-3 101283 8.29 122347 
86 )( 32

−− HCOCOPZ  3.26 216373 -29.30 141941 
87 )( 32

−− HCOCOPZCOO  18.44 37780 31.48 117754 
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4.4 RATE-BASED ABSORBER MODELING USING ASPEN PLUS® RATESEPTM 

There are several approaches that can be taken to model reactive 

absorption, which depend upon mass transfer characteristics and the chemical 

components of the system (Kenig et al., 2001).  The simplest approach is to 

assume equilibrium stages, which does not account for any reactions and gas and 

liquid film resistance.  Reaction kinetics can be added to equilibrium staged 

models, but do not have any physical basis.  If mass transfer resistance and 

reaction kinetics are accounted for, the modeling approach becomes rate-based.  

In the simplest non-equilibrium rate-based model, the reaction kinetics is 

accounted for in the bulk solution and enhancement factors are used to account 

for the reactions in the film.   Finally, in the most rigorous modeling approach, 

the kinetics in the liquid film is calculated, which is typically performed by 

discretizing liquid film into various segments, and electrolyte thermodynamics 

are considered.  In the rate-based approach, correlations are needed to fully 

characterize the mass and heat transfer, hydrodynamics, vapor–liquid 

equilibrium, and physical properties of the entire system. 

A number of rate-based absorber models have been proposed with 

varying degrees of complexity, which fall into one of the three rate-based 

modeling categories.  Treybal (1969) developed an equilibrium rate-based model 

for adiabatic absorption and stripping.  The model was based on two film theory 

and took into account mass and heat transfer resistance in the liquid and gas 

phase.  This work was originally developed for the absorption of ammonia into 

water and was later expanded for multi-component systems.  This work was 

extended to the reactive absorption of CO2 into MEA (Pandya, 1983).  In the 

Pandya MEA model, equilibrium was not assumed and an enhancement factor 

was used to quantify the kinetics for the absorption rate of CO2 and Henry’s Law 

was used to determine vapor–liquid equilibrium.  A shooting method algorithm 
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was proposed to solve the resulting boundary value problem.  A number of 

researchers have further developed and adapted the Pandya MEA model to 

other amine systems.  While the basic framework of the model has remained the 

same, more rigorous kinetics, vapor–liquid equilibrium, physical properties and 

mass transfer representations have been incorporated into the model.  MEA pilot 

plants using random and structured packing have been simulated and validated 

using the non-equilibrium rate-based approach (deMontigny et al., 2006, 

Escobillana et al., 1991, Pintola et al., 1993, Tontiwachwuthikul et al., 1992).  The 

model has also been adapted to other amine solvents such as 2-amino-2-methyl-

1-propanol (AMP) and validated with AMP pilot plant data (Gabrielsen et al., 

2006).  All of the above models were implemented using FORTRAN or MATLAB. 

A non-equilibrium rate-based model for the absorption of CO2 and H2S 

into MEA was implemented in Aspen Plus® RATEFRAC® by Pacheco and 

Rochelle (1998).  The model used Maxwell–Stefan theory for mass transfer and 

enhancement factor theory to model the kinetics.  The electrolyte-NRTL model 

was used to rigorously model thermodynamics.  Freguia (2002) also developed a 

RATEFRAC® model that used electrolyte-NRTL and an enhancement factor to 

model the absorption of CO2 into MEA and validated the model using data from 

the Bellingham plant designed by Fluor Corporation. 

Kucka et al. (2003) developed a non-equilibrium rate-based model that 

accounted for film reactions without the use of enhancement factors for sour gas 

absorption into MEA.  The model discretizes the liquid film and calculates the 

reactions in the film and the bulk solution and uses electrolyte-NRTL to model 

the thermodynamics.  They found that the use of 6 non-equidistant film 

segments could accurately represent 10 equidistant segments.  The model was 

implemented in Aspen Custom Modeler™ and was validated with pilot plant 

data.  More recently, Aspiron (2006) has developed a similar non-equilibrium 
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rate-based model that included discretized film reactions.  The model was 

implemented on an in-house simulator and the heat transfer model portion was 

validated with pilot plant data.  Finally, a method to optimize the number of film 

segments and reduce computational time was proposed. 

Aspen Plus® RateSep™ was developed based on the work done by Kucka 

et al. (2003).  RateSep™ allows the user to discretize the gas and liquid film and 

incorporate kinetic reactions within the segments of each film.  RateSep™ uses 

the Maxwell–Stefan theory to solve multi-component mass transfer and can 

account for electrolyte non-idealities.  The model allows the user to divide the 

column into segments, perform material and energy balances at each segment 

and integrate across the entire column.  The mass and heat transfer coefficients, 

interfacial area, liquid holdup, and pressure drop can be specified using Aspen 

supplied correlations.  The reaction kinetics can be specified using a power-law 

form and a number of thermodynamic models are available, including 

electrolyte-NRTL.  The user can also supply custom FORTRAN subroutines if the 

Aspen supplied mass and transfer and hydrodynamic correlations are not 

adequate.  There are also a number of parameters that can be adjusted or selected, 

such as four different flow models, reaction and transfer factors, film resistance, 

and film discretization ratio. 

RateSep™ uses a Newton-based simultaneous correction approach to 

solve the system of equations.  In the first pass, the solution obtained from the 

equilibrium-based mode is used as the initial guess.  RateSep™ also provides 

simple continuation/homotopy method that allows the user to run decreasing 

homotopy parameters and gradually reach the rate-based solution.  The 

computational time increases with the square of the number of components.  In 

RateSep™, the binary diffusion diffusivities and mass transfer coefficients are 
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not treated as independent variables.  In order to reduce the size of the Jacobian 

matrix, the mass transfer coefficients are written as follows: 

 j
jkijjki Dkk α

,,,, =   (4.88) 
 

where jk is a function of flow, temperature, composition and other properties, 

but independent of the components i and k.  The calculation of the flux and 

reaction rates depends on the selection of the flow model.  In this work, a non-

equilibrium rate-based absorber model was developed using Aspen Plus® 

RateSep™. 

4.4.1 Material and Energy Balance 

Aspen Plus® RateSep™ performs a material and energy balance, mass 

transfer, heat transfer, and phase equilibrium calculations for each stage using 

the two film model.  A schematic of the two-film model illustrating the bulk and 

film parameters for the gas and liquid on stage j is shown Figure 4-8.  In this 

work, the model assumes that heat loss to the column is through the liquid and 

not the gas.  The stages are numbered with first stage at the top of the column 

and the last stage at the bottom of the column. 
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Figure 4-8. Schematic of Two Film Model for Non-Equilibrium Rate-Based 

Approach of Segment j, Neglecting Heat-loss from Gas Phase 

The material balance for the bulk gas and liquid is performed using the 

following equations: 

 01,1 =−++−− ijj
L

ij
L
ijjij xLrNxL   (4.89) 

 
 01,1 =−+−++ ijj

V
ij

V
ijjij yVrNyV   (4.90) 

 
The material balance equations for the gas and liquid film are: 

 0=−+ L
ij

fL
ij

I
ij NrN   (4.91) 

 
 0=−+ I

ij
fV

ij
V
ij NrN   (4.92) 

 
The energy balance equations for the bulk gas and liquid are: 

 011 =−++−−
L
jj

L
j

L
j

L
jj HLqQHL   (4.93) 

 
 011 =−−+++

V
jj

V
j

V
j

V
jj HVqQHV   (4.94) 
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The energy balance for the gas and liquid film are: 

 0=− L
j

I
j qq   (4.95) 

 
 0=− I

j
V
j qq   (4.96) 

 
The phase equilibrium at the gas–liquid interface is calculated by: 

 0=− I
ijij

I
ij xKy   (4.97) 

 
Finally, all of the mole fractions in the gas, liquid, bulk, and film must be 

balanced.  The equations that detail how the flux is calculated using the Mixed 

flow model is enumerated in the appendix.  If electrolytes are present, the 

electrolyte neutrality is satisfied the by adjusting the driving force, ( )jj
E
j zxφΔ , 

caused by the electric potential in each film region. 

4.4.2 Mass Transfer 

4.4.2.1 Gas and Liquid Mass Transfer Coefficients 

Aspen Plus® RateSep™ provides several built-in correlations for mass 

transfer and also the option for the user to provide their own correlation or 

subroutine.  These mass transfer models can be used to calculate the gas and 

liquid mass transfer coefficient and the interfacial area.  Most of the packing 

models are based on empirical and semi-empirical correlations developed mainly 

through distillation experiments.  For structured packing, three models are 

available: Billet and Schultes (1993), Bravo et al. (1985), and Bravo et al. (1993, 

1996).  For random packing, three models are also available: Onda et al. (1968), 

Billet and Schultes (1993), and Bravo and Fair (1982).  The user can select from 

trays, random, or structured packing.  The parameters for the correlations are 

supplied from the Aspen Plus® packing database.  Depending on the correlation 

that is selected, the user may need to input missing packing parameters. 
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In this work, the Bravo et al. (1993, 1996) correlation was used to 

calculated the gas and liquid phase mass transfer coefficients for the Flexipac 1Y 

and Flexipac AQ Style 20 structured packing.  Since Flexipac AQ Style 20 

resembles the Flexipac 2Y in terms of its physical dimensions and specific area 

(213 m2/m3), Flexipac 2Y was specified as the packing type.  RateSep™ uses 

multi-component Maxwell–Stefan theory to calculate the gas and liquid mass 

transfer rates.  It solves the multi-component Maxwell–Stefan matrix equations 

using binary mass transfer coefficients (Krishna and Standart, 1976).  The binary 

liquid and vapor phase mass transfer coefficients for the Bravo et al. (1996) 

model are given by: 

 

E

Le
L
kiL

ki SC
uD

k π
,

, 2=   (4.98) 

 
and 

 
333.0

,,
8.0,

, Re54.0 kiVV

V
kiV

ki ScS
D

k =   (4.99) 

 
where L

kiD , and V
kiD , are the binary liquid and vapor diffusivity, respectively. EC is 

correction factor for surface renewal, which has a default value of 0.9 and can be 

adjusted between 0 and 1.  S is the slant height of the corrugation, Leu is the 

superficial velocity of the liquid, VRe is the Reynolds number of the vapor and 

kiVSc ,, is the Schmidt number of the vapor.  The details of the correlation are given 

in the appendix.  The mass transfer coefficients depend on gas and liquid flow 

rates, holdup, physical properties such density, viscosity, surface tension, and on 

the parameters specific to each packing such as void fraction and material of 

construction.  
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4.4.2.2 Effective Interfacial Area 

The absorption of CO2 into aqueous piperazine promoted potassium 

carbonate occurs by mass transfer with chemical reaction in the boundary layer.  

The effective interfacial area will be an important factor in modeling, design, and 

scale-up of CO2 absorption processes.  In the literature, there are a number of 

different definitions for interfacial area, such as wetted surface area.  Although 

the two are related, in principle, the wetted area includes the liquid surface area 

in dead zones, whereas the effective interfacial area includes surfaces of drops 

and jets (Wang et al., 2005).  Often times the specific area of the packing is not 

equivalent to the effective interfacial area due differences in packing material (i.e. 

steel, plastic, ceramic) and surface treatment (i.e. embossed, gauze), surface 

tension, viscosity, liquid holdup, hydrodynamics, and gas and liquid flow rates, 

all of which affects the “wettability” of the packing surface.  In the literature, the 

mass transfer correlations are developed from akG  and akL  data and the 

interfacial area and mass transfer coefficients are then individually separated.  In 

theory, only one correlation should be used to calculate the mass transfer 

coefficients and the corresponding effective interfacial area of the packing. 

In the literature, it has been shown that often these correlations do not 

predict the correct effective interfacial area for absorption processes.  The 

Separations Research Program (SRP) at the University of Texas at Austin has 

performed a number of experiments measuring the effective interfacial area of 

random and structured packing (Lewis et al., 2006, Wilson, 2004).  The interfacial 

area is measured by absorbing carbon dioxide from air into a 0.1 N solution of 

sodium hydroxide.  The experiments are carried out using approximately 3 

meters of packing in a pilot scale PVC absorber column with an ID of 0.43 meters, 

the same diameter as that of the CO2 capture pilot plant, over a wide range of gas 

and liquid rates.  Since the kinetics for the absorption of CO2 into sodium 
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hydroxide is well-characterized, the effective interfacial area can be back-

calculated if negligible gas film resistance is assumed.  The experiments have 

shown that many of available models, such as Onda et al., Bravo et al., and Billet 

and Schultes do not accurately predict the effective interfacial area. 

Figure 4-9 shows a plot of the effective interfacial area measured by SRP 

and that predicted by the Rocha et al. (1996) correlation for Flexipac AQ Style 20 

at 2 different gas rates and over of a range of liquid rates.  The plot shows that 

the effective area is independent of gas rate and is a function of the liquid rate. 

The Rocha, Bravo, Fair (1996) model under-predicts the effective area by 

approximately 80% when compared to the SRP data.  The Rocha, Bravo, Fair 

results were generated in Aspen Plus® RateSep™ using only air and water, 

whereas in the SRP system, the addition of 0.1 N NaOH may slightly affect the 

physical properties of the system and the predicted interfacial area. 
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Due to the availability of actual interfacial area measurements in an 

almost identical setup and the lack of availability of an exact correlation in 

RateSep™, a correlation dependent only on the superficial liquid velocity was 

regressed based on the SRP data and used in the absorber simulation.  A simple 

FORTRAN subroutine was written and linked to RateSep™.  The equation for 

the effective interfacial area is given by the following expression: 

 204.57 + (L)*0.5694=effa   (4.100) 
 

where effa is the effective interfacial area with units of m2/m3 and L is the liquid 

flow rate in units of m/hr.   

In many of the interfacial area models, there are varying degrees of 

dependence on the viscosity and surface tension.  In most of the mass transfer 

correlations, surface tension has an inverse relationship to the effective interfacial 

area.  A liquid with low surface tension tends to exhibits better wetting 

characteristics and increases the effective interfacial area (Aspiron, 2005).  A 

number of the interfacial area correlations have exponential surface tension 

dependencies that vary from -0.15 to -0.95 (Wang et al., 2005).  Viscosity is 

another parameter that may affect the effective interfacial area (Rizzuti et al., 

1981).  There is some debate as to the effect of viscosity.  Some models have a 

positive exponent of 0.2, whereas other models have -0.13 to -1.0 exponential 

dependencies on viscosity (Wang et al., 2005).  There are also conflicting 

exponential dependencies for density among the correlations in the literature.  In 

the initial stages of this work, the effect of density, surface tension, and viscosity 

on the effective interfacial area was not explicitly accounted for.  Instead, an 

interfacial area factor in RateSep™ was adjusted to match the pilot plant data.  

The effective interfacial area calculated by the FORTRAN area subroutine is 

multiplied by an area factor, which is then used for the mass transfer calculations.  
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In the Data-Fit analysis, this method was superceded by another FORTRAN 

subroutine that set the interfacial area to the specific area of the packing and 

adjustments were made using the interfacial area factor. 

4.4.2.3 Liquid Holdup 

Liquid holdup is an important parameter for the calculation of the kinetic 

reaction rates.  In this work, reactions do not occur in the gas phase and only 

liquid holdup is considered.  Liquid holdup is used for the calculation of the 

reactions in the bulk liquid.  For random and structured packing, RateSep™ has 

several built-in correlations for holdup that the user can select from.  Under 

RateSep|Holdups|Correlation, the three correlations for liquid holdup in 

packing are Billet and Schultes (1993), Stichlmair et al. (1989),  and Rocha et al. 

(1996), which can only be used for structured packing.  The user may also select 

the Percent-Data method, where the liquid percent of the free volume is specified.  

If the user selects Holdup instead of Correlation, the mass, mole, or volume of 

holdup for each stage may be specified.  RateSep™ provides an adjustable 

holdup factor that can be used to fit experimental data.  In this work, the Percent-

Data method was used because it provided a simple and straight-forward 

method for quantifying of the effect of holdup.  An alternative method would 

have been to select a holdup correlation and adjust the holdup factor to match 

the pilot plant data. 

The holdup that is specified under Reactions|Holdups is only used for 

the initialization of the calculation, but not for the actual calculations of the 

kinetic reactions.  Also, the liquid holdup that is specified in the RateSep tab is 

used only to calculate the kinetic reaction rates.  It is not used for the calculation 

of mass or heat transfer.  For example, the Rocha et al. (1996) correlation for mass 

transfer contains a variable for liquid holdup.  However, the correlation 
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calculates its own liquid holdup according to pressure drop and other 

parameters and the user specified liquid holdup does not enter into the 

calculation.  The local holdup variable is used only in the correlation itself and 

not anywhere else (Peng, 2007). 

4.4.3 Heat Transfer 

The Chilton–Colburn method was used to calculate the heat transfer of the 

absorber model (Chilton and Colburn, 1934, King, 1980).  For the heat transfer 

calculation, RateSep™ uses the calculated interfacial area as the area for heat 

transfer.  The Chilton–Colburn equation is given by the following:   

 ( ) ( ) 3
2

3
2

Pr
,mixp

tc
av C

h
Sck =   (4.101) 

 
where avk  is the average binary mass transfer coefficient in kmol/sec, which is 

an unweighted average over all binary mass transfer coefficients, Sc  is the 

Schmidt number and the average binary diffusion coefficient is an unweighted 

average of all binary diffusivities, tch  is the heat transfer coefficient in Watts/K, 

mixpC ,  is the molar heat capacity of the liquid mixture in Joules/kmol-K, and Pr  is 

the Prandtl number.  The Schmidt and Prandtl number are given by:  
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l

l
pC
λ
η

=Pr   (4.103) 

 
Where lη  is the viscosity of the liquid mixture, lρ  is the density of the liquid, 

avD  is the average diffusion coefficient, pC  is the heat capacity of the mixture 

and lλ  is the thermal conductivity of the liquid mixture. 
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Under RateSep Setup|Specifications, the Chilton–Colburn averaging 

parameter can be adjusted to weight the average diffusivity and average binary 

mass transfer coefficients for the calculation of the heat transfer coefficient in 

Chilton–Colburn analogy.  The average diffusivity and average mass transfer 

coefficient for each stage are calculated by the following equations: 
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where x  is mole fraction of species, nc  is the number of components, and δ  is 

the Chilton–Colburn averaging parameter.  A large value of the averaging 

parameter reduces the effect of composition.  The default value in RateSep™ is 

10-4.  An accurate representation of the heat transfer will depend not only on an 

adequate estimate of the mass transfer coefficient, but on the physical and 

transport properties as well. 

4.4.4 Physical and Transport Properties 

The electrolyte-NRTL model in Aspen Plus® uses the following default 

models to predict the physical and transport properties of the system.  For the 

vapor mixture, the viscosity is determined by the Chapman–Enskog–Brokaw and 

DIPPR model (Design Institute for Physical Properties (DIPPR), 2006, Reid et al., 

1987).  Vapor thermal conductivity is calculated using the Stiel–Thodos at low 

pressure and DIPPR model.  Diffusivity in the gas phase is predicted by the 
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Chapman–Enskog–Wilke–Lee model.  The liquid molar volume of the liquid is 

calculated using the Clarke model and Rackett equation (Chen et al., 1983).  The 

liquid viscosity is calculated by the Andrade and DIPPR models and corrected 

for the presence of electrolytes using the Jones–Dole model.  The diffusivity of 

each species is determined using the Wilke–Chang model for non-ion 

components and the Nernst–Hartley model for ions (Horvath, 1985, Wilke and 

Chang, 1955).  Thermal conductivity of the liquid is calculated using the Sato–

Riedel and DIPPR models and a correction due to the presence of electrolytes is 

applied using the Reidel model (Reid et al., 1987).  The surface tension of the 

liquid mixture is calculated by the Hakim–Steinberg–Stiel and DIPPR models 

and an electrolyte correction is applied using the Onsager–Samaras model 

(Horvath, 1985). 

4.4.4.1 Density 

The densities initially predicted by Aspen Plus® for the 5 m K+/2.5 m PZ 

solution were approximately 10% lower than the density measurements obtained 

by Cullinane (2005).  The Cullinane density data showed a strong dependence on 

the potassium concentration, whereas the amine concentration had relatively 

little impact on the density.  The density correlation developed by Cullinane also 

showed a slight temperature and CO2 loading dependence.  In Aspen Plus®, the 

electrolyte-NRTL model calculates the density of the potassium carbonate and 

piperazine solution using the Clarke Aqueous Electrolyte Volume model, which 

calculates the liquid molar volume for electrolyte solutions (Chen et al., 1983).  

The model calculates the molar volume of the molecular solvents and adds the 

contribution from the molar volume of the electrolytes by using the following 

equation: 

 ∑+=
ca

caca
l

solv
l

m VxVV   (4.106) 
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where l

mV  is the molar volume of the liquid solution, l
solvV  is the molar volume of 

the liquid solvent, cax  is the mole fraction of the apparent electrolyte ca, and caV  

is the effective molar volume of the apparent electrolyte ca.  The liquid molar 

volume of the solvent is calculated by the following equation: 

 5.0)(∑∑∑ +=
i j

l
j

l
iij

i

l
ii

l
solv VVkVxV   (4.107) 

 
where l

iV  is the pure component liquid molar volume of solvent i and kij is the 

interaction parameter between solvent i and solvent j.  The molar volume of 

liquid water is calculated from the steam tables.  The molar volume of the pure 

component is calculated using the Rackett, DIPPR, or the IK-CAPE equation.  If 

the RKTZRA parameter is available in the database, the Rackett equation is used.  

The DIPPR equation is used when the DNLDIP parameter is entered for the 

component and the IKCAPE equation is used if the parameter VLPO is available.  

The molar volume contribution of the apparent electrolyte ca is calculated by: 
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where ∞

caV  is the infinite dilution molar volume of the apparent electrolyte ca and 

is entered in Aspen Plus® as VLCLK/1.  caA  is the empirical parameter for 

concentration dependency of the apparent electrolyte ca and is entered as 

VLCLK/2.  The mole fraction of the apparent electrolyte ca is given by cax .  The 

temperature dependence of the molar volume of the solution is given by: 
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where B is any solvent.  The temperature dependence of the solution molar 

volume is equal to the temperature dependence of the mixture molar volume. 

The piperazine RKTZRA parameter and cation-anion VLCLK parameters 

of the K2CO3-PZ-CO2-H2O system were regressed using Aspen Plus® Data 

Regression System (DRS).  In this work, the pure component Rackett parameter 

(RKTZRA) for the molar liquid volume of piperazine was regressed.  The DIPPR 

parameters for piperazine, although available, were not entered into the DNLDIP 

parameter of Aspen Plus®.  Initial regression analyses produced the same results 

when the DNLDIP parameter for piperazine was entered or removed.  It 

appeared that the DNLDIP parameter was overridden by the regressed RKTZRA 

parameter.   

The RKTZRA and VLCLK parameters were simultaneously regressed 

using density data for the K2CO3-H2O (2–50 wt% K2CO3) and KHCO3-H2O (2–30 

wt% KHCO3) system from 25–80 °C (Aseyev and Zaytsev, 1996), density data for 

K2CO3-H2O, PZ-H2O, and K2CO3-PZ-CO2-H2O from 25–70 °C (Cullinane, 2005), 

and K2CO3-PZ-CO2-H2O density measurements for 5 m K+/2.5 m PZ and 6.4 m 

K+/1.6 m PZ made by this work.  Each of the data sets was given a weight of one 

for the regression analysis.  The tabulated density data used for the regression 

analysis are listed in the appendix.  The DRS results were evaluated based on 

minimizing the weighted sum of squares and the residual root mean square error.  

The optimal results of the regression analysis for the RKTZRA and VLCLK 

parameters are listed in Table 4-15.  A parity plot of the DRS estimated values 

and experimental measurements of density for the K2CO3-PZ-CO2-H2O system 

obtained by this work and Cullinane (2005) is shown in Figure 4-10.  The 

absolute average deviation of the Cullinane data set and that measured by this 

work was 0.33% and 0.32%, respectively. 
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Table 4-15. DRS Results for Rackett Molar Volume and Clarke Liquid Density 
Parameters of K2CO3-PZ-CO2-H2O System 

Parameter Component 
i 

Component 
j 

Value 
(SI Units) σ  

RKTZRA/1 PZ   0.2665 0.0014 
VLCLK/1 PZH+ OH¯ -0.4289 0.1825 
VLCLK/1 PZH+ CO32¯ 0.1963 0.1155 
VLCLK/1 PZH+ HCO3¯ -1.3256 0.2341 
VLCLK/2 PZH+ HCO3¯ 7.4769 1.1085 
VLCLK/1 PZH+ PZCOO¯ 0.4545 0.0297 
VLCLK/1 K+ OH¯ 0.2616 0.0305 
VLCLK/2 K+ OH¯ -1.9636 0.1744 
VLCLK/1 K+ CO32¯ 0.0104 0.0004 
VLCLK/2 K+ CO32¯ 0.1246 0.0016 
VLCLK/1 K+ HCO3¯ 0.0174 0.0005 
VLCLK/2 K+ HCO3¯ 0.0996 0.0025 
VLCLK/1 K+ PZCOO¯ 0.0011 0.0017 
VLCLK/1 K+ PZ(COO¯)2 0.1210 0.0011 

 
Weighted Sum of Squares:  14.94 
Residual Root Mean Square:  0.17 

The correlation matrix for the estimated density parameters are listed in 

the appendix.  Plots of the estimated and experimental values of density for the 

K2CO3-H2O, KHCO3-H2O and PZ-H2O systems are shown in the appendix.  The 

simultaneous regression of the Rackett and Clarke density model parameters 

resulted in an average absolute deviation of 0.07% for the density of the K2CO3-

H2O system.  The absolute average deviation for the density measurements of 

the KHCO3-H2O and PZ-H2O systems were 0.14 and 0.10%, respectively. 
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Figure 4-10. DRS Results of Density for the K2CO3-PZ-CO2-H2O System 

4.4.4.2 Viscosity 

 The liquid viscosity predicted by Aspen Plus® for the potassium 

carbonate and piperazine solution was approximately 70% lower than the 

measurements by Cullinane.  In Aspen Plus®, the electrolyte-NRTL model 

calculates the viscosity of the liquid mixture using the modified Andrade 

equation:  

 ( )∑∑∑ ++=
i j

jiijjiij
i

l
ii

l ffmffkf 22*lnln ηη   (4.110) 

 
where l

i
*η  is the pure component viscosity calculated from the Andrade, DIPPR 

or IK-CAPE equations and if  is the mole fraction.  The binary parameters ijk  and 

ijm  are given by:  

 
T
b

ak ij
ijij +=   (4.111) 
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T
d

cm ij
ijij +=   (4.112) 

 
The coefficients for the binary parameters ija , ijb , ijc , and ijd  are entered 

into Aspen Plus® as ANDKIJ/1, ANDKIJ/2, ANDMIJ/1, and ANDMIJ/2, 

respectively.  The default value for the binary parameters is zero.  The viscosity 

correction is applied to the liquid mixture using the Jones–Dole equation, which 

is given by:  
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ca

l
casolv

l ηηη 1   (4.113) 

 
where solvη  is the viscosity of the liquid solvent mixture calculated by the 

modified Andrade model and l
caηΔ  is the contribution to the viscosity correction 

due to the apparent electrolyte ca  (cation–anion).  The parameter l
caηΔ  can be 

calculated by three different equations: Jones–Dole, Breslau–Miller, and 

Carbonell.  If the apparent concentration electrolyte exceeds 0.1 M and the 

parameters for IONMUB are available, the Breslau–Miller equation is used, 

which is given by: 

 ( )205.105.2 a
cae

a
cae

l
ca cVcV +=Δη   (4.114) 

 
where a

cac  is the concentration of the apparent electrolyte ca and is given by: 

 
l

m

a
caa

ca V
xc =   (4.115) 

 
where a

cax  is the mole fraction of the apparent electrolyte ca and l
mV  is molar 

volume of the liquid mixture.  eV  is the effective volume and for salts involving 

univalent ions it is given by: 
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and for other salts, eV  is given by: 

 ( )
06.5
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= ca

e
B
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where caB  is given by: 

 ( ) ( )TbbTbbB aaccca 2,1,2,1, +++=   (4.118) 
 
The 1b  and 2b  Jones–Dole parameters are entered into Aspen Plus® as 

IONMUB/1 and IONMUB/2, respectively for each ionic species.  The 1b  

parameter has units of molar volume and 2b  has units of molar 

volume/temperature.  The default value for 2b  is zero.  The equations for the 

Jones–Dole and Carbonell model are listed in the appendix. 

The Jones–Dole viscosity model in Aspen Plus® depends on the molar 

volume of the liquid mixture that is calculated by the Clarke density model.  The 

viscosity parameters were regressed with Aspen Plus® DRS after the density 

parameters had been fitted.  The Andrade parameters for the PZ-H2O system and 

the Jones–Dole parameters for the viscosity of the K2CO3-PZ-CO2-H2O system 

were simultaneously regressed using viscosity data for the K2CO3-H2O (2–46 

wt% K2CO3) and KHCO3-H2O (2–30 wt% KHCO3) system from 25 to 80 °C 

(Aseyev, 1998) and viscosity data for PZ-H2O and K2CO3-PZ-CO2-H2O system 

from 25 to 70 °C (Cullinane, 2005).  Each of the data sets was given a weight of 

one for the regression analysis.  The tabulated viscosity data used for the 

regression are listed in the appendix.  The regressed Andrade binary interaction 

and IONMUB parameters are shown in Table 4-16.   
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Table 4-16. DRS Results for Andrade Binary and Jones–Dole Parameters of 
K2CO3-PZ-CO2-H2O System 

Parameter Component i Component j Value 
(SI Units) 

σ  

ANDKIJ/1 PZ H2O -198.4 24.3 
ANDKIJ/2 PZ H2O 69824 7775 
ANDMIJ/1 PZ H2O 4269 970 
ANDMIJ/2 PZ H2O -1399414 310498 
IONMUB/1 PZCOO¯  - 0.7494 0.0367 
IONMUB/1 PZ(COO¯)2  - 2.1693 0.0473 
IONMUB/1 HCO3¯  - 0.1892 0.0015 
IONMUB/1 OH¯  - 3.0562 0.3863 
IONMUB/1 PZH+  - -0.7385 0.5003 
IONMUB/1 CO3¯2  - 0.6199 0.0026 

 
Weighted Sum of Squares:  12779 
Residual Root Mean Square:  5.04 

A parity plot of the estimated and experimental values of viscosity for the 

K2CO3-PZ-CO2-H2O system measured by Cullinane (2005) is shown in Figure 

4-11.  The absolute average deviation of the viscosity data was 4.74%.  The figure 

shows that there is significant deviation when the viscosity is larger than 3 

centipoises.  A similar deviation at high viscosities was also observed in the 

regressed data for the K2CO3-H2O system, which is shown in the appendix. 

The correlation matrix for the estimated viscosity parameters is listed in 

the appendix.  Plots of the estimated and experimental values of viscosity for the 

K2CO3-H2O, KHCO3-H2O and PZ-H2O systems are shown in the appendix.  The 

simultaneous regression of the Andrade and Jones–Dole parameters resulted in 

an average absolute deviation of 2.68% for the K2CO3-H2O system.  The absolute 

average deviation for the viscosity regression of the KHCO3-H2O and PZ-H2O 

systems were 4.89 and 5.32%, respectively. 
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Figure 4-11. DRS Results of Viscosity for K2CO3-PZ-CO2-H2O System at 

Various Solution Compositions and Loading at 25 – 70 °C 

4.4.4.3 Diffusivity 

In the electrolyte-NRTL model, the diffusion coefficients of the molecular 

species are calculated using the Wilke–Chang model and the effective diffusivity 

for an ion is calculated using the Nernst–Hartley model.  The diffusivities are 

important parameters for determining the mass transfer and indirectly used to 

determine the heat transfer coefficient.  The Wilke–Chang equation for 

component i is given by: 

 ( )
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where jϕ  is the association factor for the solvent: 2.26 for water, 1.90 for 

methanol, 1.50 for ethanol, 1.20 for propyl alcohols and n-butanol, and 1.00 for all 

other solvents, lη  is the mixture viscosity of all non-diffusing components, jM  is 

the molecular weight of component j and l
biV ,∗  is the liquid molar volume of 

component i at the normal boiling point.  In Aspen Plus®, the liquid mixture 

viscosity is calculated using the modified Andrade equation and the Jones–Dole 

electrolyte correction.  The liquid molar volume is entered as VB under 

Parameters|Pure Component.  

The Nernst–Hartley diffusivity equation for an ion i is given by the 

following: 

 ( )∑+⎟⎟
⎠

⎞
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⎝

⎛
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k
kii

i
i xTll

Fz
RTD 2,1,2   (4.121) 

 
where F  is the Faradays’ number and is equal to 9.65 x 107 C/kmol, kx  is the 

mole fraction of any molecular species k, and iz  is the charge of the species.  The 

binary diffusion coefficient of the ion with respect to a molecular species is equal 

to the effective diffusivity of the ion in the liquid mixture and is given by: 

 iki DD =,   (4.122) 
 

The binary diffusion coefficients of an ion i with respect to an ion j is the 

arithmetic average of the two diffusivities such that: 

 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
= 2,
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D   (4.123) 

 
In an attempt to reconcile the difference in kg’ calculated by the absorber 

model and Cullinane (2005), the diffusivity of CO2 was adjusted by changing the 

liquid molar volume of CO2.  Even when the maximum VB was entered, the 
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adjustment was not enough to reconcile the difference in kg’.  It should be noted 

that Cullinane used different methods to estimate the diffusivities of CO2 and 

other components in the system.  Cullinane estimated the diffusivity of CO2 

using a correlation developed by Pacheco (1998) that related the diffusivity of 

N2O in amine solutions to temperature and viscosity.  A modified Wilke–Chang 

correlation was used to estimate the diffusivities of the amine and other 

components.  The equation is given by: 

 

solAm

solsol
Am V

TMD
η
ξ

6.0

5.013 )(1017.1 −
∞ ×

=   (4.124) 

 
where ∞

AmD is the diffusivity of the amine at infinite dilution in water, AmV is the 

molar volume, solM is the molecular weight of the solvent, solξ is the solvent 

specific parameter (2.6 for water), and solη is the solvent viscosity.   

In the Cullinane kinetic model, the diffusion coefficients of all the ions 

were considered to be equal that of PZCOO¯.  The estimated molar volume 

PZCOO¯ was 0.1311 m3/kmol.  In addition, Cullinane correlated the diffusivity of 

the amines to viscosity and found that a correction term was needed during the 

regression of the kinetic data:  
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w
AmAm DD η

ηβ   (4.125) 

 
where β  was correlated to be 1.51, wη is the viscosity of water and sη is the 

viscosity of the solvent.  The difference in diffusivities may account for some the 

discrepancies between the RateSep™ model and the kinetic model developed by 

Cullinane. 
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4.4.4.4 Surface Tension 

Surface tension is a significant parameter in the calculation of effective 

interfacial area for many of the mass transfer correlations.  For electrolyte 

solutions, the surface tension is calculated using the Onsager–Samara model.  

The model is given by the following equation:  

 ca
ca

a
casolvmix x σσσ Δ+= ∑   (4.126) 

 
where mixσ  is the surface tension of the liquid mixture, solvσ  is the surface tension 

of the solvent components in the mixture, a
cax  is the mole fraction of apparent 

electrolyte ca, and caσΔ  is the contribution to surface tension correction due to 

apparent electrolyte ca.  The surface tension of the solvent is given by the 

weighted average equation of the pure components (Reid et al., 1987): 

 r
i

i
i

r
solv x )()( σσ ∑=   (4.127) 

 
where iσ  is the surface tension of the pure component i and r is an adjustable 

parameter that can be set to a value of 1, -1, -2, or -3.  The default value of r is 1.  

The pure component liquid surface tension can be calculated by the Hakim–

Steinberg–Stiel, DIPPR or IK-CAPE models.  The electrolyte contribution to 

surface tension is given by: 

 ( )
⎭
⎬
⎫

⎩
⎨
⎧ ×

=Δ
−

a
ca

solva
ca

solv
ca c

Tc
3131013.1log0.80 ε

εσ   (4.128) 

 
where solvε  is the dielectric constant of the solvent mixture, l

mV  is the liquid molar 

volume calculated by the Clarke model, and a
cac  is the concentration of the 

apparent electrolyte ca. 
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Surface tension measurements were made by two undergraduate groups 

taking a senior design class.  Both sets of surface tension data showed that the 

surface tension for the piperazine/potassium carbonate system was between 30 

to 50 dynes/cm, which is similar other amine blend systems (Aspiron, 2005).  

The values predicted by Aspen Plus® were approximately 50% higher and close 

to the value for water (~70 dynes/cm).  Surface tension will dramatically affect 

the predicted effective interfacial area if the built-in RateSep™ correlations are 

used.  In this work, the subroutine used to calculate interfacial area did not 

depend on surface tension.  It was assumed that the interfacial area factor 

adjustments in the regression analysis accounted for surface tension effects. 

4.4.4.5 Thermal Conductivity 

The calculation of the correct thermal conductivity for the liquid mixture 

is important for evaluating heat transfer coefficients and determining the rate of 

heat transfer.  In the RateSep™ absorber model, the thermal conductivity of the 

liquid mixture is calculated using the Sato–Riedel model and the Vredeveld 

mixing rule and adjusted for electrolytes with the Riedel correction.  The Sato–

Riedel equation is given by the following: 

 ( )
( ) ⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛

−+

−+
=

3
2

3
2

2
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12031053152.1

bri

ri

i

l
i

T

T

M
λ   (4.129) 

 
where, 

 
ci

bi
bri T

TT =   (4.130) 

 
 

ci
ri T

TT =   (4.131) 
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where, iM  is the molecular weight, biT  is the normal boiling temperature given 

by the parameter TB, and ciT   is the critical temperature given by the parameter 

TC.  The Vredeveld mixing rule for thermal conductivity is given by: 

 ( ) ( )∑ −−
=

i

l
ii

l
solv w 2*,2

λλ   (4.132) 

 
where, iw  is the liquid phase weight fraction of component i and l

i
*,λ  is the liquid 

thermal conductivity of pure component i, which is calculated from the Sato–

Riedel equation.  The Riedel electrolyte correction is given by: 
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⎡
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ca

ac
l
solv

l

λ
λ

λλ   (4.133) 

 
where l

solvλ  is the thermal conductivity of the liquid solvent mixture calculated by 

the Sato–Riedel model and ac aa ,  are the Riedel ionic coefficients, which are 

entered into Aspen Plus® as IONDRL. 

The IONRDL parameters for the piperazine ion species, PZH+, PZCOO¯, 

PZ(COO¯)2 and H+PZCOO¯ were not entered into Aspen Plus® because they 

were unknown.  If an IONRDL parameter for a particular species is missing, 

RateSep™ issues a warning and uses the default value of zero.  In addition, the 

Hilliard (2005) VLE model treats HPZCOO as a molecule.  The thermal 

conductivity is calculated from the molecular weight, critical temperature and 

normal boiling point using the Sato–Riedel equation.  Therefore, the thermal 

conductivity calculate by RateSep™ may be incorrect.  The effects of thermal 

conductivity for the four piperazine ions were not examined. 
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4.4.5 RateSep™ Model Specifications 

4.4.5.1 Absorber Inputs and Flowsheet 

The flowsheet for the RateSep™ absorber model is shown in Figure 4-12.  

A typical RateSep™ input file is listed in the appendix.  The inlet liquid and 

vapor composition and flow rates were entered on the Streams sheet.  For the 

lean liquid feed, the molar flow rates of K2CO3, PZ, CO2, and H2O were entered 

based on the values determined from the data analysis of the pilot plant 

campaigns.  The lean stream was not permitted to flash until it reached the lean 

flash block.  This was done to facilitate the regression analysis for Data-Fit.  The 

input for Data-Fit required apparent components.  In the lean flash block, the 

solution speciates into its equilibrium components at a flash temperature that 

consistent with pilot plant data, which was approximately 313.15 K.  The 

measured vapor flow rates of CO2, H2O, N2 and inlet temperature were entered. 

The location of the liquid feed was set Stage 1 and the gas feed was set to the last 

stage using the On-Stage convention for both streams. 

In the pilot plant, the packing was divided into 2 separate beds, with a 

chimney tray and a redistributor in between.  In the simulation, the packing was 

modeled as one continuous bed.  It was assumed that there was negligible heat 

loss and no reactions during the collection and redistribution of the liquid.  The 

packing height was set to 6.096 m and the ID of the column was set to 0.43 m. 
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Figure 4-12. Flowsheet for RateSep™ Absorber Model.  Pseudostreams for 

Each Stage were Flashed to Determine *
2COP and Create McCabe Thiele Plots  

Heat loss to the absorber column was entered under the Heaters Coolers 

tab.  The total number of sections was set to the total of segments that were 

chosen for the simulation.  The starting and ending stage values were set to be 

the same as the section number.  A value for the overall column heat loss was 

assigned to the liquid, which was distributed equally for each segment.  It was 

assumed that the heat loss from the vapor was negligible relative to the liquid.  

In the MEA modeling by Dugas (2006), the heat loss from the absorber was 

estimated to be approximately 15,000 watts, which was equivalent to about 25% 

of the heat loss from the stripper.  

4.4.5.2 Kinetic and Equilibrium Reactions 

The kinetic equations and corresponding reaction rate parameters derived 

in the previous section were entered under the Reactions|Reactions tab.  A total 

of 24 kinetic rate expressions, which include the 12 forward and 12 reverse 

reactions developed in the kinetics section, were entered into RateSep™.   

 +− +⎯⎯⎯ →←++ − OHPZCOOOHCOPZ OHPZk
322

2   (R.1) 
 −+−− +⎯⎯⎯⎯ →←++ −− PZCOOHPZCOOPZCOOCOPZ PZCOOPZ

k
2   (R.2) 

 +− +⎯⎯ →←++ − PZHPZCOOPZCOPZ PZPZk
2   (R.3) 

 +−− +⎯⎯⎯ →←++ −− OHPZCOOCOCOPZ COPZ
k

3
2

32
2

3   (R.4) 
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 OHPZCOOOHCOPZ OHPZ
k

22 +⎯⎯⎯ →←++ −− −−   (R.5) 
 +−− +⎯⎯⎯⎯ →←++ −− OHCOOPZOHCOPZCOO OHPZCOO

k

3222 )(2   (R.6) 
 −+−−− +⎯⎯⎯⎯⎯ →←++ −−− PZCOOHCOOPZPZCOOCOPZCOO PZCOOPZCOO

k
22 )(   (R.7) 

 +−− +⎯⎯⎯⎯ →←++ −− PZHCOOPZPZCOPZCOO PZPZCOO
k

22 )(   (R.8) 
 +−−− +⎯⎯⎯⎯ →←++ −−− OHCOOPZCOCOPZCOO COPZCOO

k

3232 )(2
3   (R.9) 

 −− ⎯⎯ →←+ −

32 HCOOHCO OH
k   (R.10) 

 −+ +⎯⎯→←++ 322 HCOPZHOHCOPZ PZk   (R.11) 
 −−+− +⎯⎯⎯ →←++ −

322 HCOPZCOOHOHCOPZCOO PZCOO
k   (R.12) 

 

For the reactions R.1 and R.6, the forward reaction with water was 

assumed to be pseudo-first order, with a constant water concentration of 55.55 

mol/L.  In RateSep™, the coefficient for water was set to one and the exponent 

was set to zero.  For reaction R.2, the PZCOO¯ species appears as both a reactant 

and product and could not be entered into Aspen Plus® as such.  To solve this 

problem, the coefficient for PZCOO¯ was set to zero, but a value of one was 

entered into the exponent. 

In addition, four equilibrium reactions were entered into RateSep™.  The 

parameters for the equilibrium reactions are derived from Hilliard (2005).  The 

equilibrium constant basis was mole gamma and the temperature approach to 

equilibrium was set to 0 K. 

TCTBAKeq ln/ln ++=  Eqn 
No. 

 

Equilibrium 
Equation A B C 

E.1 −+ +⎯→←⋅ OHOHOH 322  132.90 -13445.9 -22.48 
E.2 ++ +⎯→←+ OHPZOHPZH 32  481.95 -33448.7 -69.78 
E.3 +−−+ +⎯→←+ PZHPZCOOPZPZCOOH  -488.75 27752.8 69.78 
E.4 −+− +⎯→←+ 2

3323 COOHOHHCO  216.05 -12431.7 -35.48 
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4.4.5.3 Number of Stages 

An optimization analysis was conducted on the number of segments to 

determine the minimum number of segments required to adequately model the 

pilot plant data while maintaining a constant height of packing.  Using the inputs 

from Run 4.5, the number of segments was varied from 5 to 70 and the outlet 

concentration of CO2 in the gas phase was recorded.  Figure 4-13 shows that the 

outlet CO2 gas concentration decreases as the number of segments is increased 

and the column height remains constant.  The plot shows that a minimum is 

approached at approximately 70 segments.  However, due to convergence issues 

and limitations with computational time, 50 segments were used in this work. 

2990

3000

3010

3020

3030

3040

3050

3060

0 10 20 30 40 50 60 70 80

C
O

2 R
em

ov
al

 R
at

e 
(g

m
ol

/h
r)

Number of Segments  
Figure 4-13. Optimization of the Number of Segments (Run 4.5, VPlug-Pavg 

Flow Model, 7 Film Discretization, Film Ratio = 2) 

The temperature profiles corresponding to four different numbers of 

segments is shown in Figure 4-14.  The figure shows that as the number of 

segments is increased, the temperature bulge becomes larger and in this case, 
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even shifts further up the column in location.  The decrease in absorber 

performance is mostly likely due to limitations with vapor-liquid equilibrium at 

the higher temperatures, where the system may begin to pinch.  The figure also 

shows that 50 segments are adequate to properly model the temperature profile. 
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Figure 4-14. Temperature Profile across the Absorber Column Depending on 

the Number of Stages that are Used 

4.4.5.4 Film Discretization 

The effect of the number of film segments and the method of film 

discretization was examined.  It has been shown that the discretization of the 

boundary layer should not be uniformly distributed (Aspiron, 2006, Kucka et al., 

2003).  Instead, a non-equidistant distribution of the liquid film segments should 

be used.  Thinner films are used in the region where there is the steepest change 

in the concentration gradient to adequately capture the fast reaction rates and the 

depletion of reactants (Figure 4-15).  For mass transfer with chemical reactions 
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occurring in the boundary layer, this means using thinner films near the gas–

liquid interface and progressively thicker films near the bulk solution. 

Gas Film

PG

Pi = H[CO2]i

P*i P*B

[CO2]*i [CO2]*B

Bulk Gas Bulk LiquidInterface

Rxn Film Liquid Film

 
Figure 4-15. Mass Transfer with Chemical Reaction in the Boundary Layer.  

Thinner Films at the Interface Capture the Rapid Kinetic Reactions 

In RateSep™, the user can select the total number of film segments and 

specify the coordinates the individual film segments.  The film discretization 

ratio can be adjusted by the user to specify the ratio of the thickness of the 

adjacent discretization region.  For example, a film ratio of 2 and 3 film segments 

results in 4 films segments with a relative thickness ratio of 4:2:1.  For the 

optimization, the number of film segments and film discretization ratio were 

varied using the inputs from Run 4.5, which were a 5 m K+/2.5 m PZ solution 

from Campaign 4.  In RateSep™ 2006, the maximum value of the film ratio is 100. 

Figure 4-16 shows that most of the reactions occur near the interface 

because the higher film discretization ratios capture the reactions occurring in 

the thin film boundary layer near the gas–liquid interface.  The plot also shows 
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that as the film ratio is increased, fewer film discretization points are needed to 

reach the maximum value of the CO2 in the outlet gas.  However, it also evident 

that there is some variability with the final outlet CO2 gas concentration.  As the 

film ratio is increased, the performance of the absorber increases, i.e. when the 

film ratio is increased from 10 to 100, the final outlet CO2 gas concentration 

decreases by 80 gmol/hr, except when the film ratio is equal to 50.  It is assumed 

that the larger number of film segments will result in a more accurate and 

representative answer and that the use of fewer film segments will reduce the 

computational time of a simulation. 

2450

2500

2550

2600

2650

2700

2750

2800

2850

0 1 2 3 4 5

Film Ratio = 2.5
Film Ratio = 5
Film Ratio = 10
Film Ratio = 25
Film Ratio = 50
Film Ratio = 100

G
C

O
2,

ou
t (

m
ol

/h
r)

Number of Additional Discretizations Points  
Figure 4-16. Liquid Film Ratio and Number of Discretization Points (5 m K+/2.5 

m PZ, 50 Segments, VPlug-Pavg Flow Model) 

Another evaluation of film ratios between 2.5 and 10 is shown Figure 4-17.  

The figure shows that a film ratio of 2.5 gives the highest outlet CO2 gas 

concentration, but requires 5 additional discretization points to attain the final 

maximum value.  The plot shows that a film ratio of six yields a comparable 
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solution to the 2.5 film ratio, while reducing the number of additional film 

segments to three.  In this work, a film ratio of six and three additional film 

discretization points (4 film segments) were used to minimize computation time.  

An optimization analysis was not performed for the 6.4 m K+/1.6 m PZ solution.  

A different set of optimized parameters may be needed because the kinetics for 

6.4 m K+/1.6 m PZ are slower than 5 m K+/2.5 m PZ. 
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Figure 4-17. Liquid Film Ratio between 2.5 and 10 (5 m K+/2.5 m PZ, 50 

Segments, VPlug-Pavg Flow Model) 

4.4.5.5 Flow Model Selection 

In RateSep™, there are four different flow models that can be used to 

determine the bulk properties when the mass and energy fluxes and reactions are 

calculated for each segment.  The four flow models are: Mixed, Countercurrent, 

VPlug, and VPlug-Pavg.  The bulk properties include the mole fraction, 

temperature, and pressure of gas and liquid, and the bulk gas and liquid rate.  In 

the mixed flow model, the bulk properties of the gas and liquid phase are 
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assumed to be the same as the condition of the phase leaving the segment.  This 

method is recommended for trays and is the same method used for equilibrium 

stages.  The countercurrent flow model uses the arithmetic average of the inlet 

and outlet condition for each phase.  This method is more accurate for packing, 

but is more computationally intensive and is recommended when a component 

less is than 200 ppm (Aspen Technology Inc., 2006).  In the VPlug flow model, 

the outlet conditions are used for the liquid and bulk gas pressure and the 

average conditions are used for the other vapor properties as in the 

countercurrent model.  For the VPlug-Pavg flow model, the outlet conditions are 

used for the liquid and the average conditions are used for all of the bulk 

properties in the vapor phase.  The flow models are specified under Pack 

Rating|RateSep. 

 
Figure 4-18. Flow Models and Corresponding Bulk Property Specifications 

Available in RateSep™ for Rate-based Calculations  
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The effect of flow model selection on absorber performance and the 

temperature profile is shown in Figure 4-19.  The interfacial area factor was 

adjusted for each flow model until the outlet CO2 gas concentration was 2623 

gmol/hr.  The plot shows that the Countercurrent flow model predicts the 

highest temperature profiles relative to the other models and requires less area to 

attain the same absorber performance.  The VPlug and VPlug-Pavg flow models 

give the same results and had a slightly lower temperature profile.  The Mixed 

flow model predicted the lowest temperature profile and required the largest 

amount of interfacial area to achieve the same CO2 removal rate. 
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Figure 4-19. Temperature Profile for the Four Flow Models (5 m K+/2.5 m PZ, 

Adjusted Area Factor to obtain GCO2,out = 2623 mol/hr) 

4.4.5.6 RateSep™ Setup Parameters 

There are several additional parameters that can be adjusted within 

RateSep™ under RateSep Setup|Specifications.  The Chilton–Colburn 

averaging parameter can be adjusted to weight the average diffusivity and 
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average binary mass transfer coefficients for the calculation of the heat transfer 

coefficient.  In addition, the mass transfer flux and reaction rates calculated by 

RateSep™ for each stage are based on an average of the bulk and film conditions.  

For fast reactions in the film, the conditions nearer the bulk solution should be 

weighted more heavily than the interface conditions.  The Transfer condition 

factor determines the weighting factor for the temperature and composition that 

is used to calculate the mass transfer coefficient.  The condition factor is used as 

follows:  

 int)1( CFCFC TCbulkTCavg ×−+×=   (4.134) 
 

where avgC  is the average condition, bulkC  is the bulk condition, intC  is the 

interface condition, and TCF  is the Transfer condition factor.  The Reaction 

condition factor is used in the same way, but is used to weight the average 

conditions for the calculation of the reaction rates in the film.  Finally, when the 

composition or temperature changes dramatically near the top or bottom stage, it 

is recommended that the Top/Bottom stage condition factor be changed.  The 

default value for all three factors is 0.5.  When any of the above conditions apply, 

it is recommended that the values be set closer to 1 (Aspen Technology Inc., 

2006).  For highly non-ideal phases, Film non-ideality correction under Pack 

Rating|RateSep|Rate Based may be selected, whereby a correction term is 

applied to the fugacity.  In this work, it was found that using film non-ideality 

correction slightly increased the removal rate of CO2 was used and this option 

was selected. 

4.4.6 Rate Data Reconciliation in RateSep™ 

The kinetic rate constants for the potassium carbonate and piperazine 

system were derived from the concentration based rate constants regressed by 

Cullinane from bench-scale wetted wall column experiments (Cullinane, 2005).  
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Cullinane used the rate constants to develop a FORTRAN model to predict the 

rate of CO2 absorption into the piperazine promoted potassium carbonate system.  

Figure 4-20 shows that the predicted absorption rate for 5 m K+/2.5 m PZ did not 

match the wetted wall column data very well beyond PCO2* = 2000 Pa at 40 °C 

and PCO2* = 4000 Pa at 60 °C.  Bench-scale experiments were not conducted for 

the 6.4 m K+/1.6 m PZ solvent and were not available for comparison with the 

FORTRAN rate model predictions.  The rate constants used in this work were 

derived from the Cullinane FORTRAN rate model.  Therefore, adjustments to the 

Aspen Plus® RateSep™ absorber model were made to match the FORTRAN 

results and not the results from the wetted wall column for the 5 m K+/2.5 m PZ 

and 6.4 m K+/1.6 m PZ solvents. 
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Figure 4-20. Comparison of Wetted Wall Column Data to Predicted Rate Data 

from Cullinane FORTRAN Model for 5 m K+/2.5 m PZ (kl = 0.01 cm/s) 

The rate data predicted by the Cullinane (2005) FORTRAN model for 5 m 

K+/2.5 m PZ and 6.4 m K+/1.6 m PZ at 40 and 60 °C is shown in Figure 4-21.  The 
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figure shows that the 5 m K+/2.5 m PZ solution has rate that is 30–45% higher 

than the 6.4 m K+/1.6 m PZ solution.  
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Figure 4-21. Cullinane FORTRAN Rate Data Comparison for 5 m K+/2.5 m PZ 

and 6.4 m K+/1.6 m PZ at 40 and 60 °C (kl = 0.01 cm/s, PCO2/PCO2* = 1.01) 

The activity based rate constants that were derived earlier in the chapter 

were entered in Aspen Plus® RateSep™ and the normalized flux, kg’, across a 

segment of packing was calculated at 40 and 60 °C.  The absorber diameter and 

height were set to 42.7 and 3 cm, respectively.  The number of stages was set to 

two (minimum) and Flexipac 2Y and the counter-current flow model was used.  

In the Aspen Plus® flow sheet, a pseudo stream was taken from each segment 

and flashed at the inlet liquid temperature to determine the equilibrium partial 

pressure of CO2 of the solution.  The potassium carbonate, piperazine, and water 

concentration of the solution was maintained constant while the inlet CO2 

concentration was varied.  The kg’ was calculated taking the flux of CO2 

calculated by RateSep™ and dividing the interfacial area calculated by RateSep™ 
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for the segment and the CO2 partial pressure driving force and is given by the 

following equation: 

 
*)(

'
22

2

inf, COCO

CO
g PPArea

N
k

−⋅
=   (4.135) 

 
where 

2CON  is the flux of CO2 at each segment calculated by RateSep™ under 

Interface Profiles|Mass Transfer|CO2.  Area  is the interfacial area calculated 

for each segment under Interface Profiles|Interfacial Area.  inf,2COP  is the partial 

pressure of CO2 at the interface, which is calculated from yCO2 under the 

Interface Profiles|Compositions|Vapor tab and *
2COP  is calculated from the 

flash calculation of the pseudo stream at the specified inlet liquid temperature of 

40 or 60 °C.  It was assumed that the Cullinane (2005) kinetics were consistent 

with the Aspen Plus® VLE model and no attempts were made to correct for the 

VLE deviations observed by Hilliard. 

The RateSep™ rates were five times faster than the Cullinane (2005) 

FORTRAN model and the wetted wall column results.  The Cullinane FORTRAN 

model assumes that all of the ions have the same diffusion coefficient as PZCOO¯ 

and use the Wilke–Chang correlation to estimate the diffusivity.  Cullinane also 

applied a correction term of 1.51 to the ionic diffusivities.  In RateSep™, the 

diffusivities of the ion species were not assumed to be the same and the Nernst–

Hartley equation was used to calculate diffusivities.  Adjustments were made to 

the density and viscosity model in Aspen Plus®, which slightly affect the 

predicted diffusivities.  The diffusivities predicted by Aspen Plus® were 

reasonable and do not appear to be source of the discrepancy.   

The reverse kinetic reactions for Cullinane assume that there is no change 

in activity coefficient and water concentration from the gas–liquid interface to the 

bulk solution, whereas RateSep™ calculates the activities of each species across 
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the film.  The Cullinane model uses eddy diffusivity theory, which has a square 

root dependence, to model the mass transfer.  RateSep™ uses two-film theory, 

which does not have square root dependence.  Finally, the Henry’s constant for 

CO2 and the activity coefficients are calculated differently.  The Aspen Plus® 

activity coefficient (Gamus) for CO2 varies by a factor of five over a temperature 

range from 25 to 65 °C. 

To account for this discrepancy, the pre-exponential factor for the forward 

and reverse kinetic reactions were multiplied by a factor of 0.2.  The predicted kg’ 

results for the 5 m K+/2.5 m PZ solution are shown in Figure 4-22.  The kl for 

both models was approximately 0.01 cm/s.  The pre-exponential factors in 

RateSep™ were adjusted until the FORTRAN and RateSep™ predictions 

matched for the 60 °C points.  The predicted RateSep™ points at 40 °C were 

approximately 40% lower than the FORTRAN points at 40 °C.  It was assumed 

that a more accurate representation of absorber performance was achieved at the 

higher temperatures. 

The activity-based kinetics calculated for the 6.4 m K+/1.6 m PZ solution 

was entered into RateSep™ and a similar kg’ analysis was performed.  The pre-

exponential factors for the 6.4 m K+/1.6 m PZ reactions were also multiplied by a 

factor of 0.2.  Figure 4-23 shows that at low partial pressures of CO2 and a 

temperature of 60 °C, the predicted RateSep™ kg’ is 40% higher than the 

FORTRAN model, while at partial pressures greater than 2500 Pa, the 

normalized flux is lower than the FORTRAN model.  The RateSep™ 40 °C curve 

is consistently lower than the FORTRAN values.  Finally, the figure shows that at 

partial pressures beyond 1000 Pa, a precipitous drop occurs, similar to that 

observed in the wetted wall column data (Cullinane, 2002).  This trend was not 

captured by the FORTRAN model or by the RateSep™ model for the 5 m K+/2.5 

m PZ solution. 
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Figure 4-22. Normalized Flux of CO2 Predicted by RateSep™ for 5 m K+/2.5 m 

PZ Solution at 40 and 60 °C (kl,FORTRAN = 0.01 cm/s, kl,RateSep = 0.1-0.15 cm/s) 
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Figure 4-23. Normalized Flux of CO2 Predicted by RateSep™ for 6.4 m K+/1.6 m 

PZ at 40 and 60 °C (kl,FORTRAN = 0.01 cm/s, kl,RateSep = 0.1-0.15 cm/s) 
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4.4.7 RateSep™ Convergence 

The convergence of RateSep™ was facilitated by providing estimates to 

the top and bottom stages of the absorber (Aspen Technology Inc., 2006).  The 

Aspen Plus® help file recommended that the temperature be under-estimated for 

the top stage and over-estimated for the bottom by a few degrees.  In the 

RateSep™ simulations, the top stage temperature was set to 38 °C and the 

bottom stage was set 2 degrees higher the liquid outlet temperature of the pilot 

plant.  In addition, under RadFrac|Convergence, Absorber=YES was selected.  

The inlet gas and liquid streams were specified using the ON-STAGE feed 

convention.  

4.5 SUMMARY 

A rate-based absorber model was developed in Aspen Plus® RateSep™ for 

the potassium carbonate and piperazine system.  Activity-based kinetic 

parameters for the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solution were 

derived from the Cullinane (2005) rate model.  The heat of absorption predicted 

by Aspen Plus® was corrected by calculating the heat of formation and heat 

capacity parameters of the piperazine ions from the equilibrium equations.  

Density and viscosity parameters for the potassium carbonate and piperazine 

solution were regressed using Aspen Plus® DRS.  The pre-exponential factors for 

the kinetic reactions of the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solution 

were adjusted by a factor of 0.2.  The optimal number of segments was 

determined to be approximately 70 segments, but only 50 segments were used in 

the simulations to reduce the computational time.  A film ratio of six and three 

film segments were used to optimize the simulation process.  Aspen Plus® Data-

Fit was used to reconcile the pilot plant data and validate the RateSep™ absorber 

model.  The results are presented in the next chapter. 
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Chapter 5: Absorber Modeling Results and Data Reconciliation 

 

 

 

Aspen Plus® Data-Fit was used to perform the simultaneous regression of 

the interfacial area factor and absorber heat loss and the reconciliation of pilot 

plant data from Campaigns 2 and 4.  The mole component flow rates, inlet and 

outlet temperatures for the gas and liquid, and the temperature profile across the 

column were used as the parameters for Data-Fit.  Sensitivity analyses were 

performed to determine which parameters from the experimental data set should 

be adjusted by Data-Fit.  The lean loading for the experimental data points from 

the pilot plant were adjusted downward by 10% due some inconsistencies with 

the Hilliard (2005) VLE model.  The validated RateSep™ absorber model was 

used to analyze of absorber design and performance. 

5.1 ASPEN PLUS® DATA-FIT 

In Aspen Plus®, the simulation models can be fitted to plant and 

laboratory data using the Data-Fit regression package.  Data-Fit is located under 

Model Analysis Tools|Data Fit.  It can be used to fit the data to a simulation 

model by adjusting the model input parameters.  Data-Fit can be also used to 

simultaneously reconcile the measured data.  Data-Fit performs a least squares fit 

between the measured data and model predictions. 

Data-Fit can be used to fit either measured point data or profile data.  

When profile data is provided, Data-Fit performs a regression analysis of the 

coefficients for a kinetic model from the bench-scale data.  When point data is 

provided, Data-Fit can fit a simulation model to plant data, reconcile plant data 
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to match the model, estimate missing measurements, and identify poor 

measurements.  In this work, Data-Fit was used to simultaneously reconcile pilot 

plant data and validate the absorber model. 

The data set to be regressed must first be entered under Data Fit|Data Set 

before a regression case can be specified.  In the first row of Data Set, the type of 

data is specified: Input or Result variable.  In the second row, the standard 

deviation for each measurement is specified.  The standard deviation can be 

entered as an absolute value or as a percentage.  For an Input variable, if a zero 

standard deviation is specified, the measurement is not adjusted by Data-Fit and 

used as an exact measurement.  For values greater than zero, the measurement is 

adjusted along with the results to match the fitted model.  For a Result variable, 

the standard deviation that is specified must be greater than zero.  If a zero 

standard deviation is specified, it is not included in the regression. 

Point data is entered in the row below the standard deviation specification.  

If measurements for Result variables are not available, it can be left blank and 

Data-Fit will estimate it.  In this work, the molar flow rates of the apparent 

components for the liquid and vapor phases were entered (Figure 5-1).  The inlet 

temperature and pressure for the gas and liquid streams were also entered.  In 

addition, the temperature profile across the absorber and the outlet liquid 

temperature was specified.  Standard deviations were assigned to each of the 

input values. 
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Figure 5-1. Example of Input for Aspen Plus® Data Fit.
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After the data set has been specified, the Data-Fit regression case can be 

setup.  Both point and profile data can be regressed in the same case.  The 

regression case requires the input of an estimated parameter or a reconciled 

input where the standard deviation is greater than zero.  Data-Fit can be used to 

estimate an unlimited number of parameters.  The numerical formulation for the 

least squares regression analysis that Data-Fit performs is given by: 
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where setsN  is the number of data sets specified on the Regression|Specification 

sheet, iNexp  is the number of experiments in data set i, riN  is the number of 

reconciled input variables, rrN  is the number of measured results variables, iW  is 

the weight for data set i specified under Regression|Specification, pX  is the 

vector of varied parameters, mriX  is the measured values of the reconciled input 

variables, riX  is the calculated values of the reconciled input variables, mrrX  is 

the measured values of the results variables, rrX  is the calculated values of the 

results variables, and Xσ  is the standard deviation specified for the measured 

variables.  Adjustments made to pX  and riX  variables are subject to the specified 

lower and upper bounds.  The lower and upper bounds are calculated by the 

following equations: 
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 )( σ×−= BFMVBoundLower   (5.4) 
 

 )( σ×+= BFMVBoundUpper   (5.5) 
 

where MV  is the measured value, BF  is the bound factor, andσ  is the standard 

deviation.  The bound factor has a default value of 10, but can be changed in the 

Regression|Convergence sheet.  The reconciled input variables are adjusted to 

minimize the error of the sum of squares for each experimental point 

independently.  

The Data-Fit problem is considered converged when either the absolute 

function tolerance, relative function tolerance or X convergence tolerance are 

satisfied.  In the first case, Data-Fit is converged when the objective function 

value reaches a value that is less than the absolute function.  In the second case, 

the problem converges when the optimizer predicts a maximum possible 

function reduction of at most the relative function times the absolute value of the 

function value at the start of the current iteration and if in the last step, no more 

than twice the predicted function decrease was achieved.  Finally, when a step 

change has a relative change in X less than or equal to the X convergence 

tolerance and if the step change decreases the objective function by no more than 

twice the predicted objective function decrease, Data-Fit converges.  The default 

values for the absolute function, relative function, X convergence tolerances are 

0.01, 0.002, and 0.002, respectively.  Additional Data-Fit convergence parameters 

can also be specified in the Regression|Advanced sheet, but in most cases, is not 

necessary to change the default parameters (Aspen Technology Inc., 2006). 

The sequence for the Data-Fit regression is as follows: Aspen Plus® 

executes the base-case simulation; the Data-Fit loop is run until it converges or 

fails to converge; the base-case values of fitted parameters are replaced with the 

regressed values and the base-case is re-run.  After the Data-Fit regression is 

1887



 288 

executes, it outputs the follow results: chi-square statistics for the fit, final 

estimates and standard deviations for the estimated parameters, a table of 

measured values, estimated values, and normalized residues for the data sets, 

and a table of iteration history of the function results, the varying results and 

reconciled inputs. 

5.2 VAPOR–LIQUID EQUILIBRIUM ADJUSTMENT 

Recent CO2 solubility measurements by Hilliard have found that the 

vapor–liquid equilibrium data for CO2 and piperazine/potassium carbonate 

reported by Cullinane may be incorrect.  The vapor pressure of CO2 reported by 

Cullinane was higher than Hilliard data.  Experimental data from Hilliard shows 

that the Cullinane VLE data was shifted by approximately 10%on a loading basis 

or offset by 20 °C on a temperature basis (Figure 5-2). 
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Figure 5-2. Comparison of Hilliard Experimental VLE Data for 5 m K+/2.5 m PZ 

at 40 and 60 °C with the Hilliard (2005) Aspen Plus® VLE Model 
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The Hilliard (2005) K+/PZ VLE model used in the RateSep™ model was 

based on the Cullinane VLE data.  In this work, the new Hilliard data was 

assumed to correctly represent the potassium carbonate and piperazine system.  

Updating the Hilliard (2005) VLE model with the new data is not in the scope of 

this work.  Instead, the experimental loading data from the pilot plant was 

adjusted downward by 10% to compensate for the errors.  Figure 5-3 shows that 

the results predicted by the Hilliard (2005) Aspen Plus® VLE model and the 

Hilliard experimental data are more consistent when the loading is shifted 

downward by 10%. 
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Figure 5-3. Results of Hilliard (2005) Aspen Plus® VLE Model with 10% 

Loading Adjustment for 5 m K+/2.5 m PZ VLE Data at 40 and 60 °C 

5.3 RATESEP™ SENSITIVITY RESULTS 

The Aspen Plus® Data-Fit regression package allows the user to assign 

standard deviations to each point in the data set.  In order to expedite and simply 

the Data-Fit regression process, a sensitivity analysis was performed to 
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determine which input variables should be set as constants (standard deviation = 

zero) and which should be included in the data reconciliation process (non-zero 

standard deviation).  A sensitivity analysis was performed for the following 

variables: inlet gas and liquid temperatures, inlet gas concentrations of carbon 

dioxide and water, inlet liquid concentrations piperazine and potassium 

carbonate, lean loading, heat-loss, effective interfacial area factor, and liquid 

holdup.  The effect of each parameter was quantified based on the variation of 

the absorber CO2 removal efficiency.  The temperature profile was also plotted to 

quantify the enthalpy effects on the absorber. 

In order to simplify the modeling effort, a value of heat loss was assigned 

to the entire column for the liquid phase.  In Aspen Plus®, the column heat loss is 

divided by the total number of stages and the same value is assigned to each 

stage.  It should be noted that in the pilot plant, the heat loss will not be 

distributed evenly across the column due to temperature differences, sections 

where the column does not contain any packing, and from structural elements on 

the column such as the support fins, which will enhance heat transfer.  The 

default conditions for each parameter, unless otherwise noted, are listed in Table 

5-1.  The gas and liquid temperature profile for the base case RateSep™ absorber 

model simulation is plotted in Figure 5-4.  
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Table 5-1. Input Specifications of RateSep™ Absorber Model for Sensitivity 
Analysis (Run 4.4.1 – Campaign 4, 5 m K+/2.5 m PZ) 

Parameter Value 
Inlet CO2 Gas 16.3 mol% 
Inlet H2O Gas 7.0 mol% 

Gas Flow 27,800 mol/hr 
K2CO3 2.5 molal 

PZ 2.5 molal 
CO2 Loading 0.405 mol CO2/(mol K+ + 2 mol PZ) 
Liquid Flow 158,700 mol/hr 

TGas In 40 °C 
TLiquid In 40 °C 

Column ID 0.43 m 
Packing Type Flexipac 2Y 

Specific Area of Packing 225 m2/m3 
Height of Packing 6.096 m 
Intf Area Model Rocha-Bravo-Fair 1992 

Packing Area Factor 2.7 (161 m2/m3) 
Heat Loss 15,000 W 

Liquid Holdup 1% Free Volume 
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Figure 5-4. Gas and Liquid Temperature Profile and Vapor Phase Mass 

Transfer Rate of CO2 and H2O for Base Case of Sensitivity Analysis (Positive 
for Mass Transfer from Vapor to Liquid, Top of Absorber = Stage No. 1)  

1891



 292 

Figure 5-5 is a McCabe–Thiele plot of the base case RateSep™ absorber 

sensitivity analysis.  The mole fraction of CO2 in the vapor phase calculated by 

RateSep™ was converted to a CO2 partial pressure and used as the operating line.  

The equilibrium line was generated by taking a pseudo-stream at each stage and 

performing a flash calculation at the liquid temperature of the corresponding 

stage.  The partial pressure of CO2 calculated by pseudo-stream flash block was 

used as the equilibrium line.  The figure shows that the operating line 

approaches 70% of equilibrium near stage 30. 

100

1000

10000

0 10 20 30 40 50

Pa
rti

al
 P

re
ss

ur
e 

of
 C

O
2 (

kP
a)

Stage Number

Operating Line

Equilibrium Line

 
Figure 5-5. McCabe–Thiele Plot for Base Case of Sensitivity Analysis (Top of 

Absorber = Stage No. 1) 

The liquid composition across the absorber column for the base case 

sensitivity analysis is shown in Figure 5-6.  The figure shows that the 

concentration of CO32¯ and PZCOO¯ decreases by approximately one-third from 

the top to the bottom of the column.  While the concentration of HCO3¯ and 

PZ(COO¯)2 both increase by a factor of three from the top to the bottom of the 
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column.  The concentration of piperazine decreases by a factor of 7 across the 

column to almost zero at the bottom of the column and H+PZCOO¯ increases by 

a factor of 4.5.  The concentration of PZH+ remains low and relatively constant 

across the entire absorber column.  The reaction with PZ and CO32¯ will 

dominate the lean end of the column and reaction with PZCOO¯ and CO32¯ will 

dominate the rich end. 
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Figure 5-6. Liquid Composition for Base Case of Sensitivity Analysis (Top of 

Absorber = Stage No. 1)  

A sensitivity analysis was performed on the absorber column heat loss.  

The column heat loss for the liquid phase was varied between 0 to 40,000 watts.  

Figure 5-7 shows that the CO2 removal efficiency increases by approximately 0.05 

as the heat loss increases from 0 to 40,000 watts.  The improvement in 

performance with increased heat loss is most likely due to a pinch point in the 

absorber, where a maximum would occur at the highest temperatures with zero 

heat loss. 
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Figure 5-7. Absorber Performance with Heat Loss Adjustment (5 m K+/2.5 m PZ, 

Loading = 0.40, Area Factor = 2.7, Holdup = 1% Free Volume) 

The temperature profile for several values of heat loss is shown in Figure 

5-8.  The figure shows that with no heat loss, the maximum temperature bulge is 

attained, reaching approximately 72 °C.  As the heat loss increases, the 

magnitude of the temperature bulge decreases and the location of the maximum 

temperature moves from the top of the column towards the bottom.  Dugas 

(2006) assumed that the heat loss from the absorber was 25% of the stripper heat 

loss, which was determined to be approximately 15,000 W. 
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Figure 5-8. Effect of Heat Loss on Absorber Liquid Temperature Profile (5 m 

K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, Holdup = 1% Free Volume) 

The liquid heat capacity initially predicted by RateSep™ was 

approximately 25 cal/mol-K.  Preliminary attempts to reconcile the temperature 

profile of the pilot plant absorber column were unsuccessful.  Once heat capacity 

data became available, the data was used to regress heat capacity parameters for 

potassium.  The results of the DRS regression fit for liquid heat capacity are 

given in the previous chapter.  The corrected heat capacity is approximately 17–

18 cal/mol-K.  At a heat capacity of 17.1 cal/mol-K, the maximum temperature is 

approximately 70 °C and located in the upper third of the column (Figure 5-9).  

As the value of the liquid heat capacity increases, the magnitude of the 

temperature bulge decreases and the location moves down the absorber column.  

The correct prediction of liquid heat capacity is required to properly model the 

temperature profile. 
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Figure 5-9. Effect of Liquid Heat Capacity on Liquid Temperature Profile (5 m 

K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, Holdup = 1% Free Volume) 

Although the value of the liquid heat capacity has a profound effect on the 

temperature profile, it only has a minor effect on absorber performance (Figure 

5-10).  The figure shows that the when the liquid heat capacity changes from 18 

to 25 cal/mol-K, the CO2 removal rate increases from 0.706 to 0.735.  In the 

preliminary attempts to match the pilot plant data, the CO2 removal rates could 

be matched relatively well, but the temperature profile could not be fitted 

properly. 
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Figure 5-10. Effect of Liquid Heat Capacity on Absorber Performance (5 m 

K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, Heat Loss = 15,000 W) 

A sensitivity analysis was performed on the effective interfacial area by 

adjusting the interfacial area factor in RateSep™.  The Rocha–Bravo–Fair (1996) 

model for Flexipac 2Y structured packing was used in the analysis.  It should be 

noted that the predictions from the Rocha–Bravo–Fair model do not match the 

effective area data obtained by UT SRP.  Figure 5-11 shows that as the interfacial 

area factor increases from 0.5 to 5, the CO2 removal efficiency approaches a 

maximum near at approximately 75%.  The effective interfacial area is related the 

kinetic reaction rates in the film layer. 
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Figure 5-11. Effect of Interfacial Area on Absorber Performance (5 m K+/2.5 m 

PZ, Loading = 0.40, Holdup = 1%, Heat Loss = 15,000 W) 

As the area factor increases from 0.5 to 5, the location of the temperature 

bulge moves from the bottom of the column and to the top of the column (Figure 

5-12).  An increase in interfacial area results in more absorption of CO2 and an 

increase in magnitude of the maximum temperature.  The maximum 

temperature for an area factor was approximately 45 °C.  An area factor of five 

results in a maximum temperature of 73 °C.  These results show that the effective 

interfacial area is important for determining absorber performance and obtaining 

the correct temperature profile for modeling purposes.  
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Figure 5-12. Effect of Interfacial Area on Absorber Liquid Temperature Profile 

(5 m K+/2.5 m PZ, Loading = 0.40, Holdup = 1%, Heat Loss = 15,000 W) 

A sensitivity analysis was performed on the liquid holdup of the absorber 

column.  The liquid holdup controls the amount of reaction in the bulk solution.   

In a packed column, the liquid holdup is expected to be approximately 3–5%.  

Figure 5-13 shows that as the liquid holdup is varied between 3 and 5% of free 

volume, the absorber performance increases from approximately 71.7 to 72.4%, 

which is insignificant.  However, the liquid holdup analysis was performed at a 

point where increases to the wetted area had approached a plateau and 

additional wetted area had a minor affect on CO2 removal.  
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Figure 5-13. Effect of Liquid Holdup on Absorber Performance (5 m K+/2.5 m 

PZ, Loading = 0.40, Area Factor = 2.7, Heat Loss = 15,000 W) 

Figure 5-14 shows that the temperature profile of the absorber is not 

affected by the value of the liquid holdup.  According to Aspen Plus®, a small 

liquid holdup typically allows RateSep™ to converge easier.  Since the absorber 

performance only increased marginally from 1 to 3% and did not affect the 

temperature profile, a liquid holdup of one percent by free volume was used in 

the simulations. 
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Figure 5-14. Effect of Liquid Holdup on Absorber Liquid Temperature Profile 

(5 m K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, Heat Loss = 15,000 W) 

Figure 5-15 shows that the lean loading of the absorber is another critical 

parameter for determining absorber performance.  As the lean loading increases 

from 0.38 to 0.50 mol CO2/(mol K+ + 2 mol PZ), the CO2 removal efficiency 

dramatically decreases from approximately 85 to 25%.  In the absorber model, 

the lean loading was shifted downward by 10% to account for the measurement 

errors in the vapor–liquid equilibrium of the potassium carbonate and piperazine 

system discovered by Hilliard. 

1901



 302 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.35 0.4 0.45 0.5 0.55

Ab
so

rb
er

 C
O

2 R
em

ov
al

 E
ffi

ci
en

cy

Lean Loading (mol CO2/mol K+2PZ)  
Figure 5-15. Effect of Lean Loading on Absorber Performance (5 m K+/2.5 m PZ, 

Area Factor = 2.7, Holdup = 1%, Heat Loss = 15,000 W) 

A lean solution will absorb more CO2 than a richer solution.  The 

absorption of CO2 into the liquid results in a pronounced temperature bulge in 

the absorber (Figure 5-16).  At a lean loading of 0.38 mol CO2/(mol K+ + 2 mol 

PZ), the temperature profile reaches a maximum of 75 °C.  A lean loading of 0.45 

mol CO2/(mol K+ + 2 mol PZ) results in a maximum temperature of 54 °C.  The 

figure also shows that when the amount of CO2 that is absorbed decreases, the 

location of the temperature bulge moves from the top of the column towards the 

bottom. 
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Figure 5-16. Effect of Lean Loading on Absorber Liquid Temperature Profile (5 

m K+/2.5 m PZ, Area Factor = 2.7, Holdup = 1%, Heat Loss = 15,000 W) 

Figure 5-17 shows that as the concentration of piperazine and potassium 

carbonate is increased, the CO2 removal rate in the absorber increases.  The plot 

shows that absorber performance is more sensitive to changes in the piperazine 

concentration.  When the concentration of piperazine increases from 2.4 to 2.5 

mol PZ/kg H2O, the CO2 removal rate increases from 67 to 71%.  For K2CO3, a 

concentration change from 2.4 to 2.5 mol K2CO3/kg H2O, increases the removal 

efficiency from 69 to 71%.  The results of the ion chromatograph analysis for 

piperazine and potassium concentration had a precision of approximately ±10%, 

which may contribute additional errors in the modeling process. 
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Figure 5-17. Effect of Piperazine and Potassium Carbonate Concentration on 

Absorber Performance (5 m K+/2.5 m PZ, Area Factor = 2.7, Holdup = 1%, Heat 
Loss = 15,000 W) 

The temperature profiles of the absorber for the various concentrations of 

piperazine are shown in Figure 5-18.  The figure shows that as the concentration 

of piperazine increases from 2.15 to 2.74 mol PZ/kg H2O, the maximum of the 

temperature bulge increases from 63 to 73 °C.  The location of the temperature 

bulge also slightly moves up the column with an increase in piperazine 

concentration due to an increased CO2 absorption rate. 
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Figure 5-18. Effect of Piperazine Concentration on Absorber Liquid 

Temperature Profile (5 m K+/2.5 m PZ, Area Factor = 2.7, Holdup = 1%, Heat 
Loss = 15,000 W) 

The absorber temperature profiles for several concentrations of potassium 

carbonate are shown in Figure 5-19.  The figure shows that as the concentration 

of potassium carbonate increases from 4.30 to 5.48 mol K+/kg H2O, the 

magnitude of the temperature bulge increases from 66 to 73 °C.  The location of 

the temperature bulge also slightly moves up the column from 2.5 m to 1.8 m.  

The increase in the temperature bulge indicates an increase in CO2 absorption 

rate. 
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Figure 5-19. Effect of Potassium Concentration on Absorber Liquid 

Temperature Profile (5 m K+/2.5 m PZ, Area Factor = 2.7, Holdup = 1%, Heat 
Loss = 15,000 W) 

The effect of inlet CO2 and H2O gas concentration on CO2 removal in the 

absorber was examined (Figure 5-20).  The figure shows that the inlet water gas 

concentration has a slight effect on absorber performance.  The figure also shows 

that as the inlet CO2 gas concentration increases from 1 to 5%, the CO2 removal 

efficiency reaches a maximum.  As the inlet gas concentration increases from 10 

to 20% CO2, the removal efficiency drops precipitously from 91 to 59%. 
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Figure 5-20. Effect of Inlet CO2 and H2O Gas Concentration on Absorber 

Performance (5 m K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, Holdup = 1%, 
Heat Loss = 15,000 W) 

The effect of inlet water gas concentration on the absorber temperature 

profile is shown in Figure 5-21.  The figure shows that as the inlet water 

concentration decreases, the outlet liquid temperature also decreases.  The 

decrease in outlet liquid temperature is due to evaporative cooling as the inlet 

gas becomes saturated with water from the outlet liquid, which is at a higher 

temperature.  A higher inlet water concentration in the gas also seems result in a 

slightly hotter temperature profile throughout the absorber column.  
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Figure 5-21. Effect of Inlet H2O Gas Concentration on Absorber Liquid 
Temperature Profile (5 m K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, 

Holdup = 1%, Heat Loss = 15,000 W)  

Figure 5-22 shows that the inlet CO2 gas concentration has a profound 

affect on the temperature profile.  For an inlet CO2 concentration between 1 and 

7.5%, the temperature in the absorber is at times below the inlet gas and liquid 

temperatures of 40 °C, which is unexpected.  It is possible that heat of absorption 

generated by Aspen Plus® at these conditions is incorrect.  These conditions also 

corresponded to the maximum CO2 removal efficiency observed in the previous 

graph.  It is possible that instead of CO2 being absorbed, it is being desorbed, 

which may result in a negative heat of absorption and generates the depressed 

temperature profile.  The plot also shows that there is a large change in the shape 

and magnitude of the temperature profile when the inlet CO2 gas concentration 

increases from 12.5 to 15 mol% CO2.  At 12.5% CO2, the temperature bulge is 

located near the bottom of the column and reaches a maximum of at 61 °C.  At 
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15% CO2, the temperature bulge moves into the top half of the column and 

reaches a maximum of 70 °C.  The rapid rise of the temperature bulge may result 

in a pinch in the absorber and the drastic reduction in performance as the CO2 

concentration increases from 10 to 20 mol% CO2.  
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Figure 5-22. Effect of Inlet CO2 Gas Concentration (mol%) on Absorber Liquid 
Temperature Profile (5 m K+/2.5 m PZ, Loading = 0.40Area Factor = 2.7, Holdup 

= 1%, Heat Loss = 15,000 W)  

Figure 5-23 illustrates the effect of inlet gas and liquid temperature on 

absorber performance.  The plot shows that the inlet gas temperature has a 

minimal affect on CO2 removal efficiency.  As the inlet gas temperature increases 

from 30 to 60 °C, the removal rate decreases from 71 to 70.5%.  The inlet liquid 

temperature demonstrates an unexpected trend.  As the inlet liquid temperature 

increases from 30 to 38 °C, the CO2 removal efficiency decreases from 73% and 

reaches a minimum at 70.7%.  From 38 to 60 °C, the CO2 removal efficiency 
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increases to 72.8%.  The inlet liquid temperature of the absorber was maintained 

at approximately 40 °C in all of the pilot plant campaigns. 
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Figure 5-23. Effect of Inlet Gas and Liquid Temperature on Absorber 

Performance (5 m K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, Holdup = 1%, 
Heat Loss = 15,000 W) 

An increase inlet liquid temperature to the absorber dramatically affects 

the temperature profile (Figure 5-24).  An inlet liquid temperature of 30 °C 

results in a temperature bulge location near the bottom of the column.  As the 

inlet liquid temperature increases, the location of the temperature bulge moves 

up the column.  The figure shows that at 38 °C, the largest temperature 

difference (~30 °C) between the inlet liquid and maximum of the temperature 

bulge occurs, which also corresponds to the minimum in CO2 removal efficiency 

observed in the previous plot.  The minimum is most likely due to the possible 

pinching in the absorber at the elevated temperatures.  Finally, it is observed that 

the outlet liquid temperature for all of the cases approach 50 °C, with the 
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exception of the 30 and 35 °C points.  The inlet gas temperature was 40 °C and 

was assumed to be saturated with water. 

30.0

40.0

50.0

60.0

70.0

0 1 2 3 4 5 6

30 C
35 C
38 C
40 C

45 C
50 C
55 C
60 C

Te
m

pe
ra

tu
re

 (°
C

)

Location from Top of Column (m)  
Figure 5-24. Effect of Inlet Liquid Temperature on Absorber Liquid 

Temperature Profile (5 m K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, 
Holdup = 1%, Heat Loss = 15,000 W) 

Figure 5-25 shows that the absorber temperature profile is affected by the 

inlet gas temperature.  The temperature profile remains essentially the same 

when the inlet gas temperature is varied from 30 to 60 °C.  The maximum of the 

temperature bulge was approximately 70 °C and was located in the top half of 

the absorber column.  This is consistent with the slight change in the CO2 

removal efficiency observed in Figure 5-23. 
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Figure 5-25. Effect of Inlet Gas Temperature on Absorber Liquid Temperature 
Profile (5 m K+/2.5 m PZ, Loading = 0.40, Area Factor = 2.7, Holdup = 1%, Heat 

Loss = 15,000 W) 

5.4 DATA-FIT RESULTS 

A total of 93 pilot plant runs from Campaigns 2 and 4 were used to 

validate the absorber model and to reconcile experimental measurements from 

the pilot plant.  Aspen Plus® Data-Fit was used to regress the interfacial area 

factor and overall absorber column heat loss for the RateSep™ absorber model.  

The measured lean loading from the pilot plant data was shifted downward by 

10%.  A value for standard deviation was assigned to the inlet and outlet CO2 gas 

concentration, inlet liquid CO2 concentration, inlet and outlet temperatures, and 

the temperature profile across the column.  The parameters were selected based 

on the results from the sensitivity analysis.  This allowed Data-Fit to make 

adjustments and reconcile the pilot plant data.  Each pilot plant data set was 
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regressed individually by Data-Fit.  The results of all 93 Data-Fit regression runs 

are tabulated in the appendix. 

5.4.1 Pilot Plant Data Reconciliation 

It was assumed that the measured CO2 gas concentrations were more 

reliable than the CO2 loading measurements.  The inlet and outlet CO2 gas 

concentrations were assigned a starting standard deviation of 5%.  In this work, 

it was assumed that the inlet water concentration was saturated at the measured 

inlet gas temperature, which was typically 40 °C.  However, the sensitivity 

analysis of water vapor concentration showed that it only slightly affects the CO2 

removal rate.  The standard deviation for the nitrogen and water in the gas were 

given a standard deviation of zero. 

The sensitivity analysis showed that CO2 lean loading has the most 

profound affect on absorber performance and that the concentration of 

piperazine and potassium carbonate only had slightly affect on CO2 removal rate.  

Due to the issues with the Hilliard (2005) K+/PZ VLE model and the possibility 

that the experimental CO2 loading measurements were not as reliable, the 

starting standard deviation for the inlet liquid CO2 concentration was set to 15%.  

In addition, the standard deviation for piperazine, potassium carbonate, and 

water was assigned a value of zero.  Finally, the standard deviation for the 

temperatures of the inlet and outlet gas and liquid and temperature profile were 

set to a starting value of 5%.  If the Data-Fit convergence criteria were not met, 

the standard deviation for the parameter with the highest residual was increased. 

The Data-Fit results of Campaign 2 for the CO2 gas concentration shows 

that the regression analysis made only minor adjustments (Figure 5-26).  The 

absolute average deviation for the inlet and outlet CO2 gas concentration for 

Campaigns 2 and 4 were less than 2% (Table 5-2).  The ΔCO2 Gas was calculated 
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as the difference between the inlet and outlet CO2 gas concentration.  The 

absolute average deviation of ΔCO2 Gas between the experimental and Data-Fit 

values was between 1.1 to 2.2%. 
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Figure 5-26. Campaign 2 Data-Fit Regression Results for Inlet and Outlet CO2 

Gas Concentration (Entered into RateSep™ as Flow Rate) 

Table 5-2. Data-Fit Results for Inlet and Outlet CO2 Gas Concentration of 
Campaigns 2 and 4 

Campaign Solvent (m) Inlet CO2 Gas Outlet CO2 Gas ΔCO2 Gas 
 K+/PZ AAD (%) Max (%) AAD (%) Max (%) AAD (%) 

2 5/2.5 0.72 3.35 0.52 6.25 1.05 
4  5/2.5 1.45 6.69 0.68 2.09 2.17 
4 6.4/1.6 0.56 2.26 0.35 1.25 1.14 

 

A parity plot of the experimental and regressed lean loadings for 

Campaigns 2 and 4 is shown in Figure 5-27.  The experimental liquid CO2 

loading measurements were adjusted downward by 10%.  The figure shows that 

a relatively good fit was obtained for the Campaign 4 pilot plant data.  However, 
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for Campaign 2, the plot shows that the even with the 10% adjustment, the 

experimental lean loadings were still slightly higher than the values reconciled 

by Data-Fit. 
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Figure 5-27. Campaign 2 and 4 Data-Fit Results for Lean Loading 

In the Data-Fit analysis, the values for rich loading were not entered into 

the data set in order to expedite convergence.  The values of rich loading were 

calculated by Data-Fit based on the lean loading, gas phase material balance and 

the temperature profile.  The experimental measurements of rich loading were 

adjusted downward by 10% to account for the VLE correction suggested by 

Hilliard and compared to the values regressed by Data-Fit.  Figure 5-28 shows 

that the Data-Fit values of rich loading were systematically higher than the pilot 

plant measurements for Campaign 4 by approximately 10%.  The rich loading 

data for Campaign 2 had less deviation and did not exhibit this offset.  The figure 

also suggests that the experimental results for rich loading were too low.  It is 

possible that there was a loss of CO2 from the rich liquid samples during the 

1915



 316 

sample collection process due to flashing.  There may have also been additional 

CO2 losses during sample dilution and sample transfer for the TOC analysis.  The 

samples were poured by hand into the TOC vials.  The direct contact with the air 

and the agitation may have resulted in additional losses of CO2 from the liquid 

samples. 
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Figure 5-28. Campaign 2 and 4 Data-Fit Results for Rich Loading 

Table 5-3 lists the average absolute deviation and maximum deviation for 

the Data-Fit and experimental pilot plant results of lean and rich loading.  The 

absolute average deviation between the experimental and Data-Fit values of the 

lean and rich loadings for Campaign 2 was approximately the same.  For 

Campaign 4, the AAD of the rich loading was consistently higher than the lean 

loading.  Also, the ΔCO2 Liquid was calculated as the difference between in the 

lean and rich CO2 mole flow rate as entered into Aspen Plus®.  The AAD results 

for the two campaigns ranged from 17.1 to 28.6%. 
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Table 5-3. Data-Fit Results for Lean and Rich Loading of Campaigns 2 and 4 

Campaign Solvent (m) Lean Loading Rich Loading ΔCO2 Liq 
 K+/PZ AAD (%) Max (%) AAD (%) Max (%) AAD (%) 

2 5/2.5 5.87 13.3 3.89 9.96 28.6 
4 5/2.5 2.14 6.54 10.6 20.2 17.1 
4 6.4/1.6 1.07 3.15 10.1 15.3 26.4 

 

An energy balance in the form of a temperature profile was used to fit the 

absorber model parameters regressed by Data-Fit.  This included pilot plant data 

for the inlet and outlet liquid temperatures and the inlet gas temperature.  Also, 

temperatures corresponding to RTD measurements from TT4077, TT4076, 

TT4075, and TT4073 were used in the data set.  The standard deviation for the 

temperature inlet and outlet gas and liquid temperatures were assigned a 

starting value of 2% and increased accordingly to attain the convergence.  The 

standard deviations for the four temperatures in the column were assigned a 

starting standard deviation of 5% and increased when the convergence criteria 

was not met.  A higher standard deviation was used for the temperature profile 

because of possible inaccuracies with the predicted heat of absorption and liquid 

heat capacity.  In the majority of the cases, Data-Fit was able to fit the 

temperature profile to within 2 °C.  Figure 5-29 shows the Data-Fit temperature 

profile results of Run 4.5.1 from Campaign 4. 
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Figure 5-29. Campaign 4 - Run 4.5.1 Data-Fit Results for Temperature Profile 

5.4.2 Interfacial Area and Heat Loss Parameters 

The interfacial area for each run was obtained by adjusting the interfacial 

area factor to obtain the optimized fit.  In the Campaign 4 Data-Fit regression, the 

interfacial area was calculated by the Rocha–Bravo–Fair model, which resulted in 

slightly different values of interfacial area across the column due to changing 

physical properties and temperatures.  The true interfacial area was obtained by 

multiplying the average of the predicted areas by the interfacial area factor 

regressed by Data-Fit.  For the regression analysis of Campaign 2, the predicted 

interfacial area was set to the specific area of the packing, which did not vary 

across column.  The true interfacial area was calculated by multiplying the 

specific area with the regressed area factor. 

The Data-Fit regression results for the effective interfacial of the pilot plant 

runs for Campaign 2 are shown in Figure 5-30.  Campaign 2 was conducted with 

5 m K+/2.5 m PZ and Flexipac 1Y (asp = 410 m2/m3) structured packing in the 
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absorber.  In Campaign 2, the stripper was first operated at 1.6 bar and then 

reconfigured for vacuum operation and the absorber was operated at lower gas 

and liquid rates.  The pilot plant was then reconfigured back to pressure 

operation in the stripper and operated at higher liquid and gas rates.  The plot 

shows that the majority of the regressed values for the interfacial area were 

between 150 and 300 m2/m3, with an average value of 240 m2/m3.  The effective 

area obtained by the air–water experiments in the PVC column with 3 m of 

packing was approximately 300 m2/m3, while air–water experiments in the 

actual absorber column with 6.1 m of packing was approximately half of the PVC 

column with a value of 160 m2/m3. 
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Figure 5-30. Data-Fit Results for Effective Interfacial Area of Campaign 2 (5 m 

K+/2.5 m PZ, Flexipac 1Y - Specific Area = 410 m2/m3) 

The low values of interfacial area for the experiments in the 6.1 m absorber 

tower may be due to issues with the setup of the column such as the 

maldistribution of gas and liquid and possible issues with the collector plate, 
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distributor, or redistributor.  In addition, the density, viscosity, and surface 

tension of the potassium carbonate/piperazine solution are very different than a 

0.1 N NaOH solution, which also affects the wetting properties of the packing. 

The regressed values of interfacial area for the fourth campaign are shown 

in Figure 5-31.  In Campaign 4, Flexipac AQ Style 20 (asp = 213 m2/m3) structured 

packing was used in the absorber column.  Air–water experiments performed in 

the 3 m PVC column showed that the effective area was approximately 220 

m2/m3, which was about the same as the specific area.  The average value of the 

regressed interfacial areas for the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ 

solution were 136 and 110 m2/m3, respectively.  The values of effective area for 

the two solvent compositions were approximately same, which was expected if 

the kinetics were properly modeled.  A summary of the different values of 

effective interfacial area is given in Table 5-4. 
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Figure 5-31. Data-Fit Results for Effective Interfacial Area of Campaign 4 (5 m 

K+/2.5 m PZ, 6.4 m K+/1.6 m PZ, Flexipac AQ – Specific Area = 213 m2/m3) 
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Table 5-4. Summary of Effective Interfacial Area Results for Flexipac 1Y and 
Flexipac AQ Style 20 Structured Packing 

Packing Specific Area Air-Water Absorber Data-Fit 
 m2/m3 m2/m3 m2/m3 m2/m3 

Flexipac 1Y 410 300 160 240 
Flexipac AQ Style 20 213 220 - 110, 136 

 

At high lean loadings, some of the interfacial areas and heat losses 

regressed by Data-Fit were unreasonable.  It is possible that at those conditions, a 

pinch existed in the column.  When the absorber is pinched, Data-Fit was forced 

to increase the interfacial area in order to satisfy the removal requirements.  

Consequently, a large heat loss was needed to offset the large interfacial area. 

Heat loss to the entire column in the liquid phase was regressed by Data-

Fit to match the temperature profile for each pilot plant run.  The regressed value 

of heat loss was divided by the total number of segments in the column.  Thus, 

the same value of heat loss was assigned to each segment.  This approach may 

not be completely accurate because more heat loss is expected at the higher 

temperatures of the temperature bulge.  However, it simplifies the regression 

process greatly. 

The overall liquid heat loss across the absorber column was adjusted by 

Data-Fit to match the temperature profile within the specified standard deviation 

and regression tolerances.  The Data-Fit results for the absorber column heat loss 

of Campaigns 2 and 4 are presented in Figure 5-32.  The average column 

temperature for each pilot plant run was calculated by integrating the values of 

the temperature profile reconciled by Data-Fit.  The plot shows that for the 6.4 m 

K+/1.6 m PZ solution, the average temperature and heat loss was approximately 

44.0 °C and 10,400 Watts, respectively.  For the 5 m K+/2.5 m PZ solution, the 

average heat losses were 27,600 and 28,700 Watts for the Flexipac AQ Style 20 
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and Flexipac 1Y packing, respectively.  The average temperature was 52.3 and 

50.7 °C for the Flexipac AQ Style 20 and Flexipac 1Y packing, respectively.  This 

suggests that the heat loss values were based on the characteristics of the solvent 

and not on the interfacial area of the packing because approximately the same 

value of heat loss was regressed for two different packing using the same solvent.  

Recent measurements by SRP showed that the heat loss was approximately 

12,000 W.  Water was fed at a constant temperature of 51.7 °C to the top of the 

absorber and the water temperature exiting the absorber was record.  The 

ambient temperature was approximately 24 °C. 
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Figure 5-32. Data-Fit Results for Heat Loss of Campaign 2 (5 m K+/2.5 m PZ, 
Flexipac 1Y) and Campaign 4 (5 m K+/2.5 m PZ, 6.4 m K+/1.6 m PZ, Flexipac 

AQ)  

A calculation was performed to determine whether the regressed heat loss 

was due to actual heat loss or from flawed predictions for the heat of absorption.  

The heat transfer coefficient was calculated for a 5 m K+/2.5 m PZ base case 
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which assumed the following: heat loss of 28,000 Watts, average column 

temperature of 50 °C, ambient temperature of 15 °C, and a surface area of 9.9 m2, 

which is approximately 1.2 times the area for a 6.1 m column height and 0.43 m 

inner diameter.  The calculation for the 6.4 m K+/1.6 m PZ base case assumed a 

heat loss of 10,000 and an average column temperature of 44 °C.  The heat 

transfer coefficient was calculated to be 81 and 35 W/m2-K for 5 m K+/2.5 m PZ 

and 6.4 m K+/1.6 m PZ, respectively.  For natural convection, the heat transfer 

coefficient is typically 1–20 W/m2-K, while forced convection ranges from 50 to 

250 W/m2-K.  It is unlikely that forced convection was responsible for the heat 

loss from absorber column.  It was concluded that the heat of absorption was not 

adequately predicted in the RateSep™ model. 

5.4.3 Absorber Pinch Analysis 

The Kg analysis for Campaign 2 identified Run 2.19 as a pinch point.  Run 

2.12 was as identified as an outlier because the calculated equilibrium partial 

pressure was higher than the CO2 gas concentration.  This point could also be 

interpreted as a pinch point.  The Data-Fit regression analysis for Run 2.12 and 

Run 2.19 did not converge and indicates that these two runs were pinched.   

For high values of lean loading, Data-Fit regressed large values of 

interfacial area and may indicate a pinch in the absorber column.  When the 

column is pinched, a large interfacial area is required to achieve the target CO2 

removal efficiency.  In Run 2.18.1 and Run 2.18.2, Data-Fit regressed an 

interfacial area of 553 and 606 m2/m3, respectively.  The lean loading for Run 

2.18 was 0.45 mol CO2/(mol K+ + 2 mol PZ), which was the highest lean loading 

in Campaign 2.  In Run 4.21.1 and Run 4.21.2, Data-Fit regressed an interfacial 

area of 215 and 160 m2/m3, respectively.  Run 4.21 had a lean loading of 0.50 mol 

1923



 324 

CO2/(mol K+ + 2 mol PZ), which was also the highest value of lean loading for 

the 6.4 m K+/1.6 m PZ solution. 

5.5 ABSORBER DESIGN/OPTIMIZATION 

The validated absorber model was used to determine whether the design 

of an absorber column for the K+/PZ system should have a large diameter and 

short height or a small diameter and tall height.  The analysis was performed 

with the 5 m K+/2.5 m PZ solution and two gas rates, 8.5 and 14.2 m3/min or 300 

and 500 cfm, respectively.  The interfacial area of the packing was based on the 

Data-Fit results of the Flexipac AQ packing.  The interfacial area was set equal to 

the specific area of Flexipac 2Y (225 m2/m3) and an area factor of 0.6 was used.  

The corrugation angle of the packing was also adjusted to 50 degrees.  The 

absorber column pressure drop was calculated using the model provided by the 

vendor to Aspen Plus®.  The predicted pressure drop was lower than the 

pressure drop measured in the pilot plant.  In addition, no heat loss was assumed 

for this analysis.  This may slightly the affect the results, but the same trends 

should predicted.  The inner diameter of the column was varied and the gas and 

liquid flow rate was kept constant for each case.  Aspen Plus® Design Spec was 

used to adjust the packing height to attain 90% CO2 removal. 
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Table 5-5. Input Specifications of RateSep™ Absorber Model for Absorber 
Design/Optimization 

Parameter Value 
Inlet CO2 Gas 12 mol% 
Inlet H2O Gas 7.4 mol% 

Gas Flow 8.5 & 14.2 m3/min 
K2CO3 2.5 molal 

PZ 2.5 molal 
CO2 Loading 0.40 mol CO2/(mol K+ + 2 mol PZ) 
Liquid Flow 82.1 L/min 

TGas In 40 °C 
TLiquid In 40 °C 

Column ID Variable 
Packing Type Flexipac 2Y 

Specific Area of Packing 225 m2/m3 
Height of Packing Variable 
Intf Area Model aintf = aspecific 

Packing Area Factor 0.6 (161 m2/m3) 
Heat Loss - 

Liquid Holdup 1% Free Volume  
Figure 5-33 shows the results of the absorber column design analysis.  The 

volume of packing was normalized by the gas flow rate.  The plot shows that as 

the gas velocity increases, the amount of packing needed decreases.  One tradeoff 

associated with decreasing column diameter is that the pressure drop across the 

column increases and results in a higher energy cost to operate the blower.  

Another tradeoff is that at low gas velocities, the gas may be poorly distributed. 

The energy associated with the absorber column pressure drop was 

calculated assuming a blower with an efficiency of 70%.  At 90% flood and a L/G 

of 6.2 kg/kg, the column pressure drop was 15.3 inches of H2O.  At these 

conditions, the energy requirement associated with column pressure drop was 

calculated to be 1.3 kJ/gmol CO2 removed and corresponded to a volume of 

packing or residence time of 4.7 seconds.  If the column is operated at 64% of 

flooding, the column pressure drop decreases to 3.3 inches of H2O.  The energy 

requirement is reduced by 80% to 0.27 kJ/mol CO2 and the volume of packing 

increases by 5.9% to 4.8 seconds.  A large energy savings associated with 
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pressure drop can be achieved by using slightly more packing and a larger 

diameter column.  However, as the diameter of the column continues to be 

increased, the law of diminishing returns begins to affect the savings on pressure 

drop.  In addition, practical construction considerations may limit the design 

diameter of the column. 
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Figure 5-33. Absorber Diameter and Pressure Drop Optimization Analysis (5 m 

K+/2.5 m PZ, No Heat Loss, Flexipac AQ, 0.4 LDG, 90% CO2 Removal) 

5.6 ABSORBER PERFORMANCE ANALYSIS 

The effect of varying the CO2 lean loading with a constant 90% CO2 

removal rate was examined.  This analysis was performed for the 5 m K+/2.5 m 

PZ and 6.4 m K+/1.6 m PZ solutions.  A gas rate of 8.5 m3/min (300 cfm) and 

packing heights of 5 and 6 meters were used.  The absorber packing was 

modeled assuming Flexipac AQ Style 20 and implemented in RateSep™ by 

setting the interfacial area equal to the specific area of Flexipac 2Y and using an 

interfacial area factor of 0.6, which was equivalent to 135 m2/m3.  Zero heat loss 
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and 1% liquid holdup were used in the analysis.  The liquid flow rate was 

adjusted using Aspen Plus® Design Spec to achieve 90% CO2 removal.  Table 5-6 

summarizes the parameters that were used for the performance analysis in 

RateSep™ with the validated absorber model. 

Table 5-6. Input Specifications of RateSep™ Model for Absorber Performance 
Analysis 

Parameter Value 
Inlet CO2 Gas 12 mol% 
Inlet H2O Gas 7.4 mol% 

Gas Flow 8.5 m3/min 
K2CO3 2.5 & 3.2 molal 

PZ 2.5 & 1.6 molal 
CO2 Loading Variable 
Liquid Flow Variable 

TGas In 40 °C 
TLiquid In 40 °C 

Column ID 0.43 m 
Packing Type Flexipac 2Y 

Interfacial Area 161 m2/m3 
Packing Height 5 & 6 m 
CO2 Removal 90% 

Heat Loss - 
Liquid Holdup 1% Free Volume 

 

The lean loading entered into RateSep™ was shifted downward by 10% to 

be consistent with the Hilliard experimental VLE data.  The equilibrium partial 

pressures of CO2 that are plotted in the following figures represent the corrected 

VLE.  The rich loadings were adjusted to represent the corrected VLE.  It was 

assumed that the liquid capacity for CO2 was constant.  Therefore, the corrected 

rich loading was calculated by adding the difference between rich and lean 

loading (capacity) from the RateSep™ run to the starting value of lean loading. 

Figure 5-34 shows the results of the runs for the 5 m K+/2.5 m PZ solution 

for packing heights of 5 and 6 meters.  As the lean loading increases, the 

magnitude of the rich loading decreases and approaches the value of the lean 
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loading.  However, near a loading of 0.44 mol CO2/(mol K+ + 2 mol PZ), the 

curve for a packed height of 6 m exhibits a local minimum and then a local 

maximum before continuing to decrease downward.   

It appears that the local minimum corresponds to the point where the 

temperature bulge is located at the middle of the absorber column.  For the runs 

with 5 meters of packing, the local minimum occurs at lower lean loading, but 

exhibits a plateau instead before continuing to decrease.  The local minimum also 

corresponds to the point where the temperature bulge is located in the middle of 

the column. 

The plot also shows the magnitude of the maximum temperature (Tmax) 

for each lean loading condition.  At low lean loadings and a packing height of 6 

m, the maximum temperature slowly decreases from 69.5 °C and reaches a 

maximum of 73 °C, before dropping precipitously as the lean loading continues 

to increase.  The precipitous decrease in magnitude of the maximum temperature 

occurs at approximately the same lean loading of the local minimum in the 

loading analysis.  A similar temperature maximum was observed for the 5 m 

packing height, where the drop in maximum temperature corresponded to a 

plateau in rich loading change. 
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Figure 5-34. Lean and Rich Loadings for 5 m K+/2.5 m PZ at Constant 90% CO2 

Removal (Packing Height: 5 & 6 m, No Heat Loss, 300 cfm, Flexipac AQ) 

Similar results were obtained when the same analysis was performed for 

the 6.4 m K+/1.6 m PZ solution.  In Figure 5-35, at a lean loading of 0.485 mol 

CO2/(mol K+ + 2 mol PZ), the slope of the curve for the 6 meter packing height 

changes, approaches a local minimum and then begins to decrease.  As in the 5 m 

K+/2.5 m PZ solution, the local minimum corresponds to where the temperature 

bulge occurs in the middle of absorber column.  For a packing height of 5 meters, 

the inflection point occurs at a lean loading of 0.476 mol CO2/(mol K+ + 2 mol 

PZ).  As with the 5 m K+/2.5 m PZ solution, the line where the maximum 

temperature decreases precipitously corresponds to the same point where a local 

minimum for the rich loading curve is observed.  An examination of the plot 

shows that the local minimum of both packing heights corresponds to the point 

where the location of Tmax finally transitions to the last segment.  
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Figure 5-35. Lean and Rich Loadings for 6.4 m K+/1.6 m PZ at Constant 90% 

CO2 Removal (Packing Height: 5 & 6 m, No Heat Loss, 300 cfm, Flexipac AQ) 

A plot of the CO2 solvent capacity for the 5 m K+/2.5 m PZ and 6.4 m 

K+/1.6 m PZ solutions is shown in Figure 5-36.  The capacity was calculated by 

taking the difference between the lean and rich loading and normalizing by the 

inlet liquid mass flow rate.  The lean loading was converted to equilibrium 

partial pressure of CO2 so that the two solvents could be compared on the same 

basis.  The figure shows that over an equilibrium partial pressure range from 

0.001 to 10 Pa, 5 m K+/2.5 m PZ has a capacity that approximately 0.3 mol 

CO2/kg solvent higher than 6.4 m K+/1.6 m PZ, which is equivalent of being 15 

to 25% higher.  Between 50 and 100 Pa, the difference in capacity decreases to 0.2 

mol CO2/kg solvent due to the inflection point of the 5 m K+/2.5 m PZ solvent 

and thereafter increases back to 0.3 mol CO2/kg solvent.  Beyond 100 Pa, the 

capacity of 5 m K+/2.5 m PZ is almost twice that of the 6.4 m K+/1.6 m PZ 

solvent. 

1930



 331 

0.0

0.5

1.0

1.5

2.0

0.001 0.01 0.1 1 10 100

5K/2.5PZ, 5m
5K/2.5PZ, 6m
6.4K/1.6PZ, 5m
6.4K/1.6PZ, 6m

C
ap

ac
ity

 (m
ol

 C
O

2/k
g 

so
lv

en
t)

Lean PCO2* (Pa)  
Figure 5-36. Capacity of 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ at 90% CO2 

Removal (Packing Height: 5 & 6 m, No Heat Loss, 300 cfm, Flexipac AQ)  

The magnitude and location of the temperature bulge in the absorber 

column for the 5 m K+/2.5 m PZ solution is shown in Figure 5-37.  The figure 

shows that for both packing heights, the location of the maximum temperature 

bulge occurs in the upper half of the absorber column.  For a packed height of 6 

m, the maximum temperature occurs on segment 15.  For 5 meters of packing, it 

occurs on segment 17.  The figure also shows that once the temperature bulge 

moves from the top to the middle of the absorber column, the magnitude of the 

temperature bulge drops precipitously and quickly moves down to the bottom of 

the column.  When the location of the temperature bulge is on the last segment, 

the magnitude of the maximum approaches a temperature of 41 °C.  Finally, the 

plot shows that at high lean loadings, a high liquid flow rate is needed to achieve 

90%CO2 removal.  It also suggests that the sharp drop in maximum temperature 

is not a direct result of high liquid flow rates.  
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Figure 5-37. Location and Magnitude of Temperature Bulge in the Absorber 

Column (5 m K+/2.5 m PZ, Packing Height: 5 & 6 m, 90% Removal) 

The magnitude and location of the maximum temperature of the absorber 

column for the 6.4 m K+/1.6 m PZ solution is shown in Figure 5-38.  Examination 

of the plot along with Figure 5-35 shows that the local minimum for the loading 

plots of both packing heights corresponds to the point where the location of the 

Tmax finally transitions to the segment 50.  As with the 5 m K+/2.5 m PZ solution, 

an inflection point for the temperature bulge location occurs at the middle of the 

column (segment 25).  The same decrease in magnitude of the temperature bulge 

is observed once the location of the temperature bulge moves beyond the middle 

of the column. 
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Figure 5-38. Location and Magnitude of Temperature Bulge in the Absorber 

Column (6.4 m K+/1.6 m PZ, Packing Height: 5 & 6.1 m, 90% Removal)  

McCabe–Thiele diagrams were generated for the local minimum and 

maximum points observed in Figure 5-34 for the 5 m K+/2.5 m PZ solution.  

Figure 5-39 is the McCabe–Thiele diagram for an inlet lean loading of 0.424 mol 

CO2/(mol K+ + 2 mol PZ) (PCO2* = 46.0 Pa), which is where the maximum 

temperature bulge occurs.  The plot shows that the driving force is well 

distributed across the absorber column.  However, at the top of the column, the 

difference in CO2 partial pressure between the equilibrium and operating line is 

greater than an order of magnitude.  Also, the location of the temperature bulge 

occurs in the upper third of the absorber column.   

1933



 334 

102

103

104

40

45

50

55

60

65

70

75

0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56

T LIQ
T GAS

Pa
rti

al
 P

re
ss

ur
e 

of
 C

O
2 (

P
a)

Tem
perature (°C

)

Loading (mol CO2/mol K+2PZ)

OP Line

EQ Line

 
Figure 5-39. McCabe–Thiele Diagram and Temperature Profile for 0.424 Lean 

Loading (5 m K+/2.5 m PZ, 6 m Packing Height, Liquid Rate = 36.5 L/min) 

Figure 5-40 illustrates the McCabe Thiele plot at a lean loading of 0.439 

mol CO2/(mol K+ + 2 mol PZ) (PCO2* = 67.5 Pa) for 5 m K+/2.5 m PZ and a 

packing height of 6 meters.  This loading corresponds to the local minimum 

observed in Figure 5-34 and is also the point where the temperature bulge is 

located in the middle of the column on stage 28.  The figure shows that the shape 

of the equilibrium line has changed in the upper half of the column.  The CO2 

driving force is larger in the top half of the column than in the bottom.  Also, the 

temperature bulge is located in the upper third of column on segment 14.   
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Figure 5-40. McCabe–Thiele Diagram and Temperature Profile for 0.439 Lean 

Loading (5 m K+/2.5 m PZ, 6 m Packing Height, Liquid Rate = 44.4 L/min) 

The McCabe Thiele diagram for the local maximum, which occurs at 0.451 

mol CO2/(mol K+ + 2 mol PZ) (PCO2* = 90.2 Pa) lean loading in Figure 5-34, 

shows that the driving force approaches a pinch near the rich end of the column 

(Figure 5-41).  Near the top of the column, the loading of the top 10 segments do 

not change much, which may indicate a pinch.  However, a large CO2 partial 

pressure driving force is present, which indicates otherwise.  The figure shows 

that the temperature bulge has shifted to the bottom half of the column on 

segment 39, with only a slight increase in liquid rate and lean loading.  The 

magnitude of the maximum for temperature bulge is also approximately 10 °C 

lower than the previous two figures.  This suggests that the location of the 

temperature bulge is not completely dictated by the liquid to gas rate ratio.  Also, 

the temperature bulge tends to be located either at the top or bottom of column 

and not at the middle. 
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Figure 5-41. McCabe–Thiele Diagram and Temperature Profile for 0.451 Lean 

Loading (5 m K+/2.5 m PZ, 6 m Packing Height, Liquid Rate = 47.9 L/min) 

A McCabe Thiele plot for a 6.4 m K+/1.6 m PZ solution, packing height of 

5 m, and a lean loading of 0.476 mol CO2/(mol K+ + 2 mol PZ) (PCO2* = 18.3 Pa) is 

shown in Figure 5-42.  The 0.476 loading corresponds to the point where the 

location of the liquid temperature bulge is located in the middle of the column on 

segment 25.  It is also approximately the same location where the slope of the 

lean and rich curve in Figure 5-35 changes.  The plot shows that the operating 

line has comparable CO2 partial pressures with the 5 m K+/2.5 m PZ at the inlet 

and outlet of the column (1,000–10,000 Pa).  However, the PCO2 of the equilibrium 

line at the lean end of the column is two orders of magnitude smaller than the 5 

m K+/2.5 m PZ solution.  At the rich end of absorber, the equilibrium partial 

pressure of CO2 for the 6.4 m K+/1.6 m PZ is lower by about 1000 Pa than the 5 m 

K+/2.5 m PZ.  The figure shows that at the rich end, the CO2 partial pressure 

driving force is much lower than at the top of the column. 
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Figure 5-42. McCabe–Thiele Diagram and Temperature Profile for 0.476 Lean 

Loading (6.4 m K+/1.6 m PZ, 5 m Packing Height, Liquid Rate = 36.8 L/min) 

5.7 CONCLUSIONS 

Aspen Plus® Data-Fit was successfully used to regress the effective 

interfacial area for the Flexipac 1Y and Flexipac AQ Style 20 and overall column 

heat loss for the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ solutions.  Ninety-three 

pilot plant data runs were used in the regression analysis and each run was 

independently regressed in Data-Fit. 

The interfacial wetted area regressed by Data-Fit was less than the air–

water measurements.  The average interfacial area of Flexipac 1Y (asp = 410 

m2/m3) structured packing was 240 m2/m3, which was 80% of the value 

measured by the air–water column and 59% of the specific area.  The average 

interfacial area of Flexipac AQ Style 20 (asp = 213 m2/m3) structured packing for 

5 m K+/2.5 m PZ was 136 m2/m3, which was 56% of the air–water measurement 

and 52% of the specific area.  The average interfacial area of Flexipac AQ for 6.4 
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m K+/1.6 m PZ was 110 m2/m3, which was 67% of the air–water measurement 

and 64% of the specific area.  The same interfacial area was obtained for Flexipac 

AQ even when two different solvents were used. 

The average heat losses regressed by Data-Fit for 5 m K+/2.5 m PZ were 

27,600 and 28,700 Watts for the Flexipac AQ Style 20 and Flexipac 1Y packing, 

respectively.  The average heat loss for 6.4 m K+/1.6 m PZ was 10,400 Watts.  For 

both solvents, the heat transfer coefficient was found to be in the range of forced 

convection, which is unlikely to have occurred in the pilot plant.  Therefore, it 

was concluded that the heat of absorption for CO2 was not adequately predicted 

in the RateSep™ absorber model.   

The pilot plant data was successfully reconciled by Data-Fit.  The 

maximum absolute average deviation of the inlet and outlet CO2 gas 

concentration was 1.45 and 0.68%, respectively.  The maximum deviations of the 

inlet and outlet CO2 gas concentration was 6.7 and 6.3%, respectively.  The 

maximum absolute average deviation for the lean and rich loadings was 5.87 and 

10.6, respectively.  The maximum deviations of the lean and rich loadings were 

13.3 and 20.2%, respectively. 

A sensitivity analysis showed that liquid heat capacity is important for 

obtaining the correct shape of the temperature profile.  If the heat capacity was 

incorrect, the location of the temperature bulge cannot be simultaneously fitted 

to match the pilot plant material balance.  Absorber performance is most 

sensitive to lean loading and interfacial area.  Both parameters affect the 

magnitude and location of the temperature bulge.  Piperazine concentration has 

a secondary affect on absorber performance.  Heat loss, liquid holdup, potassium 

carbonate concentration, inlet water vapor concentration, and inlet liquid and 

vapor temperatures all have a minor affect on absorber performance.  The 

magnitude and location of the temperature bulge is sensitive to the value of heat 
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loss.  Inlet water vapor concentration impacts the temperature profile in the 

bottom half of the absorber column. 

The absorber design analysis showed that a tradeoff exists between 

column diameter, pressure drop, and volume of packing.  The analysis showed 

that if the column is operated at 64% of flooding instead of 90%, the column 

pressure drop reduces from 15.3 to 3.3 inches of H2O.  The energy requirement is 

reduced by 80% to 0.27 kJ/mol CO2 and the volume of packing only increases by 

5.9%.  A large energy savings associated with pressure drop in the absorber can 

be achieved by using slightly more packing and a larger diameter column. 

The absorber performance analysis showed that at the inflection point of 

the rich loading, the temperature bulge is located at the middle of the absorber 

column.  The magnitude of the temperature bulge decreases dramatically when 

the location moves form the middle to the bottom of the column.  At the top of 

the absorber column, the magnitude of the maximum temperature of the bulge 

remains relatively constant.  The analysis also showed that over an equilibrium 

CO2 partial pressure of 0.001 to 200 Pa and 90% CO2 removal, the 5 m K+/2.5 m 

PZ solution has a capacity that is 15–100% higher than 6.4 m K+/1.6 m PZ. 
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Chapter 6: Conclusions and Recommendations 

 

 

 

6.1 SUMMARY 

Wetted wall column measurements showed that the absorption of CO2 

into aqueous piperazine promoted potassium bicarbonate was 1–1.5 times faster 

than 7 m MEA (Cullinane, 2005).  Four pilot plant campaigns were conducted to 

validate the bench-scale results and evaluate the commercial viability of the 

solvent.  A distillation/extraction pilot plant was extensively modified and 

converted into an absorber/stripper system.  In the first and second campaign, 

the pilot plant was conducted with the 5 m K+/2.5 m PZ solvent and 6.1 meters 

of Flexipac 1Y structured packing in the absorber. The stripper contained 14 

sieve trays and 6.1 meters of IMTP #40 random packing in the first and second 

campaigns, respectively.  In the third campaign, 7 m MEA was tested to establish 

a base case that could be used as comparison with the K+/PZ solvent.  In the first 

half of the campaign, Flexipac 1Y and IMTP #40 were used in the absorber and 

stripper, respectively.  In the second half of the campaign, the two packing were 

switched.  In the fourth campaign, the 5 m K+/2.5 m PZ and 6.4 m K+/1.6 m PZ 

solvents were tested with 6.1 meters of Flexipac AQ structured packing in both 

the absorber and stripper.  The quality of the pilot plant data was evaluated and 

a preliminary analysis of absorber performance was completed. 

Absorber modeling efforts were undertaken to better characterize the pilot 

plant results from the absorber, evaluate packing performance, and develop a 

design and optimization tool for the piperazine promoted potassium carbonate 
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system.  The absorber model was developed in Aspen Plus® RateSep™ and 

incorporated the Hilliard (2005) VLE model for K+/PZ.  The kinetics developed 

by Cullinane (2005) was converted into activity based rates and were entered into 

RateSep™.  The heat of absorption predicted by Aspen Plus® was adjusted and 

made consistent with the Gibbs–Helmholtz equation.  Aspen Plus® parameters 

for liquid heat capacity, density, and viscosity were regressed using Aspen Plus® 

DRS.  Optimization of the total number of segments and film discretization was 

performed.  A sensitivity analysis was performed to evaluate the effects of 

various parameters on absorber performance and the temperature profile.  

Aspen Plus® Data-Fit was used to simultaneously regress interfacial area and 

heat loss parameters and to reconcile pilot plant data.  The lean loadings from the 

pilot plant data were shifted down by 10% to account for the VLE discrepancy 

discovered by Hilliard for Data-Fit regression analysis.  The validated absorber 

model used to quantify the tradeoffs associated with the absorber design. 

6.2 CONCLUSIONS 

6.2.1 Pilot Plant 

The operation of an absorber/stripper pilot plant for CO2 capture using 

aqueous piperazine promoted potassium carbonate was successfully 

demonstrated.  The pilot plant was operated for three campaigns.  For the last 

two campaigns, the plant was operated continuously for 10 days, 24 hours a day.  

Greater than 90% CO2 removal rate was achieved with the 5 m K+/2.5 m PZ 

solvent using Flexipac 1Y and Flexipac AQ Style 20 structured packing in the 

absorber column. 

The effective interfacial area measured by the PVC air-water column for 

Flexipac 1Y structured packing was 50% higher than Flexipac AQ Style 20 

structured packing.  The specific area of Flexipac 1Y was approximately twice 
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that of the Flexipac AQ packing.  Better mass transfer performance was observed 

with Flexipac 1Y packing, which may be due to higher liquid holdup resulting 

from the geometry of the packing and from bridging. 

An evaluation of absorber mass transfer performance using the raw pilot 

plant data found that the 5 m K+/2.5 m PZ solvent is approximately two times 

faster than the 7 m MEA solvent and three times faster than the 6.4 m K+/1.6 m 

PZ solvent.  For 5 m K+/2.5 m PZ and Flexipac 1Y packing, the average Kg was 

6.9 x 10-9 gmol/Pa-cm2-s at an equilibrium partial pressure of 2000 Pa.  For 7 m 

MEA and Flexipac 1Y packing, the average Kg was 4.2 x 10-9 gmol/Pa-cm2-s at an 

equilibrium partial pressure of 670 Pa.  For 5 m K+/2.5 m PZ and Flexipac AQ 

packing, the average Kg was 6.3 x 10-9 gmol/Pa-cm2-s at an equilibrium partial 

pressure of 520 Pa.  For 6.4 m K+/1.6 m PZ and Flexipac 1Y packing, the average 

Kg was 3.6 x 10-9 gmol/Pa-cm2-s at an equilibrium partial pressure of 230 Pa. 

The operation of the pilot plant showed that the location of the 

temperature bulge moves from the top of the column to bottom as the liquid to 

gas flow rate ratio is increased.  The pressure drop normalized by the gas rate 

was approximately 1.5–2 times higher in the Flexipac 1Y than in Flexipac AQ 

Style 20, which had steeper corrugation angle.  Lower pressure drop was 

observed with 6.4 m K+/1.6 m PZ at the lower gas rate because of a low 

magnitude temperature bulge.  However, at high gas rates, the pressure bulge 

will be dictated only by hydraulics. 

The carbon dioxide material balance across the absorber column for 

Campaign 1 indicates that gas side removal of CO2 was on average 

approximately 14% higher than the liquid phase.  For Campaign 2, the absolute 

average deviation between and gas and liquid CO2 material balance was 24.1% 

and the maximum deviation was 60.1%.  The material balance of the fourth 

campaign found that for 5 m K+/2.5 m PZ, the absolute average deviation 

1942



 343 

between and gas and liquid CO2 material balance was 14.0% and the maximum 

deviation was 52.4%.  For 6.4 m K+/1.6 m PZ, the absolute average deviation 

between and gas and liquid CO2 material balance was 10.9% and the maximum 

deviation was 28.0%.  It was found that if the absorber gas flow is adjusted by 

downward by 10% or the absorber rich CO2 loading is increased by 2%, the 

systematic offset could be eliminated. 

The liquid phase CO2 material balance was consistently lower than the gas 

phase, which may indicate the loss of CO2 during the sample collection, transfer, 

and analysis process.  It is possible that residual amounts of CO2 may have 

flashed when the sample bombs were disengaged from the quick-connects.  Also, 

the syringes used to extract the sample and to dilute the sample for TOC analysis 

may have contained trapped air, which would skew the loading results.  The 

auto-sampler for the TOC analyzer also uses a syringe to extract the sample.  

Additional losses of CO2 may have occurred when the samples were transferred 

to the TOC sample vials.  The samples were poured into the TOC vials and 

exposed directly to the air.  Finally, the TOC analyzer exhibited a significant 

amount of drift.  Corrections up to 10% were made with IC standards and may 

have contributed to additional errors in the liquid loading analysis. 

No observable corrosion was detected with the corrosions coupons over 

the course of each campaign.  No detectable degradation products were observed 

with the potassium carbonate/piperazine solvent during the three campaigns.  

Foaming occurred in the absorber during the first two campaigns.  In Campaign 

4, foaming occurred in the stripper.  It was found that the DOW Corning Q2-

3183A antifoam worked well for the piperazine and potassium carbonate system.  

Flashing feed to the stripper in the fourth campaign may have contributed to 

poor stripper performance. 
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6.2.2 RateSep™ Absorber Model 

Using pilot plant data for Campaigns 2 and 4, the Aspen Plus® Data-Fit 

regression analysis found that the effective interfacial wetted area was less than 

the air–water measurements.  The average interfacial area of Flexipac 1Y (asp = 

410 m2/m3) structured packing was 240 m2/m3, which was 80% of the value 

measured by the air–water column and 59% of the specific area.  The average 

interfacial area of Flexipac AQ Style 20 (asp = 213 m2/m3) structured packing for 

5 m K+/2.5 m PZ was 136 m2/m3, which was 56% of the air–water measurement 

and 52% of the specific area.  The average interfacial area of Flexipac AQ for 6.4 

m K+/1.6 m PZ was 110 m2/m3, which was 67% of the air–water measurement 

and 64% of the specific area.  Essentially the same interfacial area was obtained 

for Flexipac AQ even when two different solvents were used, which shows that 

the kinetics for two different solvents were correctly modeled. 

The average heat losses regressed by Data-Fit for 5 m K+/2.5 m PZ were 

27,600 and 28,700 Watts for the Flexipac AQ Style 20 and Flexipac 1Y packing, 

respectively, while the regressed average heat loss for 6.4 m K+/1.6 m PZ was 

10,400 Watts.  The heat loss results show that the Data-Fit regression analysis 

was consistent for the each of the solvents.  A simple calculation of the heat 

transfer coefficient found that the heat loss was consistent with forced convection.  

This is unlikely to have occurred under the run conditions.  It was concluded that 

the CO2 heat of absorption may not have been adequately predicted by the 

RateSep™ absorber model. 

The absorber design analysis suggests that a large energy savings 

associated with pressure drop in the absorber can be achieved by using slightly 

more packing and a slightly larger diameter column (lower gas velocity).  The 

absorber performance analysis showed that that at the inflection point of the rich 

loading, the temperature bulge is located at the middle of the absorber column, 
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and that the magnitude of the temperature bulge decreases dramatically when 

the location moves form the middle to the bottom of the column.  At the top of 

the absorber column, the magnitude of the maximum temperature of the bulge 

remains relatively constant.  The analysis also showed that the 5 m K+/2.5 m PZ 

solution has a capacity that is 15–100% higher than 6.4 m K+/1.6 m PZ. 

The Data-Fit results implicitly show that bench-scale kinetic and vapor–

liquid equilibrium and air–water measurements in the PVC column cannot 

directly be used in RateSep™ to model CO2 capture with potassium 

carbonate/piperazine in an absorber column.  In this work, the kinetics was 

adjusted by a factor of 0.2 and the regressed average effective area was 56–80% of 

the air–water measurements.  In addition, the vapor–liquid equilibrium model 

(Hilliard, 2005) used this work was regressed based on inconsistent bench-scale 

data and experimental loading data needed to be adjusted by 10%. 

Pilot plant data was successfully reconciled by Data-Fit.  The maximum 

absolute average deviation of the inlet and outlet CO2 gas concentration of 

Campaign 4 was 1.45 and 0.68%, respectively.  The maximum deviations of the 

inlet and outlet CO2 gas concentration was 6.7 and 6.3%, respectively.  The 

maximum absolute average deviation for the lean and rich loadings of Campaign 

4 was 5.87 and 10.6, respectively.  The maximum deviations of the lean and rich 

loadings were 13.3 and 20.2%, respectively.  Data reconciliation by Data-Fit 

indicated that the experimental rich loadings were low by 10%.  Data-Fit 

adjustments to the inlet and outlet gas phase CO2 concentration were consistent 

with the pilot plant measurements. 

Liquid heat capacity and CO2 heat of absorption is important for modeling 

the profile temperature of an absorber column.  If the heat capacity is incorrect, 

the location of the temperature bulge cannot be simultaneously fitted to match 

the pilot plant material balance.  Absorber performance is most sensitive to lean 
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loading and interfacial area, which affect the magnitude and location of the 

temperature bulge.  Piperazine concentration has a secondary affect on absorber 

performance.  Heat loss, liquid holdup, potassium carbonate concentration, inlet 

water vapor concentration, and inlet liquid and vapor temperatures all have a 

minor affect on absorber performance.  The magnitude and location of the 

temperature bulge is sensitive to the value of heat loss.  Inlet water vapor 

concentration impacts the temperature profile in the bottom half of the absorber 

column. 

Heat capacity and heat of formation for the four piperazine ions (PZCOO¯, 

H+PZCOO¯, PZ(COO¯)2, and PZH+) were calculated from the derivative of the 

corresponding equilibrium reactions.  This was used to reconcile the Aspen Plus® 

heat duty derived from a flash calculation with the heat of absorption calculated 

by the Gibbs–Helmholtz equation using vapor–liquid equilibrium data. 

This work has shown that all of the predictions by Aspen Plus® must be 

verified with experimental data.  While the Aspen Plus® models are 

comprehensive and allow for custom tuning, more often than not, the default 

parameters are incorrect and give erroneous results.  Accurate predictions of the 

physical and transport properties are just as important as the thermodynamics 

and kinetics.  In many cases, the calculation of the latter depends upon the 

former. 

6.2.3 Data-Fit and Approximate Kg Analysis 

The rigorous Data-Fit analysis accounts for the temperature bulge and the 

non-linear driving force across the absorber column, whereas the approximate Kg 

rate analysis does not.  The regressed Data-Fit results for the effective interfacial 

areas were approximately 20% lower for Flexipac 1Y structured packing and two 

times lower for Flexipac AQ Style 20 structured packing.  In the Data-Fit analysis, 
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the kinetic rates had been adjusted to match the Cullinane wetted wall column 

results.  In the Kg analysis of the pilot plant data, the results for the 5 m K+/2.5 m 

PZ data from Campaigns 1 and 4 were approximately four times slower than the 

60 °C wetted wall column results.  The approximate analysis used the interfacial 

area results obtained by SRP in the air-water column with 0.1 N NaOH.  While 

the results from the rigorous Data-Fit analysis showed marked improvements 

were made over the approximate analysis, additional work is still needed to 

properly model the interfacial area, kinetics, and temperature bulge.  However, 

the approximate analysis is needed because it allows direct comparison of the 

K+/PZ mass transfer results with MEA and the analysis is more transparent than 

the rigorous analysis.  The approximate analysis also validates the rigorous 

analysis because both analyses show that the absorption rate for 5 m K+/2.5 m 

PZ is faster than 6.4 m K+/1.6 m PZ. 

6.2.4 K+/PZ and MEA as Solvents for CO2 Capture 

The selection of a solvent for CO2 capture should not depend solely on 

absorber and stripper performance of an absorber, but also on solvent operability.  

The bench and pilot scale work for the aqueous piperazine promoted potassium 

carbonate has shown that the 5 m K+/2.5 m PZ solvent has a CO2 absorption rate 

that is 1–1.5 times faster than 7 m MEA.  However, the pilot plant experiments 

show that the heat duty requirement for desorption of CO2 from the stripper may 

be slightly higher than MEA.  From an operational viewpoint, the MEA pilot 

plant campaign went much smoother than the K+/PZ campaigns.  Solubility 

issues with the potassium carbonate/piperazine campaigns resulted in periodic 

losses of critical instrumentation such reboiler level and column sump level due 

to lines being plugged with solids.  Complete shutdown of the pilot plant also 

occurred on several occasions.  The cost of piperazine is also approximately 5 
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times higher than MEA.  However, the K+/PZ system has ability to be “tuned” 

and further optimization of solvent and process configuration may show that it 

can be competitive with MEA. 

6.3 RECOMMENDATIONS 

6.3.1 Pilot Plant 

The pilot plant should be operated at a constant run condition until a 

satisfactory material balance is obtained, before moving onto the next run 

condition.  In all three of the K+/PZ campaigns, the CO2 material balance for the 

gas phase was systematically higher than the liquid phase.  Although the liquid 

sampling methods and loading analysis methods were greatly improved over the 

course of the four campaigns, additional development and testing is 

recommended to improve the material balance. 

A more accurate method of online loading measurement should be 

developed and online process instrumentation should be installed both upstream 

and downstream of the absorber feed tank.  This will allow the operator to know 

how much steam to provide to the reboiler and better control the lean loading.  

During the operation of the pilot plant, the lean loading in the solvent was often 

unknown because real time analysis was not available and often it was unclear 

whether the desired lean loading condition had been attained.  The difficulty of 

discerning lean loading was also compounded by the lack of direct feedback of 

the solvent loading entering the absorber feed tank, water losses, and solubility 

issues.  Controlling and maintaining a constant lean leading to the absorber 

column was often a challenge because there was no indictor or measurement of 

the loading of the feed to the absorber feed tank and accurate real time analysis 

of the lean loading to the absorber column was not available.  For the K+/PZ 
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campaigns, pH meters were installed at the absorber inlet and outlet and only 

provided approximate real time analysis of the loading. 

The ability to have real-time analysis of the liquid loading, composition, 

and water content should be implemented in the next pilot plant campaign.  

Water losses and solubility issues resulted in liquid compositions that were 

constantly changing.  Attempts to correlate loading with pH and density were 

unsuccessful for the K+/PZ system, which made it difficult to maintain constant 

conditions and made continuous operation difficult. 

A metering pump that continuously adds antifoam to the solvent should 

be installed in future pilot plant campaigns.  During the pilot plant campaigns, 

foaming occurred in the absorber in the first two campaigns and in the fourth 

campaign, it occurred in the stripper.  This resulted in poor performance and 

upsets in pilot plant operation.  Antifoam was periodically added to the system 

to rectify this problem.  However, antifoam is typically designed for once 

through systems.  In the pilot plant campaigns, the solvent was continuously re-

circulated and over time the antifoam lost its efficacy.  The effects of antifoam 

and its degradation products on the performance of the K+/PZ solvent are 

unknown and should be studied. 

A two phase distributor should be used at the top of the stripper column 

to account for the flashing feed.  In all three K+/PZ campaigns, the performance 

of the stripper was limited due to a flashing feed at the top of the stripper.  The 

control valve was moved directly to upstream of the stripper inlet and two 

pumps were used in series to pressurize the feed, but the problem remained 

unresolved. 

The gas line from the condenser to the overhead gas phase accumulator 

should be enlarged instead of the allowing the CO2 gas to flow through the 

liquid accumulator.  Maintaining the water balance in the system was critical for 
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the potassium carbonate and piperazine solvent.  Since the solvent was operated 

near its solubility limit, water losses resulted in plugged filters, plugged 

instrument lines, loss of level measurements, and wreaked havoc on the pilot 

plant.  In the fourth campaign, a significant amount of water was found in the 

overhead accumulator.  It was surmised that the water was being entrained 

through the liquid accumulator. 

The heat loss for the absorber column should be measured and correlated.  

Since, the temperature of the absorber column affects the vapor–liquid 

equilibrium, kinetics, physical properties, and ultimately CO2 removal 

performance, it is recommended that heat loss measurements be conducted.  

Another possibility would be to insulate the absorber column.  The heat loss 

measurements could be compared to the values calculated by the RateSep™ 

absorber model in this work. 

The degradation of piperazine via oxidative and thermal degradation 

should be thoroughly studied.  Since, the cost of piperazine is five times higher 

than MEA, additional losses of piperazine from degradation may make it cost 

prohibitive.  Long term corrosion studies with the potassium 

carbonate/piperazine system should be studied.  Vanadium oxide was added to 

the solvent as a corrosion inhibitor based on the suggestion from a vendor. 

6.3.2 RateSep™ Absorber Model 

The Hilliard (2005) Aspen Plus® vapor–liquid equilibrium model should 

be regressed with newly available heat capacity data, which may resolve issues 

with heat of absorption and liquid heat capacity.  While significant 

improvements were made to the predicted heats of absorption and liquid heat 

capacity in Aspen Plus®, the experimental data and Data-Fit results both show 

that it was not properly modeled over the range of absorber conditions.  The 
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Hilliard (2005) VLE model used in this work was regressed without liquid heat 

capacity data because it was not available at the time, which resulted in missing 

parameters and inconsistencies.  Proper heat of absorption and liquid heat 

capacity models are needed to fit the temperature profile of the absorber. 

A secondary and related issue is that Aspen Plus® does not account for 

zwitterions.  One recommendation is to regress the potassium carbonate and 

piperazine VLE model with a small charge for the HPZCOO species.  H+PZCOO¯ 

is an ion that has a net zero charge.  In this work, the net zero charge was 

retained and the ion was treated as a molecule.  It was also found that by giving 

the ion a small charge (0.0001), Aspen Plus® would treat it as an ion.  However, 

this also changed the VLE predicted by the Hilliard (2005) model because it was 

regressed assuming a zero charge. 

The Aspen Plus® VLE model should be regressed with the updated 

vapor–liquid equilibrium data for K+/PZ.  Recent measurements by Hilliard 

have found that the vapor–liquid equilibrium from Cullinane may be 

systematically offset by 10%.  In this work, the RateSep™ model used the 

Hilliard (2005) VLE model, which was regressed based on the Cullinane data. 

The discrepancy between the mass transfer rates from wetted wall column 

and RateSep™ should be resolved.  When the Cullinane (2005) kinetics for 

K+/PZ was transformed from concentration to activity based rates and translated 

into RateSep™, the mass transfer rates (kg’) were found to be five times faster 

than that measured in the wetted wall column.  It is possible that the kinetics do 

not have the strong ionic strength dependence that was concluded by Cullinane.  

Also, it possible that the optimal temperature and loading range was not selected 

when the parameter for gamma were regressed. 

The optimization analysis for the number of stages and the film 

discretization in RateSep™ should be conducted for the 6.4 m K+/1.6 m PZ 
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solution.  The optimization analysis was performed for the 5 m K+/2.5 m PZ 

solvent and the results were used for the 6.4 m K+/1.6 m PZ solvent.  Since, 6.4 m 

K+/1.6 m PZ has slower CO2 absorption rate, this may affect the film ratio and 

the number of film discretization that should be used. 

The effects of kg and kl on mass transfer rates should be examined.  A 

FORTRAN subroutine could be written to address this issue because the mass 

transfer models provided by RateSep™ only allow for limited adjustments. 

The effects of density, viscosity, and surface tension should be further 

studied and new effective area model should be proposed.  The Data-Fit results 

for interfacial area suggest that the air–water measurements are dramatically 

affected by the physical properties of the solvent. 

Experimental data for surface tension and thermal conductivity for the 

potassium carbonate/piperazine solution should be obtained and used to fit the 

parameters in Aspen Plus®.  This work has shown that missing parameters in 

Aspen Plus® will result in erroneous predictions.  While corrections to density 

and viscosity predictions in Aspen Plus® were addressed in this work, surface 

tension and thermal conductivity were not.  Surface tension will affect the 

prediction of interfacial area of packing and thermal conductivity will be 

important for heat and mass transfer. 
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Appendix A: Campaign 1 Raw Pilot Plant Data and DeltaV Process Control Graphics 

Table A-1. Campaign 1 Raw Absorber Data 

 ABS LEAN ABS LEAN ABS LEAN ABS LEAN ABS RICH ABS RICH ABS RICH ABS RICH GAS GAS GAS Cool GAS 
 FLOW DEN TEMP pH FLOW DEN TEMP pH FLOW IN OUT TEMP PRESS 

Time FT403 FT403 TT403 AI403 FT200 FT200 TT200 AI401 FI900 TT400 TT404 TT412 PT900 
 (GPM) (LB/FT3) (F) (pH) (GPM) (LB/FT3) (F) (pH) (ACFM) (F) (F) (F) (PSIA) 

6/16/2004 15:30 5.01 71.51 102.80 11.40 4.85 73.27 84.54 9.70 600.69 101.85 108.75 69.89 0.15 
6/16/2004 16:15 5.00 71.53 102.39 11.50 4.95 73.23 83.42 10.00 599.64 99.82 107.61 68.78 0.14 
6/16/2004 17:00 5.00 71.60 102.02 11.60 4.88 73.32 84.12 10.00 599.77 101.87 108.34 69.35 0.14 
6/17/2004 11:30 4.97 72.60 106.70 11.60 4.91 73.69 90.11 10.00 300.05 82.44 103.66 57.41 0.04 
6/17/2004 12:15 4.98 72.59 109.68 11.50 4.87 73.71 90.65 10.60 300.20 84.21 107.22 58.19 0.04 
6/17/2004 13:00 4.99 72.55 112.02 11.40 4.87 73.75 90.65 10.50 300.08 84.97 109.33 58.11 0.04 
6/17/2004 16:15 9.96 72.72 105.83 11.40 9.90 73.15 101.04 10.50 299.88 91.22 103.13 58.87 0.14 
6/17/2004 16:45 9.96 72.75 105.20 11.21 9.93 73.20 100.56 10.79 299.86 91.84 102.71 58.44 0.15 
6/17/2004 17:15 9.95 72.76 104.76 11.23 9.90 73.21 100.50 10.77 299.47 91.89 101.69 58.18 0.16 
6/17/2004 18:33 9.94 72.81 104.02 11.30 9.91 73.37 102.92 10.70 299.83 91.62 100.34 58.38 0.18 
6/17/2004 19:13 8.63 72.80 104.15 11.30 9.74 73.31 100.87 10.70 407.75 92.15 100.58 59.98 0.20 
6/18/2004 15:30 7.69 72.74 103.15 10.70 7.79 73.68 111.27 9.20 179.50 92.22 60.51 60.51 0.07 
6/21/2004 16:45 5.02 72.60 104.09 10.60 5.02 73.89 102.65 9.60 120.24 90.06 106.78 60.17 0.01 
6/22/2004 17:45 5.02 75.33 106.09 10.90 4.87 77.06 85.42 9.60 600.24 99.71 110.54 70.80 0.14 
6/22/2004 18:30 5.01 75.36 106.66 11.00 4.95 77.21 85.01 9.60 599.89 99.75 110.34 70.17 0.14 
6/22/2004 19:30 5.01 75.31 106.67 11.00 4.97 77.15 88.93 9.60 800.34 116.41 107.76 74.42 0.25 
6/22/2004 20:15 5.01 75.34 106.79 11.00 4.97 77.13 88.68 9.70 800.27 115.33 107.33 74.04 0.25 
6/22/2004 21:15 5.08 75.40 106.84 11.00 5.02 76.91 86.24 9.70 399.99 83.17 108.79 61.29 0.07 
6/22/2004 22:00 4.93 75.41 106.74 11.20 4.90 76.95 85.69 10.10 399.83 81.79 108.81 61.27 0.07 
6/23/2004 8:15 2.49 75.69 94.33 11.20 2.43 77.46 72.61 10.10 300.15 74.42 96.46 55.06 0.04 
6/23/2004 9:00 2.51 75.59 95.70 11.20 2.49 77.49 72.79 10.10 299.65 75.42 97.05 55.16 0.04 
6/23/2004 14:30 7.00 75.60 103.66 10.60 6.90 76.96 93.91 9.40 840.43 126.88 109.14 76.99 0.31 
6/23/2004 15:15 6.54 75.62 103.36 10.60 6.52 77.01 93.98 9.40 790.76 124.05 110.64 76.82 0.28 
6/23/2004 17:30 7.69 75.62 104.88 10.90 7.75 77.16 101.37 9.80 287.85 87.24 120.84 61.25 0.07 
6/23/2004 18:15 6.73 75.66 104.48 11.10 7.09 76.95 105.89 9.40 236.92 85.34 115.17 57.96 0.09 
6/24/2004 9:00 7.74 75.92 103.26 11.10 7.88 77.05 103.57 9.40 248.96 76.40 95.51 55.89 0.05 
6/24/2004 9:30 7.74 75.77 109.82 10.80 7.89 77.05 105.55 9.40 249.66 77.99 111.26 56.70 0.08 
6/24/2004 10:30 7.77 75.68 110.02 10.80 7.75 77.29 101.24 9.40 299.87 81.27 123.53 61.04 0.11 
6/24/2004 11:00 7.79 75.72 108.46 11.10 7.72 77.25 101.89 9.60 299.53 83.68 121.42 60.75 0.12 
6/24/2004 12:15 4.98 75.77 106.41 11.04 5.13 77.36 101.10 9.47 159.65 80.18 118.81 56.02 0.02 
6/24/2004 12:30 4.99 75.76 106.20 10.90 5.10 77.35 101.12 9.40 159.46 80.10 117.89 56.24 0.02 
6/24/2004 16:00 7.72 76.71 115.24 10.80 7.78 78.17 110.04 9.30 249.64 92.64 127.31 60.43 0.11 
6/24/2004 16:15 7.73 76.67 114.90 10.80 7.73 78.15 110.37 9.30 250.59 93.51 127.75 60.86 0.11 
6/24/2004 17:00 4.97 76.70 113.48 11.00 4.98 78.48 104.79 9.20 160.71 91.19 128.62 59.23 0.03 
6/24/2004 17:30 4.99 76.67 112.71 11.00 4.98 78.46 103.67 9.20 160.16 89.72 127.68 58.93 0.02 
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Table A-2. Campaign 1 Raw Absorber Data – Continued 

 PRESSURE PRESSURE BED BED BED BED CO2 CO2 CO2 
 DRP DRP TEMP TEMP TEMP TEMP IN MID OUT 

Time PDT450 PDT451 TT4078 TT4076 TT4073 TT4071 AI400 AI406 AI404 
 (in H2O) (in H2O) (F) (F) (F) (F) (mol%) (mol%) (mol%) 

6/16/2004 15:30 3.27 3.07 106.83 114.51 103.82 82.46 2.89 1.71 0.16 
6/16/2004 16:15 2.54 3.09 105.21 113.81 103.03 81.57 2.84 1.69 0.17 
6/16/2004 17:00 2.90 3.05 106.16 114.05 103.24 82.22 2.78 1.70 0.17 
6/17/2004 11:30 0.75 0.99 98.35 116.33 115.83 91.30 2.97 0.18 0.00 
6/17/2004 12:15 0.81 0.99 102.19 119.40 117.14 91.64 2.92 0.18 0.01 
6/17/2004 13:00 0.55 1.01 104.61 119.85 117.46 91.47 2.88 0.19 0.01 
6/17/2004 16:15 3.79 2.71 100.57 103.81 100.01 100.91 2.25 0.17 0.02 
6/17/2004 16:45 3.68 3.11 100.21 104.07 99.94 99.66 2.45 0.26 0.03 
6/17/2004 17:15 4.29 3.43 99.38 103.48 99.25 98.09 2.37 0.21 0.03 
6/17/2004 18:33 5.34 3.80 98.03 103.51 99.54 102.88 3.92 0.70 0.04 
6/17/2004 19:13 5.70 4.26 98.09 103.47 99.19 98.32 3.00 0.43 0.05 
6/18/2004 15:30 1.61 0.84 98.34 118.70 118.39 99.71 11.72 5.84 0.32 
6/21/2004 16:45 0.59 0.29 102.27 146.27 124.48 98.00 11.62 5.41 0.73 
6/22/2004 17:45 2.90 3.09 107.30 116.28 105.56 84.43 3.39 1.43 0.26 
6/22/2004 18:30 2.91 3.09 107.04 115.36 104.99 84.44 3.47 1.23 0.21 
6/22/2004 19:30 4.90 5.28 105.60 108.05 98.05 88.85 3.58 1.79 0.56 
6/22/2004 20:15 4.93 5.31 104.98 107.85 98.32 88.56 3.66 1.72 0.54 
6/22/2004 21:15 1.63 1.73 103.86 124.89 118.46 85.59 2.98 0.54 0.04 
6/22/2004 22:00 1.63 1.74 103.91 125.29 118.53 85.29 2.68 0.54 0.03 
6/23/2004 8:15 0.91 0.98 92.28 105.33 93.06 70.01 2.71 1.54 0.23 
6/23/2004 9:00 0.91 0.97 92.72 106.55 93.67 70.54 2.48 1.39 0.16 
6/23/2004 14:30 6.10 6.64 106.21 117.00 107.32 93.81 2.25 1.83 0.33 
6/23/2004 15:15 5.41 5.85 107.54 117.86 107.02 93.26 3.58 2.14 0.47 
6/23/2004 17:30 1.62 1.21 115.67 148.75 130.62 97.57 13.99 2.77 1.20 
6/23/2004 18:15 2.45 1.03 107.97 153.30 135.83 100.16 13.22 1.46 1.15 
6/24/2004 9:00 1.30 1.00 89.48 142.75 127.45 96.95 12.30 0.12 1.26 
6/24/2004 9:30 2.11 1.27 100.72 153.90 138.25 97.03 11.30 1.61 0.88 
6/24/2004 10:30 2.75 1.69 115.52 149.44 134.93 98.60 12.23 0.11 1.74 
6/24/2004 11:00 2.82 1.79 113.63 148.24 135.28 100.45 12.51 0.00 1.75 
6/24/2004 12:15 0.50 0.51 113.33 152.17 134.11 99.27 11.59 0.85 0.68 
6/24/2004 12:30 0.47 0.52 112.13 152.89 134.83 101.00 11.59 0.68 0.55 
6/24/2004 16:00 3.33 1.59 119.27 159.74 146.22 112.36 12.40 0.64 0.43 
6/24/2004 16:15 3.40 1.52 120.05 160.41 146.37 116.03 12.65 0.61 0.45 
6/24/2004 17:00 0.61 0.49 125.63 155.01 138.19 98.47 11.55 0.56 0.58 
6/24/2004 17:30 0.52 0.48 124.16 156.68 138.14 98.06 11.76 0.81 0.40 
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Table A-3. Campaign 1 Raw Stripper Data 

 ACCUMULATOR COLUMN COLUMN REBOILER REBOILER COLUMN PRESSURE PRESSURE STRP STRP STRP 
 LEVEL LEVEL LEVEL LEVEL DUTY PRESSURE DROP (LOW) DROP (HIGH) REFLUX RETURN RETURN 

Time LC203 LC201 LT206 LT204 QIC202 PT215 PDT250 PDT251 FT203 FT201 FT201 
  (in) (in) (in) (in) (MMBTU/hr) (PSIA) (in H2O) (in H2O) (GPM) (GPM) (F) 

6/16/2004 15:30 12.80 6.48 6.50 4.92 0.85 19.98 5.96 15.29 1.20 4.80 104.83 
6/16/2004 16:15 12.80 6.50 6.50 5.19 0.850 20.12 5.96 15.24 1.06 4.63 104.69 
6/16/2004 17:00 12.80 6.51 6.50 5.47 0.850 20.08 5.96 15.05 1.03 4.66 104.93 
6/17/2004 11:30 13.00 8.50 8.51 7.21 0.828 16.92 5.96 22.46 0.83 4.93 124.20 
6/17/2004 12:15 13.00 8.52 8.51 8.13 0.819 17.02 5.96 22.07 0.81 4.82 123.59 
6/17/2004 13:00 13.00 8.49 8.49 8.53 0.814 17.07 5.96 21.72 0.82 4.81 113.80 
6/17/2004 16:15 12.50 9.99 10.00 6.48 0.751 16.36 5.96 18.63 0.58 9.82 105.08 
6/17/2004 16:45 12.50 10.00 9.98 6.68 0.749 15.39 5.96 17.90 0.46 9.81 105.07 
6/17/2004 17:15 12.50 10.27 10.28 6.91 0.750 20.68 5.96 15.63 0.23 10.48 103.96 
6/17/2004 18:33 12.50 10.06 10.04 7.82 0.750 19.63 5.96 14.91 0.29 9.50 104.82 
6/17/2004 19:13 12.50 10.12 10.13 7.48 0.750 22.98 5.96 14.45 0.22 10.16 104.79 
6/18/2004 15:30 12.50 8.14 8.15 6.04 1.00 16.79 5.96 25.21 1.77 7.60 104.00 
6/21/2004 16:45 12.50 10.13 10.13 7.16 1.000 16.58 5.96 18.82 1.27 4.91 103.55 
6/22/2004 17:45 8.00 11.98 11.98 11.90 0.998 15.70 5.96 19.57 0.54 4.58 109.83 
6/22/2004 18:30 8.00 11.94 11.94 11.19 0.925 15.88 5.96 18.47 0.39 4.67 109.75 
6/22/2004 19:30 8.00 12.02 12.03 10.81 0.925 15.96 5.96 18.47 0.39 5.14 110.51 
6/22/2004 20:15 8.00 12.06 12.06 10.69 0.925 15.84 5.96 18.36 0.39 5.01 109.90 
6/22/2004 21:15 8.00 12.05 12.05 10.53 0.899 17.12 5.96 18.51 0.32 4.92 110.47 
6/22/2004 22:00 8.00 12.10 12.09 10.41 0.719 16.94 5.40 15.66 0.24 5.88 110.61 
6/23/2004 8:15 8.00 9.99 9.98 6.71 0.708 16.40 5.96 24.44 0.01 0.67 102.50 
6/23/2004 9:00 8.00 14.46 14.46 12.95 0.687 17.64 5.96 14.59 -0.01 2.45 113.72 
6/23/2004 14:30 9.50 -2.49 -2.50 -2.00 1.100 16.08 5.96 44.13 0.57 7.03 105.12 
6/23/2004 15:15 9.50 -2.50 -2.50 -1.87 1.099 16.70 5.96 44.12 0.57 6.61 105.02 
6/23/2004 17:30 9.50 -2.51 -2.51 -1.15 1.150 18.52 5.96 46.45 0.51 7.52 107.07 
6/23/2004 18:15 9.50 -2.52 -2.52 -1.33 0.745 19.40 5.96 50.30 0.34 6.36 106.71 
6/24/2004 9:00 15.00 14.14 14.13 8.83 1.148 21.61 5.96 19.44 0.29 7.53 120.16 
6/24/2004 9:30 15.00 14.12 14.13 8.31 1.152 22.62 5.96 19.62 0.43 7.52 119.86 
6/24/2004 10:30 15.00 13.73 13.74 7.00 1.148 18.96 5.96 18.91 0.43 7.47 108.09 
6/24/2004 11:00 15.00 13.49 13.50 6.34 1.150 20.17 5.96 18.95 0.45 7.44 107.89 
6/24/2004 12:15 17.00 13.78 13.78 9.03 1.201 21.49 5.96 19.33 0.49 4.44 108.04 
6/24/2004 12:30 17.00 13.79 13.77 9.53 1.201 21.15 5.96 19.32 0.49 4.54 107.93 
6/24/2004 16:00 22.50 13.05 13.05 10.67 1.101 22.58 5.96 18.62 0.38 7.55 115.28 
6/24/2004 16:15 22.50 13.02 13.01 10.63 1.100 21.97 5.96 18.47 0.38 7.52 115.05 
6/24/2004 17:00 22.50 12.76 12.75 10.54 1.100 24.72 5.96 18.05 0.38 4.96 115.24 
6/24/2004 17:30 22.50 12.87 12.85 11.02 1.100 24.68 5.96 18.17 0.38 5.14 115.32 
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Table A-4. Campaign 1 Raw Stripper Data – Continued 

 TOP TOP MID BOT MID BOT CONDENS VAPOR BOT LIQ TO VAP TO ORG. OUT  CW CW CW 
 TEMP TEMP TEMP TEMP RETURN INLET REB CONDEN (COND) INLET OUTLET FLOW 

Time T20710 T2073 T2074 T2071 T203 T208 T219 T216 T225 T224 T226 FT205 
  (F) (F) (F) (F) (F) (F) (F) (F) (F) (F) (F) (GPM) 

6/16/2004 15:30 218.88 230.44 231.37 232.69 218.30 235.84 235.17 207.55 92.00 49.65 55.19 209.65 
6/16/2004 16:15 219.77 230.87 231.78 233.13 222.32 237.22 236.26 207.94 90.24 49.40 54.22 209.67 
6/16/2004 17:00 219.48 230.94 231.85 233.18 220.54 235.79 235.69 207.70 91.96 49.16 54.79 209.85 
6/17/2004 11:30 199.81 222.37 223.30 224.65 242.51 224.05 227.61 199.14 73.89 48.43 52.52 209.66 
6/17/2004 12:15 200.36 222.64 223.51 224.85 241.07 224.91 227.88 199.70 72.54 48.41 52.91 209.69 
6/17/2004 13:00 203.46 222.83 223.69 225.04 240.51 225.64 227.89 199.99 74.16 48.38 53.41 209.71 
6/17/2004 16:15 193.88 220.93 221.82 223.29 233.10 224.63 225.96 198.05 63.17 49.00 52.67 204.40 
6/17/2004 16:45 194.54 217.68 218.59 220.13 230.42 220.62 221.36 193.98 63.65 49.17 52.14 204.63 
6/17/2004 17:15 218.33 232.66 233.72 235.19 238.72 235.58 235.66 199.42 64.13 49.34 50.69 204.48 
6/17/2004 18:33 212.24 229.63 230.69 232.31 238.83 232.69 233.61 196.75 65.34 49.45 51.60 204.55 
6/17/2004 19:13 218.88 238.26 239.36 240.87 244.58 241.58 242.67 201.97 65.97 48.66 51.12 204.54 
6/18/2004 15:30 214.67 222.79 223.74 225.19 231.11 230.74 227.60 199.48 98.46 51.88 61.29 204.91 
6/21/2004 16:45 208.82 220.76 221.68 223.10 255.67 223.47 225.99 197.39 105.62 50.48 56.61 197.52 
6/22/2004 17:45 212.57 219.80 220.66 222.22 218.63 223.90 226.44 196.59 116.54 51.36 59.28 196.75 
6/22/2004 18:30 212.65 220.59 221.39 222.99 216.12 224.23 227.02 197.10 113.16 51.09 58.31 196.67 
6/22/2004 19:30 212.63 220.57 221.37 223.00 216.68 224.16 227.08 196.88 110.35 50.74 58.04 196.92 
6/22/2004 20:15 212.26 220.10 220.94 222.53 217.11 223.69 226.67 196.37 112.09 50.47 57.56 196.84 
6/22/2004 21:15 216.84 224.23 225.10 226.65 220.66 227.45 230.89 200.03 111.27 50.06 57.07 196.78 
6/22/2004 22:00 214.67 223.11 224.06 225.61 217.48 226.82 230.57 199.29 108.58 49.27 55.97 196.66 
6/23/2004 8:15 216.72 220.90 221.84 223.19 254.04 226.02 228.23 195.28 90.25 49.32 54.61 196.20 
6/23/2004 9:00 220.74 224.94 225.80 227.18 254.80 230.21 232.04 198.74 87.64 49.57 54.09 205.36 
6/23/2004 14:30 212.12 221.44 222.29 223.86 259.03 223.68 227.24 196.44 113.00 51.59 59.84 207.40 
6/23/2004 15:15 214.13 223.51 224.40 226.01 259.44 225.61 228.87 199.47 113.28 51.58 59.55 207.39 
6/23/2004 17:30 215.85 229.05 229.96 231.60 258.77 230.99 234.71 203.26 83.37 51.55 59.25 207.29 
6/23/2004 18:15 206.01 226.83 229.81 232.03 252.04 232.79 237.53 205.39 84.74 50.82 56.95 207.15 
6/24/2004 9:00 221.96 237.21 238.21 239.70 281.39 237.66 242.47 205.03 81.16 50.99 58.10 207.84 
6/24/2004 9:30 223.24 239.83 240.81 242.21 281.24 241.08 246.18 209.25 84.89 51.20 58.47 208.00 
6/24/2004 10:30 216.90 230.25 231.21 232.73 275.56 231.79 235.99 201.64 83.82 51.30 59.70 208.08 
6/24/2004 11:00 220.00 233.63 234.59 236.06 277.78 234.96 239.44 204.77 84.03 51.35 59.66 208.12 
6/24/2004 12:15 221.93 236.48 237.37 238.79 282.56 239.23 243.38 209.88 107.43 51.65 58.74 208.03 
6/24/2004 12:30 220.61 235.56 236.49 237.90 281.37 238.59 242.63 208.98 108.15 51.75 58.53 207.95 
6/24/2004 16:00 224.70 240.93 241.88 243.35 265.35 242.55 247.11 211.50 108.26 51.95 59.25 207.90 
6/24/2004 16:15 224.27 239.51 240.49 241.94 264.09 241.55 245.75 210.76 108.52 51.90 59.06 207.97 
6/24/2004 17:00 235.50 245.46 246.36 247.77 269.71 247.51 251.92 217.23 114.78 51.82 59.12 208.22 
6/24/2004 17:30 235.31 245.35 246.19 247.66 270.93 247.85 252.36 217.33 116.52 51.74 59.52 208.17 
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Table A-5. Campaign 1 Absorber Temperature Profile Results from Infrared 
Temperature Gun 

Location Ht From Run 1.7.1 Run 1.9.2 Run 1.10.2 Run 1.14.1 Run 1.16.2 
of Bed Bed Bot 6/21/04 16:00 6/22/04 20:00 6/22/04 21:45 6/23/04 18:00 6/24/04 10:45 

 (ft) (°F) (°F) (°F) (°F) (°F) 
Top 10.0 110.4 103.6 108.4 123.4 133.0 

 9.5 118.8 104.6 110.8 133.8 139.8 
 9.0 133.0 105.4 114.2 143.6 144.6 
 8.5 142.2 105.2 115.6 148.4 145.0 
 8.0 145.8 106.0 117.0 149.4 145.0 
 7.5 148.6 105.0 117.8 151.4 145.8 
 7.0 148.6 103.4 118.2 151.2 144.4 
 6.5 147.2 103.0 118.2 149.4 142.8 
 6.0 145.8 102.6 118.8 148.6 142.6 
 5.5 144.8 102.2 118.6 147.2 141.4 
 5.0 142.6 102.4 118.8 146.0 139.4 
 4.5 140.8 102.2 120.2 145.8 140.0 
 4.0 138.2 101.2 120.8 143.4 138.8 
 3.5 135.8 100.4 120.8 141.6 138.4 
 3.0 133.6 99.6 120.2 140.6 137.2 
 2.5 130.8 98.8 119.2 139.0 135.6 
 2.0 128.6 98.2 117.6 137.4 135.0 
 1.5 126.2 98.0 117.2 136.4 135.6 
 1.0 124.2 98.2 117.8 135.6 135.2 
 0.5 122.8 99.8 118.0 135.4 135.2 
 0.0 118.8 101.0 119.4 136.2 136.8 

Bottom 10.0 126.6 97.8 118.8 136.6 135.8 
 9.5 126.4 97.4 118.4 136.2 134.8 
 9.0 125.4 96.6 118.2 135.4 133.0 
 8.5 124.6 96.0 118.6 134.8 132.0 
 8.0 126.0 95.6 118.4 134.2 131.6 
 7.5 125.8 95.0 117.4 132.0 129.0 
 7.0 124.6 94.0 117.2 130.6 127.2 
 6.5 123.8 93.0 116.4 129.2 126.0 
 6.0 122.0 92.2 114.8 127.6 125.2 
 5.5 120.6 91.8 112.8 128.2 123.2 
 5.0 118.0 91.2 109.2 126.2 122.0 
 4.5 121.4 91.4 110.2 122.4 126.0 
 4.0 121.2 91.8 108.2 130.0 125.6 
 3.5 120.2 91.4 106.6 128.4 124.2 
 3.0 119.2 90.2 105.8 127.2 122.8 
 2.5 117.6 90.0 102.4 124.4 120.2 
 2.0 112.8 89.6 97.2 118.4 117.4 
 1.5 108.9 89.0 93.8 111.4 110.8 
 1.0 105.8 89.0 90.2 108.2 106.0 
 0.5 98.6 90.0 85.4 101.2 98.4 
 0.0 96.4 89.2 82.2 98.8 94.4 
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Figure A-1. Campaign 1 DeltaV Overall Process View 
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Figure A-2. Campaign 1 DeltaV Absorber Side Process View 
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Figure A-3. Campaign 1 DeltaV Stripper Side Process View 
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Figure A-4. Campaign 1 DeltaV Instrumentation History View 
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Appendix B: Campaign 2 Raw Pilot Plant Data and DeltaV Process Control Graphics 

Table B-1. Campaign 2 Raw Absorber Data 

 ABS LEAN ABS LEAN ABS LEAN ABS LEAN ABS RICH ABS RICH ABS RICH ABS RICH GAS GAS GAS COOL GAS 
 FLOW DEN TEMP pH FLOW DEN TEMP pH FLOW IN OUT TEMP PRES 

Time FT403 FT403 TT403 AI403 FT200 FT200 TT200 AI401 FI900 T404 TT400 TT412 PT900 
 (GPM) (LB/FT3) (F) (pH) (GPM) (LB/FT3) (F) (pH) (ACFM) (F) (F) (F) (PSIA) 

10/26/04 10:35 7.97 76.44 104.37 11.15 8.05 77.51 117.39 - 599.67 120.42 120.47 118.26 0.38 
10/26/04 11:00 7.99 76.46 104.48 11.09 8.04 77.41 116.88 - 599.74 120.85 119.85 117.65 0.39 
10/26/04 14:45 7.96 76.56 106.18 10.96 8.08 77.41 122.92 - 599.60 129.95 123.44 121.68 0.40 
10/27/04 0:15 8.98 76.57 105.32 10.65 9.00 77.38 112.53 - 450.58 115.21 112.28 110.03 0.34 
10/27/04 2:30 10.97 76.60 105.07 10.62 11.01 77.34 112.27 - 449.72 114.12 105.69 102.68 0.40 
10/27/04 3:30 10.93 76.63 104.99 10.63 11.02 77.32 112.30 - 449.49 116.10 105.17 102.26 0.43 
10/27/04 6:00 12.48 76.66 106.16 10.59 12.60 77.24 114.68 - 450.25 116.93 101.54 98.53 0.44 
10/27/04 7:00 12.52 76.67 106.28 10.60 12.62 77.26 115.54 - 449.92 118.67 103.02 100.06 0.45 
10/27/04 12:00 13.05 76.59 106.45 10.61 13.24 77.28 115.94 - 599.58 123.49 114.35 112.24 0.54 
10/27/04 13:00 13.01 76.60 106.87 10.58 13.17 77.25 117.99 - 600.11 127.73 115.22 113.42 0.55 
10/28/04 4:15 8.55 76.55 105.01 10.62 8.60 77.45 107.31 - 349.75 97.08 105.93 102.47 0.20 
10/28/04 5:15 8.53 76.55 105.42 10.64 8.56 77.47 108.21 - 350.49 99.40 108.02 104.80 0.20 
10/28/04 13:40 11.54 76.68 106.16 10.61 11.59 77.29 118.40 - 350.16 116.89 101.50 98.60 0.38 
10/28/04 14:55 11.50 76.69 106.34 10.62 11.59 77.29 118.75 - 349.08 118.72 102.07 99.26 0.39 
10/28/04 16:35 11.46 76.71 106.49 10.61 11.59 77.29 119.20 - 349.97 124.12 102.69 100.07 0.44 
10/28/04 17:15 11.52 76.72 106.55 10.61 11.63 77.30 119.42 - 349.47 124.64 103.25 100.50 0.43 
10/28/04 19:15 12.04 76.74 105.89 10.63 12.16 77.35 119.09 - 350.22 139.73 99.39 96.50 0.91 
10/28/04 20:15 11.96 76.75 105.74 10.67 12.17 77.37 118.35 - 350.68 118.22 99.30 96.34 0.80 
10/29/04 5:45 10.02 76.79 105.22 10.62 10.07 77.53 112.94 - 349.60 92.24 102.65 99.29 0.20 
10/29/04 6:45 10.00 76.81 104.57 10.62 10.00 77.58 111.42 - 349.74 89.59 99.70 96.63 0.20 

11/2/2004 20:32 4.99 76.58 110.24 10.41 4.78 77.80 87.34 - 349.89 84.74 100.80 95.10 0.13 
11/2/2004 21:45 5.02 76.62 108.54 10.42 4.77 77.75 86.15 - 349.98 82.77 98.17 92.67 0.14 

11/3/04 0:30 6.05 76.70 107.43 10.41 5.83 77.56 94.23 - 349.92 85.76 97.92 92.87 0.13 
11/3/04 1:30 5.89 76.81 107.56 10.44 5.82 77.65 94.04 - 350.06 85.09 97.04 91.91 0.13 
11/3/04 5:15 5.49 76.87 101.80 10.47 5.27 77.74 88.70 - 449.68 91.39 96.04 91.44 0.28 
11/3/04 6:15 5.49 76.93 102.19 10.48 5.27 77.91 85.94 - 449.92 89.04 94.73 89.67 0.28 
11/3/04 11:30 8.06 76.28 112.63 10.25 7.77 76.97 98.91 - 449.83 96.25 102.25 97.94 0.28 
11/3/04 12:30 7.91 76.30 112.65 10.25 7.79 76.97 99.61 - 450.22 97.87 102.57 98.42 0.28 
11/3/04 15:45 9.97 76.27 116.58 10.21 9.79 76.82 104.92 - 449.97 99.25 104.86 100.05 0.30 
11/3/04 16:45 9.98 76.27 118.07 10.21 9.79 76.77 108.23 - 449.97 103.48 107.27 102.90 0.31 
11/4/04 6:00 20.43 76.53 104.19 10.57 20.74 76.96 118.34 - 499.84 116.76 97.27 93.64 0.58 
11/4/04 7:30 20.37 76.53 104.14 10.57 20.77 76.95 118.89 - 499.99 121.49 97.40 94.04 0.61 
11/4/04 10:15 22.03 76.51 104.18 10.55 22.30 76.89 118.94 - 500.42 137.10 96.49 92.65 0.73 
11/4/04 11:15 22.00 76.45 105.55 10.52 22.46 76.82 123.26 - 500.28 147.82 100.54 97.11 0.74 
11/4/04 13:30 21.92 76.13 107.18 10.48 22.39 76.58 124.14 - 499.88 121.11 102.73 99.64 0.48 
11/4/04 15:15 22.01 76.35 105.94 10.55 22.41 76.74 123.69 - 499.98 120.41 101.59 98.58 0.48 
11/4/04 21:15 15.01 76.61 103.75 10.69 15.21 77.22 118.30 - 500.23 107.54 106.68 104.63 0.38 
11/4/04 23:00 14.92 76.59 103.68 10.68 15.18 77.21 117.08 - 500.04 105.89 103.56 101.16 0.39 
11/5/04 3:45 15.05 76.72 103.42 10.82 15.19 77.39 117.63 - 500.07 107.06 106.65 103.70 0.42 
11/5/04 4:45 14.93 76.73 103.37 10.82 15.25 77.42 117.48 - 500.05 106.74 107.62 104.71 0.42 
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Table B-2. Campaign 2 Raw Absorber Data – Continued 

 PRES PRES ABS BED BED BED BED BED BED BED CO2 CO2 CO2 
 DRP DRP PRESS TEMP TEMP TEMP TEMP TEMP TEMP TEMP IN MID OUT 

Time PDT450 PDT451 PT415  TT4078 TT4077 TT4076 TT4075 TT4074 TT4073 TT4071 AI400 AI406 AI404 
 (in H2O) (in H2O) (in H2O) (F) (F) (F) (F) (F) (F) (F) (mol%) (mol%) (mol%) 

10/26/04 10:35 3.19 3.45 - 114.02 139.54 127.84 126.91 118.88 119.27 120.30 11.09 - 2.08 
10/26/04 11:00 3.24 3.51 - 113.46 138.41 127.04 126.26 118.51 118.64 119.86 10.97 - 2.36 
10/26/04 14:45 3.23 3.50 - 117.97 137.97 127.64 128.23 121.67 122.03 125.23 12.31 - 5.38 
10/27/04 0:15 2.29 2.52 3.77 102.70 143.54 134.12 135.05 126.10 124.52 113.84 11.47 - 4.04 
10/27/04 2:30 3.35 3.05 3.97 97.69 144.57 136.98 138.55 129.38 129.75 113.67 11.97 - 3.65 
10/27/04 3:30 3.53 3.24 4.13 97.44 143.88 137.05 138.86 130.03 130.11 114.43 10.68 - 2.74 
10/27/04 6:00 4.09 3.34 4.02 96.23 138.72 138.41 139.71 133.81 136.32 117.43 10.43 - 1.92 
10/27/04 7:00 4.15 3.47 4.01 96.95 142.89 139.98 141.77 135.42 137.34 117.88 11.12 - 2.22 
10/27/04 12:00 5.83 6.42 1.24 103.73 145.81 138.44 138.32 135.67 130.53 118.44 11.70 - 4.01 
10/27/04 13:00 5.96 6.51 1.17 105.08 146.05 138.93 138.90 136.59 132.05 120.00 11.43 - 3.76 
10/28/04 4:15 5.31 1.03 2.12 96.60 147.64 137.65 135.10 131.92 128.73 108.78 11.27 - 3.50 
10/28/04 5:15 5.38 1.01 2.13 98.20 148.71 138.29 135.48 132.56 129.28 109.32 11.32 - 3.38 
10/28/04 13:40 7.96 4.09 2.50 96.68 126.04 137.80 137.72 138.39 139.72 120.10 11.92 - 1.88 
10/28/04 14:55 8.09 4.27 2.50 97.62 126.70 138.54 138.11 138.72 139.89 121.43 12.01 - 1.96 
10/28/04 16:35 8.46 4.84 2.75 97.81 131.03 141.02 141.44 141.81 141.17 121.00 11.47 - 1.79 
10/28/04 17:15 8.48 4.82 2.72 97.94 132.81 141.76 142.03 142.43 141.55 122.83 11.68 - 1.93 
10/28/04 19:15 9.57 28.33 -7.05 94.95 139.40 138.53 135.16 135.04 135.18 122.82 11.70 - 0.61 
10/28/04 20:15 9.50 33.21 -7.07 94.10 126.25 134.69 133.95 134.42 136.58 119.68 11.40 - 0.31 
10/29/04 5:45 3.10 3.47 -1.47 95.56 148.93 142.61 143.84 142.73 138.23 112.16 11.57 - 2.69 
10/29/04 6:45 3.11 3.44 -1.45 93.95 144.44 139.76 141.77 140.11 136.26 110.71 12.02 - 3.05 

11/2/2004 20:32 1.02 1.12 1.41 93.41 118.32 111.34 110.72 97.82 103.51 93.30 4.87 - 0.78 
11/2/2004 21:45 1.03 1.13 1.44 90.93 116.50 110.18 110.00 97.09 103.17 91.96 4.69 - 0.89 

11/3/04 0:30 1.11 1.18 1.13 89.85 124.12 121.12 123.02 112.30 115.36 98.67 5.39 - 0.73 
11/3/04 1:30 1.11 1.19 1.15 89.00 123.62 121.55 123.87 113.18 116.08 98.47 5.28 - 0.63 
11/3/04 5:15 1.75 1.89 3.66 88.61 112.55 105.49 106.39 96.10 98.50 93.26 4.42 - 0.51 
11/3/04 6:15 1.75 1.89 3.65 87.20 111.06 104.26 105.31 94.88 97.82 91.43 4.32 - 1.10 
11/3/04 11:30 1.81 1.94 3.47 94.83 114.60 117.56 121.36 110.62 115.99 104.95 3.98 - 0.48 
11/3/04 12:30 1.81 1.96 3.48 95.33 114.28 117.44 121.39 111.08 116.80 105.59 3.87 - 0.44 
11/3/04 15:45 2.17 2.10 3.44 98.08 111.55 111.66 116.36 106.09 115.88 110.43 3.90 - 0.29 
11/3/04 16:45 2.20 2.26 3.48 100.57 115.33 115.65 120.60 111.93 121.67 112.87 3.95 - 0.33 
11/4/04 6:00 5.85 4.33 5.09 90.93 108.42 116.14 125.05 120.78 127.20 121.55 16.25 - 2.00 
11/4/04 7:30 6.16 4.62 5.23 91.86 107.98 114.40 124.58 120.09 127.11 122.11 16.04 - 1.85 
11/4/04 10:15 7.67 5.70 5.71 90.41 105.35 110.11 120.00 116.70 123.51 122.13 16.05 - 1.19 
11/4/04 11:15 7.73 5.77 5.54 94.08 108.22 114.08 123.98 121.75 128.62 125.65 16.43 - 1.43 
11/4/04 13:30 6.85 4.79 0.42 99.17 111.87 120.22 129.21 127.35 133.36 126.34 17.91 - 2.47 
11/4/04 15:15 6.91 4.80 0.42 98.38 109.26 116.95 126.54 124.83 131.13 125.71 17.35 - 1.84 
11/4/04 21:15 3.59 3.82 2.27 96.20 161.77 153.48 153.66 148.45 145.78 120.28 17.19 - 4.49 
11/4/04 23:00 3.68 3.86 2.28 93.89 159.77 152.71 153.33 148.29 145.24 119.50 16.29 - 3.98 
11/5/04 3:45 4.04 4.31 2.35 93.24 162.70 153.66 154.54 149.31 146.85 120.39 16.89 - 3.42 
11/5/04 4:45 4.10 4.43 2.33 93.67 162.58 153.70 154.40 149.08 146.48 120.15 17.42 - 3.77 
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Table B-3. Campaign 2 Raw Stripper Data 

 ACC COLUMN COLUMN REBOILER REBOILER COLUMN PRES PRES STR STR STR STR 
 LEVEL LEVEL LEVEL LEVEL DUTY PRESSURE DRP (LO) DRP (HI) REFLUX RETURN RETURN RETURN 

Time LC203 LC201 LT206 LT204 QIC202 PT215 PDT250 PDT251 FT203 FT201 FT201 FT201 
  (in) (in) (in) (in) (MMBTU/hr) (psia) (in H2O) (in H2O) (GPM) (GPM) (F) (LB/FT3) 

10/26/04 10:35 15.00 11.48 11.47 13.41 1.49 23.26 5.12 4.94 1.71 8.05 108.0 - 
10/26/04 11:00 15.00 10.94 10.93 12.31 1.56 22.31 5.65 5.60 1.82 8.00 108.0 - 
10/26/04 14:45 15.00 14.04 14.03 14.44 1.73 23.38 5.95 6.75 2.01 7.89 108.0 - 
10/27/04 0:15 15.00 10.16 10.14 7.85 0.82 23.44 1.64 1.41 0.45 8.78 108.0 - 
10/27/04 2:30 15.00 10.52 10.49 6.52 0.92 23.20 2.35 2.13 0.40 10.61 108.1 - 
10/27/04 3:30 15.00 10.50 10.49 6.95 0.92 22.54 2.59 2.36 0.41 10.63 107.9 - 
10/27/04 6:00 15.00 10.50 10.51 6.36 0.98 23.47 3.36 3.14 0.41 12.22 107.9 - 
10/27/04 7:00 15.00 10.51 10.51 6.87 0.98 23.84 3.69 3.47 0.43 12.24 108.0 - 
10/27/04 12:00 15.00 10.50 10.50 5.63 1.09 22.35 4.88 4.69 0.59 12.79 107.9 - 
10/27/04 13:00 15.00 10.49 10.49 5.82 1.09 22.25 5.40 5.26 0.60 12.75 108.0 - 
10/28/04 4:15 15.00 10.49 10.48 7.88 0.69 26.23 0.31 0.04 0.15 8.25 110.1 - 
10/28/04 5:15 15.00 10.51 10.49 7.34 0.64 24.92 0.31 0.05 0.13 8.28 110.0 - 
10/28/04 13:40 15.00 10.50 10.50 6.80 1.04 22.41 4.01 3.81 0.59 11.18 108.0 - 
10/28/04 14:55 15.00 10.50 10.50 6.89 1.04 22.43 4.42 4.24 0.58 11.16 107.9 - 
10/28/04 16:35 15.00 10.52 10.51 6.95 1.04 22.00 4.94 4.72 0.71 11.25 108.0 - 
10/28/04 17:15 15.00 10.51 10.50 6.88 1.04 21.99 5.13 4.95 0.71 11.21 108.0 - 
10/28/04 19:15 15.00 10.51 10.50 6.67 1.14 23.06 5.31 5.14 0.71 11.76 108.0 - 
10/28/04 20:15 15.00 10.49 10.49 6.57 1.25 23.05 5.95 6.70 0.87 11.72 108.0 - 
10/29/04 5:45 15.00 10.53 10.50 6.18 0.89 49.32 0.62 0.35 0.00 9.7 108.02 - 
10/29/04 6:45 15.00 10.49 10.49 6.11 0.89 49.77 0.53 0.26 0.01 9.7 108.01 - 

11/2/2004 20:32 14.00 12.46 12.48 12.00 0.47 4.61 0.82 0.62 0.37 5.6 119.42 - 
11/2/2004 21:45 14.00 11.97 11.97 9.94 0.47 4.51 0.91 0.70 0.40 4.7 119.13 - 

11/3/04 0:30 14.00 11.70 11.70 9.91 0.53 5.25 1.30 1.11 0.50 5.8 113.49 - 
11/3/04 1:30 14.00 11.91 11.92 10.63 0.52 5.25 1.26 1.06 0.45 5.6 113.26 - 
11/3/04 5:15 14.00 11.77 11.79 10.48 0.45 4.78 0.99 0.78 0.40 4.9 114.01 - 
11/3/04 6:15 14.00 12.17 12.16 10.71 0.45 4.78 0.97 0.78 0.37 5.1 111.08 - 
11/3/04 11:30 14.00 11.35 11.34 10.75 0.54 5.12 2.42 2.13 0.49 7.7 121.20 - 
11/3/04 12:30 14.00 11.37 11.36 11.19 0.56 5.04 2.79 2.46 0.50 7.6 120.77 - 
11/3/04 15:45 14.00 11.53 11.50 12.21 0.64 5.24 4.88 4.65 0.68 9.7 123.37 - 
11/3/04 16:45 14.00 11.11 11.11 11.92 0.64 5.24 5.12 4.90 0.71 9.7 123.38 - 
11/4/04 6:00 14.00 12.06 12.05 11.15 1.45 25.31 4.82 4.65 0.14 20.0 103.91 - 
11/4/04 7:30 14.00 15.10 15.09 13.28 1.44 24.67 4.81 3.33 0.24 20.0 104.03 - 
11/4/04 10:15 14.00 12.34 12.33 9.97 1.55 25.91 5.96 5.73 0.15 21.3 104.38 - 
11/4/04 11:15 14.00 11.84 11.84 11.27 1.55 26.62 5.96 6.53 0.28 22.0 105.12 - 
11/4/04 13:30 14.00 11.88 11.89 7.40 1.54 27.04 5.22 5.05 0.20 22.0 106.30 - 
11/4/04 15:15 14.00 12.74 12.76 10.40 1.55 26.72 5.96 8.36 0.31 21.2 105.63 - 
11/4/04 21:15 14.00 12.15 12.15 12.14 1.36 23.86 4.06 3.81 0.74 15.0 103.92 - 
11/4/04 23:00 14.00 11.81 11.82 10.84 1.34 23.39 4.31 4.07 0.68 15.0 103.97 - 
11/5/04 3:45 14.40 11.90 11.87 12.95 1.80 24.47 5.96 11.52 1.38 14.60 103.9 - 
11/5/04 4:45 14.40 12.15 12.19 13.16 1.80 24.71 5.96 11.95 1.36 14.77 104.0 - 
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Table B-4. Campaign 2 Raw Stripper Data – Continued 

 TOP TOP MID TOP BOT BOT TOP BOT MID BOT CONDENS VAPOR BOT LIQ VAP TO ORG. OUT  
 TEMP TEMP TEMP TEMP TEMP TEMP RETURN INLET TO REB CONDEN (COND) 

Time T20710 T2079 T2078 T2074 T2073 T2071 T203 T208 T219 T216 T225 
  (F) (F) (F) (F) (F) (F) (F) (F) (F) (F) (F) 

10/26/04 10:35 233.7 239.26 241.6 241.97 242.68 243.75 274.41 244.53 247.34 215.50 131.88 
10/26/04 11:00 232.1 236.83 239.1 239.44 240.28 241.27 273.69 242.47 244.79 213.56 130.09 
10/26/04 14:45 235.2 239.55 241.9 242.02 242.81 243.79 279.08 247.05 247.26 216.36 125.58 
10/27/04 0:15 222.1 239.32 241.5 241.63 243.54 244.31 264.30 247.47 246.87 204.64 80.00 
10/27/04 2:30 215.9 237.83 240.9 241.13 242.96 243.93 266.87 247.56 246.18 197.56 78.28 
10/27/04 3:30 216.0 236.29 239.3 239.57 241.41 242.24 266.02 244.91 244.61 198.19 79.04 
10/27/04 6:00 217.3 238.20 241.3 241.86 243.33 244.51 268.18 246.51 246.78 199.84 79.77 
10/27/04 7:00 218.0 238.84 242.2 242.81 244.35 245.50 269.48 247.63 247.79 200.80 79.52 
10/27/04 12:00 214.1 234.50 238.3 239.26 240.79 242.07 268.26 244.79 244.26 200.59 84.38 
10/27/04 13:00 215.0 233.98 238.4 238.92 240.50 241.73 267.33 244.63 244.03 201.77 86.71 
10/28/04 4:15 215.4 245.04 247.2 247.86 249.80 251.30 270.56 253.32 253.28 194.38 70.43 
10/28/04 5:15 210.1 241.87 244.1 244.77 246.82 248.17 267.14 250.26 250.44 190.70 70.20 
10/28/04 13:40 217.7 235.50 239.1 239.54 241.00 242.11 264.71 244.87 244.43 203.87 86.02 
10/28/04 14:55 218.1 235.35 239.0 239.53 240.99 242.19 264.19 244.91 244.51 204.00 86.30 
10/28/04 16:35 219.4 234.40 238.0 238.42 240.00 241.12 262.99 243.72 243.43 205.43 89.31 
10/28/04 17:15 219.7 234.22 237.5 238.22 239.82 241.01 262.86 243.91 243.36 205.69 89.83 
10/28/04 19:15 220.4 236.87 240.5 241.05 242.63 243.77 266.95 246.90 246.12 207.06 89.98 
10/28/04 20:15 222.3 237.62 240.6 241.27 242.73 243.76 268.77 246.15 246.41 208.90 97.28 
10/29/04 5:45 162.69 203.7 278.37 282.29 287.59 288.37 308.23 292.60 290.98 149.65 67.03 
10/29/04 6:45 154.54 194.7 275.22 281.08 288.13 288.84 309.14 293.17 291.62 136.49 67.25 

11/2/2004 20:32 153.12 160.9 162.86 162.73 163.64 165.01 195.48 164.27 165.26 138.16 61.82 
11/2/2004 21:45 152.39 160.4 162.33 161.80 162.72 164.07 195.54 163.34 164.41 137.94 62.74 

11/3/04 0:30 157.77 166.6 168.46 168.37 169.41 170.74 206.94 170.28 170.96 144.06 70.27 
11/3/04 1:30 158.01 165.9 167.89 168.39 169.43 170.74 202.06 169.74 171.00 143.45 67.02 
11/3/04 5:15 154.06 162.9 165.01 164.11 165.26 166.58 186.00 166.19 166.75 139.71 63.03 
11/3/04 6:15 153.58 162.8 164.76 164.12 165.33 166.63 184.06 165.82 166.79 138.56 61.90 
11/3/04 11:30 157.73 165.6 167.70 167.39 168.56 169.64 196.57 168.42 170.11 143.11 68.54 
11/3/04 12:30 156.28 165.3 167.23 166.71 167.97 169.16 196.36 167.42 169.35 143.14 71.32 
11/3/04 15:45 160.87 166.3 168.73 168.91 170.20 171.20 212.41 169.56 171.88 145.69 80.63 
11/3/04 16:45 162.06 166.6 168.88 169.06 170.33 171.34 209.20 169.79 172.06 146.60 83.87 
11/4/04 6:00 189.46 241.2 244.12 245.26 246.98 248.20 282.73 245.10 249.07 173.28 67.35 
11/4/04 7:30 194.56 239.4 243.06 244.01 245.62 246.96 282.02 246.57 247.72 181.30 72.13 
11/4/04 10:15 174.46 242.3 245.34 246.39 248.47 250.00 286.47 248.04 250.86 158.90 66.61 
11/4/04 11:15 187.95 243.4 246.79 248.02 249.92 251.59 287.59 249.02 252.37 172.62 71.42 
11/4/04 13:30 182.15 244.0 248.03 248.84 250.78 252.26 290.38 255.87 253.10 168.64 73.67 
11/4/04 15:15 185.76 243.9 247.85 248.15 250.18 251.69 287.88 251.13 252.63 171.64 74.17 
11/4/04 21:15 218.16 239.5 242.06 243.28 244.31 245.66 277.75 243.65 246.39 204.49 91.87 
11/4/04 23:00 216.19 238.5 241.79 242.17 243.18 244.59 278.13 242.77 245.33 202.23 90.30 
11/5/04 3:45 228.7 241.14 244.9 245.16 246.45 247.51 289.85 247.42 248.88 210.83 112.54 
11/5/04 4:45 229.5 241.47 245.7 245.77 247.00 248.03 289.78 247.82 249.42 211.33 111.51 
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Table B-5. Campaign 2 Raw Stripper Data – Continued 

 CW CW CW FEED REFLUX STEAM STEAM STEAM HEAT PRE-HEAT 
 INLET OUTLET FLOW TEMP TEMP PRES FLOW TEMP BALANCE  

Time T224 T226 FT205 TT210 TT222 PT202 FC202 T202 HB202  TC210  
  (F) (F) (GPM) (F) (F) (PSIA) (LB/HR) (F) % % 

10/26/04 10:35 58.21 65.33 202.58 177.20 128.15 120.52 1560.22 340.98 - - 
10/26/04 11:00 56.77 64.99 202.44 176.76 127.22 120.54 1637.56 340.49 74.53 - 
10/26/04 14:45 55.01 64.57 202.48 176.40 128.51 119.00 1827.07 339.48 75.48 - 
10/27/04 0:15 50.77 51.98 201.79 171.09 127.52 128.47 850.09 346.34 74.89 13.15 
10/27/04 2:30 51.34 53.08 201.76 164.32 127.11 126.86 956.14 345.45 77.42 13.36 
10/27/04 3:30 51.64 53.20 201.66 163.29 123.75 123.25 954.60 342.30 77.64 13.44 
10/27/04 6:00 52.46 54.09 201.66 169.32 123.77 121.83 1019.97 341.77 79.06 22.00 
10/27/04 7:00 52.51 54.27 201.53 170.04 124.22 121.68 1019.78 341.80 79.32 22.00 
10/27/04 12:00 53.08 55.28 201.96 168.29 121.88 120.89 1134.81 341.36 77.65 22.00 
10/27/04 13:00 53.10 55.46 201.95 170.28 122.55 120.93 1137.39 341.34 77.83 22.00 
10/28/04 4:15 49.50 50.36 201.47 171.73 135.90 129.82 719.75 347.14 74.18 14.00 
10/28/04 5:15 49.88 50.79 201.42 172.36 139.90 128.84 664.47 346.66 75.16 14.00 
10/28/04 13:40 51.14 53.78 201.21 168.00 121.12 121.76 1075.05 341.90 76.82 14.00 
10/28/04 14:55 51.21 53.81 201.19 168.82 122.69 121.42 1075.24 341.84 76.71 14.00 
10/28/04 16:35 51.00 53.88 201.27 175.47 121.31 121.13 1075.33 341.46 74.75 28.00 
10/28/04 17:15 50.97 53.77 201.27 176.22 123.07 121.38 1074.78 341.89 75.00 28.00 
10/28/04 19:15 51.66 54.49 201.27 172.68 116.06 121.01 1192.08 341.52 75.27 20.19 
10/28/04 20:15 52.24 55.55 201.46 171.94 112.71 120.44 1308.63 340.91 75.70 20.34 
10/29/04 5:45 50.79 50.78 201.32 165.60 190.39 128.64 970.03 345.98 87.61 12.87 
10/29/04 6:45 50.86 50.80 201.07 164.02 185.32 127.82 969.96 345.56 88.78 12.90 

11/2/2004 20:32 45.89 47.51 202.24 101.64 113.96 131.41 449.48 347.52 68.35 6.50 
11/2/2004 21:45 46.05 47.68 202.06 108.76 108.77 131.14 449.81 347.47 67.09 6.60 

11/3/04 0:30 46.53 48.58 202.11 119.96 108.82 133.74 520.33 348.83 70.02 7.00 
11/3/04 1:30 46.75 48.71 202.26 119.37 112.09 133.79 500.35 348.89 70.62 7.00 
11/3/04 5:15 46.35 47.52 202.08 119.71 114.41 132.54 425.11 347.98 65.44 7.00 
11/3/04 6:15 46.62 47.20 201.96 116.23 115.65 132.72 425.36 348.09 63.70 7.49 
11/3/04 11:30 47.27 49.09 202.54 130.97 113.81 132.30 524.73 348.33 68.86 8.80 
11/3/04 12:30 47.17 49.18 202.49 132.21 114.47 132.90 544.48 348.78 69.45 9.00 
11/3/04 15:45 47.33 50.34 202.55 147.47 107.79 131.93 625.08 347.91 68.43 11.31 
11/3/04 16:45 46.97 50.87 202.83 150.79 109.83 132.21 624.99 348.13 70.08 11.53 
11/4/04 6:00 54.18 55.00 201.96 158.22 141.14 121.05 1538.28 339.77 83.11 30.00 
11/4/04 7:30 54.90 55.41 202.11 158.82 134.36 120.51 1530.50 339.82 84.09 30.00 
11/4/04 10:15 56.34 56.77 201.91 157.76 135.67 118.05 1649.74 338.56 86.46 100.00 
11/4/04 11:15 56.98 57.65 201.95 160.68 144.30 118.36 1649.78 338.72 86.67 100.00 
11/4/04 13:30 57.08 57.59 202.15 160.17 165.74 119.12 1650.05 339.30 85.90 20.00 
11/4/04 15:15 56.93 57.76 201.98 159.54 154.70 119.48 1650.44 339.30 86.87 20.00 
11/4/04 21:15 53.92 57.11 202.24 168.38 119.48 121.67 1434.79 340.44 77.74 100.00 
11/4/04 23:00 53.92 57.08 202.20 167.28 118.96 121.44 1410.84 340.53 77.12 100.00 
11/5/04 3:45 57.20 63.54 202.62 166.66 115.88 118.00 1929.74 338.04 76.86 100.00 
11/5/04 4:45 57.14 62.85 202.67 166.34 115.21 118.28 1929.73 338.10 76.26 100.00 
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Figure B-1. Campaign 2 DeltaV Overall Process View  
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Figure B-2. Campaign 2 DeltaV Absorber Side Process View 
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Figure B-3. Campaign 2 DeltaV Stripper Side Process View 
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Appendix C: Campaign 4 Raw Pilot Plant Data and DeltaV Process Control Graphics 

Table C-1. Campaign 4 Raw Absorber Data for 5 m K+/2.5 m PZ  

 ABS LEAN ABS LEAN ABS LEAN ABS LEAN ABS LEAN ABS RICH ABS RICH ABS RICH ABS RICH ABS RICH GAS ANNUBAR GAS GAS Cool GAS 
 FLOW DEN TEMP pH pH TEMP FLOW DEN TEMP pH pH TEMP FLOW TEMP IN OUT TEMP 

Time FT403 FT403 TT403 AI403 AI403-T FT200 FT200 TT200 AI401 AI401-T FT900 TT407 TT406 TT400 TT412 
 (GPM) (LB/FT3) (F) (pH) (F) (GPM) (LB/FT3) (F) (pH) (F) (ACFM) (F) (F) (F) (F) 

1/10/06 15:28 13.99 76.51 103.87 11.01 104.29 14.36 76.90 119.54 9.62 119.89 500 82.32 103.90 108.27 61.49 
1/10/06 21:04 12.47 76.81 102.00 11.07 101.91 12.89 77.51 118.64 9.30 119.41 400 61.95 103.88 114.50 56.80 
1/10/06 21:58 12.50 76.85 102.13 11.07 101.95 12.88 77.63 118.13 9.25 119.15 400 61.72 104.21 115.01 56.68 
1/11/06 12:00 12.99 76.92 107.77 10.68 100.93 13.29 77.32 121.96 9.31 123.07 300 72.16 105.15 100.60 52.10 
1/11/06 13:01 13.00 76.91 108.48 10.70 100.02 13.39 77.34 122.38 9.28 123.40 300 75.14 105.07 101.62 53.08 
1/11/06 15:59 14.50 76.89 110.52 10.69 101.30 14.86 77.42 122.52 9.26 122.93 400 79.24 103.97 107.32 54.41 
1/11/06 17:28 14.57 76.89 111.10 10.71 101.28 14.86 77.44 122.44 9.25 122.78 400 74.19 103.99 108.27 53.28 
1/11/06 21:19 14.50 76.97 107.61 10.72 99.66 14.81 77.62 116.57 9.27 116.75 500 67.56 104.17 114.30 53.20 
1/11/06 22:29 14.53 77.04 106.49 10.73 96.50 14.83 77.66 115.13 9.27 115.62 500 65.16 103.96 110.48 51.95 
1/12/06 6:28 11.99 75.98 116.12 10.88 105.82 12.27 76.77 123.55 9.23 125.18 300 64.55 104.10 116.10 54.07 
1/12/06 7:25 11.90 76.08 110.42 10.92 102.13 12.32 76.72 123.54 9.25 125.15 300 64.88 103.91 104.81 54.40 
1/12/06 14:04 14.55 76.07 113.34 10.86 106.58 14.84 76.70 123.21 9.39 123.71 400 77.43 104.03 112.77 57.56 
1/12/06 15:00 14.49 76.06 112.94 10.87 106.53 14.85 76.65 123.15 9.42 123.78 400 81.37 104.19 110.16 58.57 
1/12/06 17:07 14.55 75.86 109.91 10.91 104.87 14.76 76.61 117.16 9.47 117.56 500 80.54 103.82 116.99 60.05 
1/12/06 18:03 14.46 75.91 109.76 10.92 105.38 14.73 76.86 117.24 9.27 117.26 500 76.67 103.99 123.56 60.06 
1/12/06 18:31 14.52 75.93 109.78 10.91 105.84 14.74 76.90 117.06 9.25 117.14 500 76.05 103.98 123.79 60.03 
1/12/06 22:22 13.00 76.10 111.71 10.51 109.22 13.31 76.58 123.58 9.15 124.37 300 64.23 103.93 103.65 50.56 
1/12/06 23:21 12.99 76.20 107.13 10.53 106.27 13.33 76.57 124.30 9.14 124.90 300 63.40 103.94 101.47 50.01 
1/13/06 2:06 14.44 76.24 106.86 10.53 105.65 14.86 76.61 119.91 9.25 120.44 400 61.56 104.11 97.39 48.69 
1/13/06 3:03 14.50 76.28 106.16 10.53 105.11 14.85 76.64 119.17 9.24 119.99 400 59.79 103.94 96.14 48.20 
1/13/06 5:12 14.53 76.34 103.65 10.55 102.31 14.81 76.66 115.34 9.35 115.61 500 61.85 104.17 100.60 49.47 
1/13/06 5:49 14.51 76.35 103.75 10.55 102.43 14.81 76.71 115.23 9.31 115.54 500 61.44 104.20 101.44 49.67 
1/18/06 17:10 28.99 76.03 106.67 10.34 104.72 29.52 76.26 118.26 9.33 117.76 500 78.63 104.03 101.17 54.37 
1/18/06 17:45 29.05 75.96 109.43 10.33 107.85 29.59 76.20 121.09 9.33 120.51 500 76.34 103.90 103.89 54.27 
1/19/06 10:27 30.04 76.09 108.97 10.31 107.26 30.57 76.29 118.53 9.37 118.74 400 70.81 104.13 100.00 52.48 
1/19/06 12:20 30.00 76.08 109.04 10.31 108.14 30.47 76.27 118.08 9.44 118.28 400 76.05 103.83 100.60 53.90 
1/19/06 13:56 23.48 76.21 103.18 10.35 102.60 23.86 76.39 113.32 9.45 113.86 300 79.30 103.96 95.90 53.94 
1/19/06 15:10 23.55 76.24 103.30 10.34 102.78 23.84 76.43 113.75 9.42 114.10 300 79.46 103.93 96.02 53.95 
1/19/06 19:35 24.95 76.08 106.51 10.47 106.04 25.61 76.34 119.14 9.34 119.24 500 70.82 104.03 100.68 53.42 
1/19/06 21:03 24.99 76.06 106.32 10.47 106.11 25.52 76.28 117.88 9.41 118.67 501 69.29 104.10 99.23 53.47 
1/20/06 4:13 25.02 76.00 104.27 10.70 104.13 25.72 76.27 121.15 9.37 121.09 501 67.43 103.98 98.91 56.84 
1/20/06 5:13 25.01 76.00 105.14 10.69 105.20 25.76 76.26 123.62 9.35 123.77 499 66.51 104.11 100.19 56.96 
1/20/06 13:30 20.01 76.38 103.96 10.87 104.33 20.77 76.66 124.09 9.46 124.36 500 79.66 104.88 99.08 59.93 
1/20/06 14:34 19.96 76.42 104.47 10.88 104.85 20.75 76.65 125.76 9.50 125.80 500 84.17 104.76 100.72 60.89 
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Table C-2. Campaign 4 Raw Absorber Data for 5 m K+/2.5 m PZ – Continued 

 GAS PRESSURE PRESSURE ABS BED BED BED BED BED BED COLUMN CO2 CO2 CO2 FTIR FTIR 
 PRESS DRP DRP PRESS TEMP TEMP TEMP TEMP TEMP TEMP LEVEL IN MID OUT CO2 H2O 

Time PT900 PDT450 PDT451 PT415  TT4078 TT4077 TT4076 TT4075 TT4073 TT4071 LT401 AI400 AI406 AI404 AI408 AI408 
 (PSIA) (in H2O) (in H2O) (in H2O) (F) (F) (F) (F) (F) (F) (in) (mol%) (mol%) (mol%) (mol%) (mol%) 

1/10/06 15:28 0.02 2.34 2.35 -5.8 100.4 134.8 148.9 149.7 143.8 121.0 24.7 7.98 3.61 0.59 0.83 - 
1/10/06 21:04 0.02 2.00 1.71 -4.1 105.9 148.7 154.2 148.8 142.4 120.8 25.6 16.28 12.72 4.08 - 9.05 
1/10/06 21:58 0.01 1.99 1.72 -4.3 106.9 148.8 153.2 147.8 140.9 120.8 25.6 17.19 14.06 5.00 4.91 8.81 
1/11/06 12:00 0.03 1.47 0.99 -2.6 93.4 111.7 122.8 126.0 132.3 123.7 26.1 15.49 10.43 2.60 15.16 6.64 
1/11/06 13:01 0.02 1.50 0.99 -2.7 95.0 112.7 124.4 127.3 133.4 124.2 25.9 16.04 10.94 2.81 15.70 6.54 
1/11/06 15:59 0.01 2.05 1.57 -4.2 101.0 126.8 140.9 141.8 141.5 123.3 25.8 16.95 13.03 5.22 5.24 7.38 
1/11/06 17:28 0.02 2.11 1.64 -4.2 101.9 129.4 144.3 144.3 142.8 123.5 25.3 17.09 13.27 5.49 16.64 6.61 
1/11/06 21:19 0.02 2.62 2.49 -6.2 107.4 137.1 142.7 139.3 134.1 118.6 24.8 16.59 13.92 6.89 16.44 6.44 
1/11/06 22:29 0.02 2.65 2.48 -6.2 103.6 134.5 139.8 136.6 131.7 118.0 25.0 17.55 15.08 6.89 9.03 8.54 
1/12/06 6:28 0.02 1.69 1.15 -3.0 107.7 152.2 157.5 155.1 148.5 126.1 25.0 16.63 11.45 2.35 2.25 10.49 
1/12/06 7:25 0.02 1.69 1.07 -3.0 98.4 137.1 153.4 153.2 148.5 125.4 24.8 16.43 10.88 2.03 2.03 7.53 
1/12/06 14:04 0.01 1.74 1.39 -4.0 106.4 144.0 155.2 153.5 148.4 123.9 25.5 13.17 7.79 1.33 1.42 9.17 
1/12/06 15:00 0.00 1.59 1.30 -3.8 104.1 139.8 154.5 154.0 149.6 124.1 25.5 12.77 6.92 1.01 12.63 6.70 
1/12/06 17:07 0.00 2.14 2.19 -5.9 110.6 143.7 147.3 144.0 136.4 118.8 24.8 10.75 7.16 1.89 10.60 6.79 
1/12/06 18:03 0.01 2.16 2.29 -5.9 117.4 149.0 147.6 142.2 134.6 118.3 24.7 16.38 13.29 5.89 16.29 7.00 
1/12/06 18:31 0.01 2.18 2.31 -5.9 117.5 148.3 147.1 141.8 134.2 118.2 24.6 16.03 13.02 5.70 16.13 7.01 
1/12/06 22:22 0.01 1.28 0.84 -2.2 98.8 121.9 134.0 137.6 140.3 124.3 25.0 17.56 13.68 4.95 5.12 7.43 
1/12/06 23:21 0.01 1.32 0.80 -2.3 97.1 116.2 128.1 135.5 139.4 123.7 25.0 17.62 13.76 5.09 5.26 7.33 
1/13/06 2:06 0.01 1.87 1.49 -3.6 92.5 115.1 126.0 129.8 134.3 121.2 25.0 14.93 11.61 5.13 15.06 6.08 
1/13/06 3:03 0.01 1.92 1.54 -3.7 91.3 113.8 124.4 128.3 132.8 121.0 25.0 15.08 11.96 5.42 14.89 6.41 
1/13/06 5:12 0.01 2.59 2.45 -6.2 94.3 121.1 133.3 134.9 131.9 117.7 24.9 11.23 9.06 4.76 4.79 6.39 
1/13/06 5:49 0.02 2.62 2.50 -6.2 95.0 123.2 133.9 134.8 131.2 117.7 24.9 12.64 10.50 5.89 5.70 6.43 
1/18/06 17:10 0.04 3.32 2.93 -6.4 97.3 108.6 112.6 115.9 119.2 119.9 30.1 17.11 12.89 5.21 17.23 6.03 
1/18/06 17:45 0.04 3.52 3.09 -6.6 100.0 111.3 115.4 119.4 122.9 122.3 30.0 16.28 11.93 4.43 16.42 6.65 
1/19/06 10:27 0.04 3.08 2.86 -5.5 95.3 109.6 112.5 115.1 118.6 120.8 30.4 17.16 11.11 2.94 2.70 6.13 
1/19/06 12:20 0.04 2.73 2.36 -5.0 96.3 109.3 111.5 114.0 117.5 120.3 30.1 15.88 9.18 2.19 15.97 6.69 
1/19/06 13:56 0.02 1.76 1.40 -3.0 91.7 103.5 105.8 108.0 111.1 115.7 29.6 16.49 9.08 1.91 1.83 5.92 
1/19/06 15:10 0.03 1.80 1.36 -3.1 92.0 103.7 106.1 108.5 111.4 115.8 30.4 16.76 9.52 2.17 2.23 5.67 
1/19/06 19:35 0.02 3.04 2.40 -6.3 96.1 109.2 115.6 120.5 124.0 121.6 30.4 16.44 13.18 6.28 5.78 6.46 
1/19/06 21:03 0.01 2.88 2.33 -6.1 95.4 107.7 112.5 117.3 121.1 120.5 30.1 13.24 9.70 3.82 3.49 6.22 
1/20/06 4:13 0.01 2.94 2.16 -6.0 93.3 106.7 114.6 121.8 127.0 123.8 30.0 16.62 12.67 4.89 4.86 6.02 
1/20/06 5:13 0.01 2.60 1.90 -5.2 94.8 107.7 115.6 123.4 129.2 125.4 29.8 17.04 12.54 4.27 17.32 6.61 
1/20/06 13:30 0.00 1.95 1.33 -4.3 94.5 105.9 112.0 122.7 133.2 126.0 30.0 13.94 8.57 1.91 1.91 5.82 
1/20/06 14:34 0.00 1.92 1.28 -4.4 96.2 106.1 111.1 121.5 133.3 126.7 29.5 13.04 7.07 1.34 1.39 5.98 

 

1971



 372 

Table C-3. Campaign 4 Raw Stripper Data for 5 m K+/2.5 m PZ  

 STR STR STR STR STR STR STR STR STR COLUMN PRES PRES 
 RETURN RETURN RETURN RETURN RETURN RETURN RETURN RETURN RETURN PRESSURE DRP (LO) DRP (HI) 

Time FT201 FT201 FT201 FT203 FT203 FT203 FT204 FT204  FT204  PT215 PDT250 PDT251 
  (GPM) (F) (LB/FT3) (GPM) (F) (LB/FT3) (GPM) (F) (LB/FT3) (PSIA) (in H2O) (in H2O) 

1/10/06 15:28 13.74 104.12 76.22 2.72 128.85 61.08 0.16 126.21 61.82 23.49 5.96 15.36 
1/10/06 21:04 12.20 103.65 76.51 2.35 128.04 61.70 0.20 123.97 62.47 23.50 5.96 14.52 
1/10/06 21:58 12.26 103.51 76.59 2.36 127.73 61.85 0.10 120.82 62.68 23.50 5.96 15.52 
1/11/06 12:00 12.98 110.52 76.50 0.67 101.06 61.62 0.16 100.41 62.05 23.50 4.12 4.21 
1/11/06 13:01 12.89 111.28 76.48 0.66 103.06 61.58 0.15 102.12 62.02 23.50 4.43 4.54 
1/11/06 15:59 14.33 113.70 76.47 0.72 104.21 61.55 0.21 103.47 62.00 23.50 5.96 6.74 
1/11/06 17:28 14.33 113.79 76.50 0.71 103.00 61.57 0.12 101.52 62.04 23.50 5.96 7.15 
1/11/06 21:19 14.29 110.99 76.68 0.56 99.61 61.67 0.18 99.13 62.09 23.50 5.96 7.33 
1/11/06 22:29 14.29 109.65 76.77 0.49 94.56 61.78 0.30 93.82 62.15 23.50 5.96 7.19 
1/12/06 6:28 11.85 115.79 75.71 1.61 113.94 61.52 0.11 110.19 62.14 23.50 5.96 13.63 
1/12/06 7:25 11.85 113.45 75.70 1.56 114.05 61.52 0.14 110.25 62.15 23.49 5.96 15.03 
1/12/06 14:04 14.22 116.10 75.73 2.05 122.92 61.25 0.11 120.20 61.94 23.51 5.96 15.46 
1/12/06 15:00 14.46 116.03 75.72 2.08 122.79 61.31 0.08 120.39 61.99 23.50 5.96 11.31 
1/12/06 17:07 14.36 112.56 75.60 2.24 125.79 61.14 0.18 123.11 61.86 23.51 5.38 8.84 
1/12/06 18:03 14.10 112.18 75.70 2.12 124.84 61.18 0.29 122.62 61.89 23.51 5.96 11.20 
1/12/06 18:31 14.11 112.09 75.73 2.12 123.58 61.24 0.17 121.22 61.93 23.50 5.96 12.11 
1/12/06 22:22 12.91 111.86 75.77 0.47 100.18 61.69 0.09 98.85 62.13 23.50 5.36 5.53 
1/12/06 23:21 12.91 106.22 75.90 0.49 102.58 61.64 0.09 100.77 62.11 23.50 5.82 6.03 
1/13/06 2:06 14.43 108.47 75.89 0.41 95.41 61.79 0.17 93.66 62.19 23.50 5.96 7.36 
1/13/06 3:03 14.40 107.62 75.94 0.39 93.09 61.85 0.11 91.16 62.23 23.50 5.96 7.49 
1/13/06 5:12 14.38 105.25 76.07 0.33 94.82 61.82 0.16 94.20 62.19 23.50 5.96 7.92 
1/13/06 5:49 14.38 105.31 76.07 0.33 94.73 61.82 0.22 94.21 62.19 23.50 5.96 8.13 
1/18/06 17:10 28.92 108.24 75.85 0.79 103.78 61.61 0.15 103.01 62.07 23.51 5.96 9.78 
1/18/06 17:45 28.87 109.85 75.81 0.80 104.18 61.61 0.15 102.97 62.08 23.50 5.96 12.27 
1/19/06 10:27 29.90 109.51 75.98 0.64 95.45 61.80 0.13 94.76 62.17 23.50 5.96 13.62 
1/19/06 12:20 29.89 109.93 75.94 0.68 98.06 61.75 0.11 97.39 62.14 23.51 5.96 14.47 
1/19/06 13:56 23.38 104.09 76.06 0.49 100.05 61.70 0.08 99.16 62.10 23.51 5.96 8.55 
1/19/06 15:10 23.33 104.42 76.09 0.42 100.53 61.67 0.07 99.10 62.10 23.50 5.96 9.27 
1/19/06 19:35 24.77 108.14 75.96 0.77 100.95 61.72 0.19 99.85 62.16 23.50 5.96 12.01 
1/19/06 21:03 24.80 107.21 75.98 0.79 98.60 61.77 0.18 97.29 62.19 23.50 5.96 9.70 
1/20/06 4:13 24.80 104.83 75.89 1.81 114.89 61.45 0.15 112.34 62.06 23.50 5.96 11.09 
1/20/06 5:13 24.93 105.22 75.88 1.93 118.93 61.36 0.26 116.98 62.00 23.50 5.96 12.42 
1/20/06 13:30 20.34 105.49 76.21 2.56 128.57 61.13 0.13 127.00 61.84 23.51 5.96 12.70 
1/20/06 14:34 20.04 105.10 76.27 2.65 132.35 61.02 0.14 130.62 61.77 23.49 5.96 15.53 
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Table C-4. Campaign 4 Raw Stripper Data for 5 m K+/2.5 m PZ – Continued 

 TOP TOP MID TOP BOT BOT TOP BOT MID BOT COLUMN ACC REBOILER OVHD COND CW CW CW CO2 VAPORIZER 
 TEMP TEMP TEMP TEMP TEMP TEMP LEVEL LEVEL LEVEL VAPOR LIQ INLET OUTLET FLOW FLOW LEVEL 

Time T20710 T2078 T2076 T2075 T2073 T2071 LT206 LC203 LT204 TT216 T225 T224 T226 FT205 FT216 LT802 
  (F) (F) (F) (F) (F) (F) (in) (in) (in) (F) (F) (F) (F) (GPM) (SCFM) (in) 

1/10/06 15:28 239.38 240.3 242.96 243.5 241.01 244.74   247.28 236.2 123.7 57.1 72.9 221 26.51 - 
1/10/06 21:04 236.83 238.1 242.87 243.5 241.08 244.98 274.41 242.80 244.88 235.7 127.1 54.9 68.4 222 40.54 - 
1/10/06 21:58 236.43 237.0 242.98 243.5 241.23 245.15 279.36 246.46 247.11 235.3 128.6 54.8 67.8 222 43.27 - 
1/11/06 12:00 222.82 232.0 239.80 240.1 241.26 244.10 264.27 247.67 247.41 227.0 66.8 48.1 52.3 241 9.83 39.03 
1/11/06 13:01 222.48 232.1 239.96 240.1 241.09 244.07 267.04 247.45 246.16 226.6 68.5 48.6 52.8 242 13.26 39.80 
1/11/06 15:59 223.40 234.6 241.21 241.1 242.34 244.39 266.03 244.96 244.62 226.2 82.7 49.3 54.1 242 32.82 37.99 
1/11/06 17:28 223.58 235.5 241.27 241.6 242.98 244.41 268.09 246.72 247.34 226.1 80.8 48.9 53.6 242 35.22 37.89 
1/11/06 21:19 222.58 234.9 240.52 241.3 242.89 244.36 269.47 247.62 247.87 224.6 67.6 48.5 52.7 242 35.03 37.75 
1/11/06 22:29 221.43 232.9 239.76 240.7 241.90 244.34 268.26 245.06 244.22 223.4 59.1 47.9 51.7 242 36.13 37.49 
1/12/06 6:28 235.60 236.4 242.12 242.7 241.67 244.36 267.17 243.69 243.99 233.1 101.1 51.5 60.2 244 31.40 38.03 
1/12/06 7:25 235.90 234.6 242.20 242.7 241.54 244.48 270.63 253.28 253.50 233.1 100.8 51.9 60.4 244 30.75 38.12 
1/12/06 14:04 237.05 236.3 242.26 242.6 239.47 244.61 267.32 250.17 250.63 234.0 113.1 53.4 64.4 244 32.05 37.76 
1/12/06 15:00 237.48 238.9 242.18 242.4 240.10 244.12 264.71 244.80 244.69 233.6 116.4 53.8 65.0 244 34.94 38.06 
1/12/06 17:07 237.85 240.5 242.17 242.3 240.43 243.71 264.20 245.40 244.78 233.9 120.2 54.2 66.3 244 35.40 37.59 
1/12/06 18:03 236.19 239.4 242.26 242.5 240.58 244.10 262.97 244.19 243.64 233.0 125.9 54.0 65.7 244 46.13 37.62 
1/12/06 18:31 235.75 239.0 242.28 242.5 240.45 244.20 262.86 243.91 243.37 233.3 126.0 54.1 65.6 244 46.27 37.76 
1/12/06 22:22 221.04 229.5 238.04 239.3 239.38 243.15 266.93 247.28 246.18 222.7 57.8 47.4 50.6 242 26.96 38.02 
1/12/06 23:21 221.53 230.0 238.03 239.1 239.52 243.18 268.75 246.30 246.44 222.9 57.7 47.3 50.6 241 26.12 38.37 
1/13/06 2:06 220.69 229.7 237.05 238.1 240.01 243.38 308.18 292.53 290.89 222.3 55.2 46.5 49.6 241 27.63 37.59 
1/13/06 3:03 220.26 229.0 236.72 237.9 240.32 243.41 309.13 293.21 291.60 221.4 53.6 46.4 49.5 241 28.78 37.49 
1/13/06 5:12 222.19 230.1 235.54 236.6 239.89 243.28 194.46 164.25 165.71 223.4 54.6 46.7 49.8 241 24.69 37.25 
1/13/06 5:49 221.36 229.9 236.24 237.2 240.49 243.49 193.71 163.79 164.79 222.3 54.1 46.9 49.9 241 27.52 37.33 
1/18/06 17:10 222.06 230.6 237.03 238.3 240.87 243.32 206.08 170.39 171.24 224.1 89.4 49.7 55.6 210 47.55 38.01 
1/18/06 17:45 222.79 231.4 237.52 238.7 241.12 243.70 201.94 169.45 171.11 224.3 89.7 49.9 55.4 210 49.95 38.07 
1/19/06 10:27 221.53 230.5 235.60 236.6 239.92 243.48 184.20 166.20 166.65 222.3 84.7 49.2 53.7 213 44.70 37.96 
1/19/06 12:20 222.62 232.0 236.28 237.1 240.05 243.42 183.55 165.94 166.45 223.4 82.0 49.5 54.2 213 38.28 38.04 
1/19/06 13:56 219.83 228.1 234.05 234.8 238.74 242.79 196.51 168.29 170.21 222.2 61.0 48.6 51.9 212 18.78 38.32 
1/19/06 15:10 218.31 226.2 232.44 233.1 237.98 242.87 196.92 167.48 169.41 220.6 58.8 48.3 51.4 213 28.50 38.48 
1/19/06 19:35 222.48 229.2 237.68 238.7 240.66 243.84 212.75 169.43 171.72 224.7 86.4 49.6 55.2 213 47.48 38.17 
1/19/06 21:03 223.16 230.9 237.91 239.0 240.73 243.58 210.78 169.93 172.05 225.8 87.7 49.7 55.4 213 42.98 37.90 
1/20/06 4:13 234.75 237.9 240.91 241.5 241.65 244.22 283.09 245.36 249.40 230.5 125.3 54.3 65.7 214 57.28 37.69 
1/20/06 5:13 235.37 238.6 241.08 241.8 241.63 244.37 281.76 246.42 247.36 231.1 127.8 54.8 66.8 214 59.64 37.90 
1/20/06 13:30 238.27 240.5 242.46 242.9 241.14 244.66 286.46 248.06 250.99 234.1 137.6 55.9 71.1 214 43.15 38.05 
1/20/06 14:34 238.66 240.9 242.75 243.1 241.61 245.01 287.58 249.17 252.44 234.6 139.3 56.5 72.2 214 39.33 37.99 
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Table C-5. Campaign 4 Raw Stripper Data for 5 m K+/2.5 m PZ – Continued 

 REBOILER STEAM STEAM COND STM ANNUBAR BOT LIQ VAPOR BOT BOT FEED FEED TRIM STRP 
 DUTY FLOW TEMP RETURN PRES TO REB INLET PROD PROD INLET OUTLET TEMP FEED 

Time QIC202 FC202 T202 T203  T209 T208 TT215 TT212 TT200 TT217 TT210 TT211 
  (MMBTU/HR) (LB/HR) (F) (F) (PSIA) (F) (F) (F) (F) (F) (F) (F) (F) 

1/10/06 15:28 2.138 2224.1 333.8 261.4 116.9 244.9 245.5 245.7 127.9 119.5 231.2 230.2 227.7 
1/10/06 21:04 1.887 1967.5 335.2 264.7 119.1 245.2 246.5 246.0 127.1 118.6 231.6 230.8 229.0 
1/10/06 21:58 1.850 1933.1 335.8 266.7 120.1 245.4 246.6 246.1 126.9 118.1 231.9 231.1 228.9 
1/11/06 12:00 0.827 854.4 341.8 259.1 127.4 243.7 244.2 243.6 131.2 122.0 231.2 229.7 226.6 
1/11/06 13:01 0.829 855.8 341.7 258.8 127.3 243.7 244.1 243.5 131.2 122.4 230.6 228.8 226.2 
1/11/06 15:59 0.950 981.4 341.6 259.7 127.4 244.1 242.3 243.8 131.6 122.5 230.6 229.2 226.5 
1/11/06 17:28 0.935 965.8 342.0 260.0 127.6 244.0 242.2 244.0 131.6 122.4 230.7 229.6 227.1 
1/11/06 21:19 0.875 903.7 342.7 259.6 129.2 244.2 243.9 244.1 126.2 116.6 229.9 228.7 226.0 
1/11/06 22:29 0.864 890.8 342.9 258.5 129.7 243.9 243.8 243.7 124.8 115.1 229.3 227.5 224.9 
1/12/06 6:28 1.425 1482.1 338.4 263.7 122.5 244.3 245.1 244.4 131.7 123.5 231.5 229.6 226.0 
1/12/06 7:25 1.399 1453.9 338.3 263.4 122.3 244.4 245.5 244.5 131.6 123.5 231.3 229.6 226.0 
1/12/06 14:04 1.732 1806.7 336.2 265.7 119.5 244.2 242.9 244.8 131.9 123.2 230.7 229.6 226.7 
1/12/06 15:00 1.748 1824.0 336.0 265.5 119.5 243.8 242.2 244.4 132.3 123.2 231.0 229.8 226.6 
1/12/06 17:07 1.873 1951.5 334.9 263.7 118.0 243.4 243.7 244.3 127.1 117.2 230.3 229.2 226.7 
1/12/06 18:03 1.818 1899.9 335.6 267.2 119.2 243.9 243.3 244.7 126.4 117.2 229.8 228.8 226.0 
1/12/06 18:31 1.818 1901.6 335.7 267.9 119.3 243.9 243.5 244.7 126.2 117.1 229.7 228.7 226.2 
1/12/06 22:22 0.693 712.4 342.7 256.2 129.7 242.5 243.1 242.5 132.6 123.6 230.0 228.7 225.6 
1/12/06 23:21 0.682 701.9 343.6 256.6 131.0 242.6 243.1 242.7 133.5 124.3 230.3 229.0 226.8 
1/13/06 2:06 0.740 761.0 343.1 255.5 130.5 242.6 242.9 242.4 129.6 119.9 229.2 227.3 223.8 
1/13/06 3:03 0.740 759.6 344.1 255.4 132.3 242.7 242.9 242.4 128.8 119.2 228.9 226.6 223.1 
1/13/06 5:12 0.700 719.0 343.3 255.6 131.2 242.6 242.8 242.5 125.4 115.3 228.4 227.0 223.9 
1/13/06 5:49 0.699 718.6 344.4 255.6 133.0 242.7 242.8 242.7 125.4 115.2 228.6 227.1 224.2 
1/18/06 17:10 1.227 1271.5 340.2 261.4 125.3 242.0 240.6 241.9 131.7 118.3 226.2 226.0 224.6 
1/18/06 17:45 1.219 1265.4 338.8 262.3 123.0 242.3 241.1 242.3 134.0 121.1 226.7 226.4 225.2 
1/19/06 10:27 1.150 1192.3 339.1 261.7 123.9 242.2 240.0 241.8 132.1 118.5 225.9 225.6 224.1 
1/19/06 12:20 1.149 1191.4 339.1 261.4 123.8 242.2 240.0 241.8 131.8 118.1 225.8 225.5 223.9 
1/19/06 13:56 0.884 912.0 341.9 258.1 128.0 241.2 244.2 240.6 126.4 113.3 225.2 224.6 222.9 
1/19/06 15:10 0.860 886.5 341.9 257.2 128.1 241.0 243.8 240.4 126.6 113.7 225.1 224.6 222.8 
1/19/06 19:35 1.199 1243.8 338.8 261.9 123.6 242.6 240.0 242.2 131.5 119.1 226.4 226.1 224.7 
1/19/06 21:03 1.225 1271.3 338.9 262.4 123.6 242.3 240.3 241.9 130.4 117.9 225.9 224.9 223.3 
1/20/06 4:13 1.853 1951.3 334.9 273.7 118.8 243.2 245.4 243.5 133.2 121.1 227.3 227.0 225.9 
1/20/06 5:13 1.871 1971.9 335.4 274.9 119.5 243.4 246.4 244.0 135.8 123.6 228.3 228.3 227.1 
1/20/06 13:30 2.175 2266.6 333.2 263.1 115.9 244.0 244.9 244.2 135.6 124.1 229.8 229.3 227.2 
1/20/06 14:34 2.193 2288.9 331.4 263.4 113.4 244.4 245.4 244.8 136.6 125.8 229.8 229.5 227.9 
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Table C-6. Campaign 4 Raw Absorber Data for 6.4 m K+/1.6 m PZ 

 ABS LEAN ABS LEAN ABS LEAN ABS LEAN ABS LEAN ABS RICH ABS RICH ABS RICH ABS RICH ABS RICH GAS ANNUBAR GAS GAS Cool GAS 
 FLOW DEN TEMP pH pH TEMP FLOW DEN TEMP pH pH TEMP FLOW TEMP IN OUT TEMP 

Time FT403 FT403 TT403 AI403 AI403-T FT200 FT200 TT200 AI401 AI401-T FT900 TT407 TT406 TT400 TT412 
 (GPM) (LB/FT3) (F) (pH) (F) (GPM) (LB/FT3) (F) (pH) (F) (ACFM) (F) (F) (F) (F) 

1/23/06 18:40 22.98 79.78 101.77 10.25 100.11 23.27 79.62 110.73 9.67 110.36 300 66.10 106.05 93.35 50.00 
1/23/06 21:40 23.01 79.64 101.49 10.28 99.79 23.44 79.57 110.29 9.69 110.21 300 65.13 105.96 93.91 49.89 
1/24/06 7:38 25.95 78.92 102.19 10.37 101.28 26.67 78.80 109.53 9.77 109.37 300 61.56 105.98 91.85 53.48 
1/24/06 9:00 26.04 79.07 104.94 10.30 104.08 26.61 78.95 112.80 9.65 112.80 300 68.88 106.03 95.42 53.03 
1/24/06 11:30 14.98 79.49 98.16 10.29 93.90 15.49 79.36 110.35 9.46 111.35 300 72.59 106.15 92.84 49.99 
1/24/06 12:25 15.01 79.51 98.08 10.28 95.16 15.55 79.39 110.70 9.46 111.16 300 77.29 107.01 93.68 50.97 
1/24/06 19:37 15.00 79.67 100.09 10.50 94.21 15.56 79.50 113.53 9.53 114.14 300 68.33 106.99 94.09 52.24 
1/24/06 20:34 15.04 79.65 99.48 10.50 93.36 15.49 79.48 112.81 9.53 113.56 300 66.97 106.98 93.50 51.85 
1/25/06 4:58 17.01 79.09 103.07 10.57 95.25 17.64 79.03 112.04 9.60 112.83 300 68.09 107.10 91.46 53.60 
1/25/06 15:00 20.94 79.00 100.99 10.52 99.54 21.58 78.95 112.07 9.69 112.05 300 80.69 101.67 98.21 57.12 
1/25/06 16:00 21.01 79.06 101.63 10.52 99.62 21.60 79.00 113.51 9.66 113.26 300 82.01 103.96 99.38 56.91 
1/25/06 21:00 18.02 79.07 104.02 10.51 99.61 18.63 79.02 115.12 9.58 114.98 300 68.62 104.02 97.85 53.50 
1/25/06 22:04 18.02 79.16 102.74 10.54 98.28 18.67 79.11 113.81 9.60 114.02 300 67.92 104.07 96.36 53.31 
1/26/06 0:58 15.01 78.91 101.98 10.56 95.12 15.61 78.88 113.96 9.51 114.45 300 64.74 104.13 95.27 52.11 
1/26/06 2:00 15.01 78.95 101.09 10.57 94.21 15.55 78.90 112.19 9.56 113.00 300 63.13 104.07 93.54 51.66 
1/26/06 5:32 15.02 79.16 102.95 10.70 94.49 15.56 79.10 114.95 9.57 115.45 300 66.79 103.94 95.62 54.59 
1/26/06 6:32 15.01 79.26 103.09 10.69 94.64 15.61 79.22 115.47 9.55 115.88 300 67.06 103.76 96.06 54.55 
1/26/06 10:00 18.00 78.98 105.84 10.68 99.53 18.63 78.97 115.67 9.64 116.16 300 64.53 103.96 96.32 55.79 
1/26/06 11:00 18.03 79.08 104.79 10.70 98.99 18.60 79.07 115.12 9.71 115.70 300 65.13 103.78 94.74 55.80 
1/26/06 15:00 21.01 78.88 106.82 10.57 101.84 21.73 78.87 116.51 9.54 116.71 500 69.97 103.80 101.12 57.16 
1/26/06 16:00 20.98 78.96 106.80 10.57 102.15 21.77 78.95 116.40 9.56 116.63 500 74.46 104.28 101.20 57.41 
1/26/06 19:00 17.97 79.01 110.35 10.51 102.94 18.67 79.09 118.17 9.43 118.66 500 66.42 103.91 105.60 54.13 
1/26/06 19:50 17.99 79.04 110.69 10.53 103.87 18.63 79.12 118.32 9.44 118.91 500 66.28 103.76 105.91 54.98 
1/27/06 0:30 15.02 78.63 113.99 10.53 100.99 15.57 78.97 113.46 9.38 115.08 501 63.70 103.62 112.63 54.32 
1/27/06 1:30 14.99 78.70 113.15 10.52 99.30 15.54 78.98 113.65 9.38 114.95 501 62.85 104.19 110.50 53.44 
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Table C-7. Campaign 4 Raw Absorber Data for 6.4 m K+/1.6 m PZ – Continued 

 GAS PRESSURE PRESSURE ABS BED BED BED BED BED BED COLUMN CO2 CO2 CO2 FTIR FTIR 
 PRESS DRP DRP PRESS TEMP TEMP TEMP TEMP TEMP TEMP LEVEL IN MID OUT CO2 H2O 

Time PT900 PDT450 PDT451 PT415  TT4078 TT4077 TT4076 TT4075 TT4073 TT4071 LT401 AI400 AI406 AI404 AI408 AI408 
 (PSIA) (in H2O) (in H2O) (in H2O) (F) (F) (F) (F) (F) (F) (in) (mol%) (mol%) (mol%) (mol%) (mol%) 

1/23/06 18:40 0.02 1.35 1.43 -2.5 87.9 99.9 99.6 105.5 106.6 111.9 25.6 15.72 11.02 4.98 - - 
1/23/06 21:40 0.09 1.50 6.07 -5.8 89.1 98.9 100.7 103.7 106.0 111.7 18.5 15.73 11.02 5.26 - - 
1/24/06 7:38 0.02 1.52 1.09 -2.5 85.2 101.9 102.5 104.7 106.6 111.7 17.8 14.32 9.20 3.23 - - 
1/24/06 9:00 0.02 1.51 1.04 -2.5 87.6 104.9 106.0 108.4 110.5 114.3 17.5 16.15 10.98 4.19 - - 
1/24/06 11:30 0.01 0.53 0.49 -1.5 85.5 99.4 99.7 104.8 105.8 112.1 17.7 17.60 14.72 7.32 8.78 3.99 
1/24/06 12:25 0.01 0.53 0.46 -1.5 86.1 99.6 100.0 104.7 105.8 112.4 17.6 18.02 15.08 7.32 8.88 4.31 
1/24/06 19:37 0.00 0.77 0.68 -1.8 89.1 102.1 104.3 107.9 109.9 115.8 18.4 17.64 14.24 7.32 7.60 5.12 
1/24/06 20:34 0.00 0.84 0.85 -2.1 88.4 101.5 104.1 106.9 109.2 115.2 18.7 17.03 13.63 7.31 7.13 5.15 
1/25/06 4:58 0.00 1.01 0.72 -2.1 84.5 103.6 104.6 108.6 110.2 116.0 17.0 16.17 12.43 5.41 16.28 5.70 
1/25/06 15:00 0.00 0.99 0.55 -1.9 92.3 101.9 103.8 106.9 109.6 113.1 16.7 16.64 11.37 3.58 3.63 5.13 
1/25/06 16:00 0.01 1.05 0.60 -2.0 92.4 102.8 105.1 108.1 110.8 114.5 16.6 17.24 12.18 4.11 4.18 5.42 
1/25/06 21:00 0.00 1.12 0.74 -2.2 92.4 105.7 108.9 111.9 114.5 117.0 17.3 16.69 12.58 5.18 5.19 5.70 
1/25/06 22:04 0.00 1.13 0.76 -2.2 91.4 103.8 106.8 110.1 112.6 115.6 17.5 16.01 11.93 4.80 4.91 5.55 
1/26/06 0:58 0.00 1.02 0.71 -2.1 90.2 103.9 107.4 110.8 113.5 116.2 16.9 16.48 13.22 6.24 16.39 6.17 
1/26/06 2:00 0.00 1.04 0.73 -2.0 88.7 102.2 105.0 108.4 110.9 114.7 16.9 14.76 11.47 5.04 15.16 5.06 
1/26/06 5:32 -0.01 1.02 0.73 -2.2 90.0 104.5 107.9 111.9 114.7 117.6 17.0 15.17 11.30 4.27 15.68 6.27 
1/26/06 6:32 -0.01 1.05 0.71 -2.2 90.3 105.0 108.9 113.0 116.2 118.3 17.1 16.20 12.41 4.96 16.34 6.76 
1/26/06 10:00 0.00 1.06 0.68 -2.1 91.1 106.1 108.3 112.5 115.2 118.7 17.1 15.53 10.55 3.12 3.16 5.89 
1/26/06 11:00 0.00 1.18 0.76 -2.2 89.7 105.1 108.4 112.0 114.6 118.2 17.4 16.92 12.22 4.01 17.31 6.62 
1/26/06 15:00 0.02 2.50 2.18 -5.3 95.3 108.5 113.7 117.5 120.5 119.6 16.6 16.56 14.58 7.32 8.86 6.56 
1/26/06 16:00 0.02 2.51 2.18 -5.4 95.1 108.3 113.2 117.0 119.9 119.6 16.3 16.37 14.27 7.32 8.68 6.81 
1/26/06 19:00 0.01 2.58 2.23 -5.9 98.9 114.1 123.3 129.0 132.5 121.7 17.2 17.29 15.83 7.32 9.92 7.36 
1/26/06 19:50 0.01 2.64 2.30 -6.1 99.4 114.6 124.4 131.2 133.8 121.9 17.2 16.57 14.99 7.32 9.44 7.22 
1/27/06 0:30 0.00 2.45 2.40 -6.5 105.6 129.7 136.0 133.9 128.7 118.6 17.1 17.24 16.54 7.32 10.28 9.39 
1/27/06 1:30 -0.01 2.46 2.37 -6.6 103.2 126.6 134.5 132.8 128.7 118.7 17.1 16.88 16.11 7.32 10.14 8.57 
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Table C-8. Campaign 4 Raw Stripper Data for 6.4 m K+/1.6 m PZ 

 STR STR STR STR STR STR STR STR STR COLUMN PRES PRES 
 RETURN RETURN RETURN RETURN RETURN RETURN RETURN RETURN RETURN PRESSURE DRP (LO) DRP (HI) 

Time FT201 FT201 FT201 FT203 FT203 FT203 FT204 FT204  FT204  PT215 PDT250 PDT251 
  (GPM) (F) (LB/FT3) (GPM) (F) (LB/FT3) (GPM) (F) (LB/FT3) (PSIA) (in H2O) (in H2O) 

1/23/06 18:40 22.87 101.32 79.64 1.16 92.88 61.73 0.07 91.23 62.13 5.11 5.96 8.43 
1/23/06 21:40 22.91 100.86 79.51 1.25 92.42 62.65 0.06 90.91 63.04 5.16 5.35 6.08 
1/24/06 7:38 26.10 101.58 78.84 1.72 96.36 61.98 0.11 93.61 62.42 5.14 5.96 20.88 
1/24/06 9:00 26.09 104.04 78.99 1.70 95.89 63.84 0.09 93.48 64.34 5.08 5.96 20.80 
1/24/06 11:30 15.09 97.60 79.37 0.62 93.57 61.78 0.05 93.31 62.16 5.11 2.82 2.81 
1/24/06 12:25 15.07 98.21 79.37 0.66 94.71 61.69 0.07 94.63 62.07 5.10 3.06 3.07 
1/24/06 19:37 15.01 100.66 79.52 1.43 97.15 61.66 0.07 95.27 62.11 5.11 5.96 6.53 
1/24/06 20:34 14.99 99.99 79.51 1.38 96.36 61.68 0.10 94.39 62.13 5.10 5.96 6.70 
1/25/06 4:58 16.99 106.55 79.01 2.43 102.72 65.23 0.09 99.31 65.77 5.21 5.96 18.06 
1/25/06 15:00 21.16 100.94 78.86 1.98 108.68 61.57 0.06 106.08 62.14 7.51 5.96 19.43 
1/25/06 16:00 21.07 101.75 78.92 1.94 108.39 61.63 0.05 106.70 62.16 7.50 5.96 19.54 
1/25/06 21:00 18.10 102.44 78.97 1.70 104.67 61.68 0.09 102.14 62.21 7.50 5.96 11.07 
1/25/06 22:04 18.07 103.89 79.01 1.66 104.56 61.62 0.07 102.17 62.15 7.50 5.96 11.08 
1/26/06 0:58 15.18 102.77 78.77 1.39 102.53 61.61 0.09 100.40 62.11 7.50 5.96 6.99 
1/26/06 2:00 15.12 101.37 78.82 1.24 101.08 61.62 0.09 97.92 62.14 7.50 5.96 6.52 
1/26/06 5:32 15.14 103.72 79.07 2.10 108.05 62.15 0.04 104.75 62.75 7.50 5.96 12.63 
1/26/06 6:32 15.02 103.98 79.14 2.12 107.62 62.27 0.08 104.18 62.84 7.49 5.96 15.44 
1/26/06 10:00 18.12 105.99 78.87 2.22 113.11 61.40 0.08 107.46 62.08 10.99 5.96 12.33 
1/26/06 11:00 18.14 105.62 78.97 2.21 111.91 61.46 0.08 106.64 62.12 11.00 5.96 16.10 
1/26/06 15:00 21.07 107.82 78.80 1.88 107.38 61.56 0.21 104.69 62.12 11.00 5.96 16.00 
1/26/06 16:00 21.03 107.74 78.87 1.87 107.73 61.54 0.23 105.87 62.08 11.00 5.96 17.49 
1/26/06 19:00 18.02 111.70 78.95 1.45 102.39 61.62 0.21 100.26 62.13 11.00 5.96 8.99 
1/26/06 19:50 17.96 111.82 78.98 1.47 103.32 61.59 0.24 101.09 62.11 11.00 5.96 9.26 
1/27/06 0:30 14.99 117.35 78.65 1.04 95.54 61.76 0.18 93.66 62.19 11.00 4.99 5.18 
1/27/06 1:30 15.05 117.24 78.68 1.03 93.58 61.80 0.25 92.22 62.21 10.99 5.09 5.27 
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Table C-9. Campaign 4 Raw Stripper Data for 6.4 m K+/1.6 m PZ – Continued 

 TOP TOP MID TOP BOT BOT TOP BOT MID BOT COLUMN ACC REBOILER OVHD COND CW CW CW CO2 VAPORIZER 
 TEMP TEMP TEMP TEMP TEMP TEMP LEVEL LEVEL LEVEL VAPOR LIQ INLET OUTLET FLOW FLOW LEVEL 

Time T20710 T2078 T2076 T2075 T2073 T2071 LT206 LC203 LT204 TT216 T225 T224 T226 FT205 FT216 LT802 
  (F) (F) (F) (F) (F) (F) (in) (in) (in) (F) (F) (F) (F) (GPM) (SCFM) (in) 

1/23/06 18:40 164.79 166.7 168.65 169.0 170.34 171.74 14.99 5.96 11.59 160.2 83.7 48.3 55.6 217 32.47 37.70 
1/23/06 21:40 160.82 163.4 165.54 166.2 169.20 171.55 12.03 6.08 8.19 158.1 85.0 48.6 56.1 217 33.26 37.54 
1/24/06 7:38 165.70 168.8 170.73 170.8 173.05 175.16 17.02 5.84 13.84 162.8 97.3 53.0 63.4 216 31.78 37.42 
1/24/06 9:00 164.44 168.2 170.25 170.3 172.65 174.90 16.99 5.60 13.63 162.3 97.3 52.3 61.9 216 35.65 37.46 
1/24/06 11:30 161.17 162.8 166.74 166.6 165.41 169.43 17.00 5.71 12.64 157.0 56.0 47.7 51.7 215 24.59 37.74 
1/24/06 12:25 161.60 162.8 166.89 166.7 165.80 169.52 16.98 5.84 12.37 157.2 57.4 48.4 52.6 215 23.88 37.69 
1/24/06 19:37 165.64 167.3 168.33 168.7 167.33 171.00 16.98 6.23 13.49 161.8 87.7 50.9 59.6 216 31.56 37.64 
1/24/06 20:34 165.55 167.2 168.27 168.7 166.90 170.95 17.00 6.30 13.63 161.7 85.8 50.6 59.0 216 29.99 37.57 
1/25/06 4:58 165.44 170.0 171.24 171.1 170.31 174.92 15.99 5.89 14.13 163.6 106.4 53.1 64.4 220 34.13 37.69 
1/25/06 15:00 182.41 185.9 187.22 187.3 188.40 190.39 16.00 5.55 13.40 179.6 104.6 53.9 65.7 215 34.28 38.01 
1/25/06 16:00 181.91 185.5 187.03 187.2 188.12 190.30 16.01 5.42 13.50 179.3 104.8 53.7 65.2 215 36.68 37.90 
1/25/06 21:00 181.74 184.3 185.49 186.1 184.51 188.30 15.97 6.17 12.99 178.8 98.7 52.2 62.2 216 34.85 38.14 
1/25/06 22:04 181.81 184.3 185.52 186.1 184.47 188.34 15.97 6.08 12.93 178.7 97.0 52.0 61.8 218 33.11 37.90 
1/26/06 0:58 181.05 183.0 184.61 185.1 183.63 187.03 16.01 6.02 12.96 177.2 89.5 50.7 59.0 218 30.98 38.11 
1/26/06 2:00 180.98 182.3 184.50 184.9 183.62 186.89 16.00 6.00 12.91 176.8 89.2 50.2 57.7 218 28.44 38.23 
1/26/06 5:32 181.86 184.4 185.93 186.1 183.29 188.36 16.01 6.20 14.00 179.7 105.8 53.4 65.3 218 32.44 38.11 
1/26/06 6:32 181.29 185.3 186.59 186.7 184.42 189.05 15.99 5.99 13.98 179.6 107.1 53.5 65.4 218 34.30 38.23 
1/26/06 10:00 200.60 203.0 204.04 204.3 202.28 206.36 16.01 5.73 13.70 196.9 115.6 54.5 67.3 219 34.68 38.43 
1/26/06 11:00 200.39 202.9 204.76 204.9 203.68 207.04 16.02 5.80 13.82 197.1 115.9 54.5 67.3 218 36.93 38.22 
1/26/06 15:00 199.41 202.5 204.10 204.5 203.52 206.88 15.98 6.34 14.04 195.7 112.8 54.1 65.7 218 42.16 38.42 
1/26/06 16:00 199.31 201.9 204.14 204.4 203.80 206.91 15.98 6.25 13.61 195.7 112.3 53.8 65.5 218 41.97 38.67 
1/26/06 19:00 198.21 200.8 202.89 203.4 200.95 205.56 16.00 6.08 13.41 194.2 101.9 50.9 60.0 220 41.27 38.39 
1/26/06 19:50 198.46 200.9 203.17 203.7 200.92 205.68 15.99 6.09 13.44 194.4 102.1 51.7 60.9 220 40.45 38.60 
1/27/06 0:30 196.90 198.4 202.17 202.4 202.00 204.68 15.99 5.96 13.67 192.0 89.1 50.2 57.1 222 36.34 39.06 
1/27/06 1:30 196.85 198.2 202.23 202.4 201.36 204.67 15.99 5.98 13.62 191.9 88.7 49.6 56.5 221 36.00 38.22 
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Table C-10. Campaign 4 Raw Stripper Data for 6.4 m K+/1.6 m PZ – Continued 

 REBOILER STEAM STEAM COND STM ANNUBAR BOT LIQ VAPOR BOT BOT FEED FEED TRIM STRP 
 DUTY FLOW TEMP RETURN PRES TO REB INLET PROD PROD INLET OUTLET TEMP FEED 

Time QIC202 FC202 T202 T203  T209 T208 TT215 TT212 TT200 TT217 TT210 TT211 
  (MMBTU/HR) (LB/HR) (F) (F) (PSIA) (F) (F) (F) (F) (F) (F) (F) (F) 

1/23/06 18:40 1.068 1006.3 342.4 169.2 129.5 170.2 171.0 170.6 116.6 110.7 162.9 163.1 162.3 
1/23/06 21:40 1.074 1015.3 343.3 173.6 131.4 170.0 171.5 170.5 116.2 110.3 162.7 162.9 162.3 
1/24/06 7:38 1.463 1381.6 338.0 168.8 123.0 173.6 175.9 174.4 116.2 109.5 165.5 165.6 164.8 
1/24/06 9:00 1.386 1304.7 339.0 166.6 123.8 173.2 175.6 174.0 119.2 112.8 165.8 165.8 164.9 
1/24/06 11:30 0.624 587.8 342.4 168.7 128.1 167.8 168.4 168.0 115.2 110.4 161.4 161.2 160.1 
1/24/06 12:25 0.646 608.9 342.2 169.1 127.8 167.9 168.5 168.2 115.4 110.7 161.5 161.5 160.4 
1/24/06 19:37 1.172 1100.4 344.0 166.8 131.6 170.0 172.1 171.0 118.2 113.5 164.2 164.1 163.2 
1/24/06 20:34 1.150 1079.5 344.2 166.3 132.2 169.9 172.0 170.7 117.5 112.8 163.8 163.7 162.8 
1/25/06 4:58 1.583 1493.0 337.0 167.5 121.1 173.1 175.7 174.5 116.9 112.0 166.3 165.9 164.4 
1/25/06 15:00 1.573 1521.0 338.2 193.1 122.2 189.0 191.3 189.8 119.7 112.1 179.8 179.9 179.1 
1/25/06 16:00 1.535 1481.7 338.7 191.9 122.8 188.9 191.2 189.7 120.8 113.5 179.8 179.9 179.2 
1/25/06 21:00 1.367 1329.0 339.2 199.4 123.8 186.8 189.0 187.5 121.8 115.1 178.5 178.6 177.9 
1/25/06 22:04 1.350 1306.8 339.4 195.0 124.1 186.8 189.0 187.5 120.7 113.8 178.3 178.3 177.6 
1/26/06 0:58 1.164 1119.4 341.7 189.4 127.7 185.6 187.5 186.3 120.2 114.0 177.6 177.5 176.5 
1/26/06 2:00 1.076 1029.3 342.5 184.4 129.0 185.4 187.3 185.8 118.5 112.2 177.0 176.8 175.8 
1/26/06 5:32 1.573 1519.9 336.7 192.0 120.6 187.0 189.5 188.1 121.1 114.9 179.1 178.9 177.9 
1/26/06 6:32 1.577 1521.3 337.4 190.7 121.4 187.7 190.0 188.8 121.5 115.5 179.7 179.4 178.4 
1/26/06 10:00 1.768 1750.0 336.1 215.1 119.8 204.7 206.9 205.6 124.1 115.7 194.3 193.9 192.7 
1/26/06 11:00 1.793 1776.8 335.9 216.5 119.5 205.3 207.6 206.2 123.6 115.1 194.8 194.3 192.8 
1/26/06 15:00 1.682 1664.4 336.4 214.7 119.9 205.2 207.0 205.9 125.3 116.5 194.2 193.9 192.8 
1/26/06 16:00 1.683 1663.1 336.8 214.4 120.3 205.2 207.0 205.9 125.2 116.4 194.2 193.9 192.7 
1/26/06 19:00 1.378 1368.0 338.0 219.3 122.3 204.0 206.1 204.7 126.0 118.2 193.7 193.3 192.2 
1/26/06 19:50 1.388 1374.0 337.2 216.1 121.2 204.2 206.3 204.8 126.1 118.3 193.7 193.2 192.1 
1/27/06 0:30 1.123 1104.9 339.0 210.9 123.8 203.3 205.2 203.3 120.9 113.5 192.3 191.6 189.6 
1/27/06 1:30 1.125 1112.7 339.2 216.1 124.2 203.2 205.2 203.3 121.1 113.7 192.3 191.6 189.5 
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Figure C-1. Campaign 4 DeltaV Overall Process View 

1980
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Figure C-2. Campaign 4 DeltaV Absorber Side Process View 

1981



 382 

 
Figure C-3. Campaign 4 DeltaV CO2 Recycle Process View 

 

1982
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Figure C-4. Campaign 4 DeltaV Stripper Side Process View 

1983
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Figure C-5. Campaign 4 DeltaV Gas and Liquid Flow Rate History View 

1984
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Figure C-6. Campaign 4 DeltaV Stripper Process Instrumentation History View 

1985
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Figure C-7. Campaign 4 DeltaV Stripper Level and Pressure History View 

1986
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Appendix D: Physical and Transport Property Data Used for DRS 

Regression 

 

 

 

The kinematic viscosity measured by Cullinane (2005) was converted to 

dynamic viscosity using the values predicted by the density correlation: 

 [ ] [ ] [ ]
α

ρ
33

323

10010.910442.0
10882.110204.10537.0130.1

−−

−+−+

×+×−

×+×−+=

T
PZKK  (D.1) 

 
where ρ density has units of g/cm3, [i] is the concentration of the species in 

molality, T is the temperature in Kelvin, and α is the loading in mol CO2/(mol K 

+ mol PZ). 

D.1 DENSITY DATA 

Table D-1. Density Data for Aqueous PZ (Cullinane, 2005) 

Temp 
K 

[PZ] 
mole/kg H2O 

measρ  

g/cm3 

298.15 0.5 0.999 
298.15 1.0 1.001 
298.15 1.5 1.003 
298.15 1.8 1.004 
313.15 0.5 0.994 
313.15 1.0 0.996 
313.15 1.5 0.997 
313.15 1.8 0.999 

 

1987
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Table D-2. Density Data for Aqueous K+ (Cullinane, 2005) 

Temp 
K 

[K+] 
mole/kg H2O 

Loading 
 

measρ  

g/cm3 

298.15 1.5 0.950 1.085 
298.15 3.0 0.950 1.159 
298.15 3.0 0.850 1.154 
298.15 6.0 0.500 1.283 
298.15 12.0 0.500 1.466 
313.15 1.5 0.950 1.087 
313.15 3.0 0.950 1.152 
313.15 3.0 0.850 1.152 
313.15 6.0 0.500 1.275 
313.15 12.0 0.500 1.461 

Loading = mol CO2tot/(mol K+) 

Table D-3. Density Data for K+/PZ Mixtures (Cullinane, 2005) 

Temp 
K 

[K+] 
mole/kg H2O 

[PZ] 
mole/kg H2O 

Loading 
 

measρ  

g/cm3 
298.15 1.0 1.0 0.250 1.053 
298.15 1.0 1.0 0.500 1.067 
298.15 1.0 2.5 0.286 1.065 
298.15 2.5 2.5 0.500 1.138 
298.15 3.0 0.3 0.455 1.152 
298.15 3.0 0.3 0.909 1.163 
298.15 3.0 0.9 0.769 1.165 
298.15 5.0 2.5 0.667 1.237 
313.15 1.0 1.0 0.250 1.047 
313.15 1.0 1.0 0.500 1.059 
313.15 1.0 2.5 0.143 1.046 
313.15 1.0 2.5 0.285 1.057 
313.15 2.5 2.5 0.250 1.108 
313.15 2.5 2.5 0.500 1.132 
313.15 5.0 0.5 0.455 1.228 
313.15 5.0 0.5 0.909 1.236 
313.15 5.0 2.5 0.667 1.227 

Loading = mol CO2tot/(mol K + mol PZ) 
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Table D-4. Density Data for K+/PZ Mixtures (This Work) 

Temp 
K 

[K+] 
mole/kg H2O 

[PZ] 
mole/kg H2O 

Loading 
 

measρ  

g/cm3 

314.05 5.0 2.5 0.500 1.231 
317.45 5.0 2.5 0.500 1.229 
319.25 5.0 2.5 0.500 1.228 
322.45 5.0 2.5 0.500 1.227 
324.55 5.0 2.5 0.500 1.226 
327.15 5.0 2.5 0.500 1.224 
329.05 5.0 2.5 0.500 1.223 
331.85 5.0 2.5 0.500 1.221 
333.75 5.0 2.5 0.500 1.220 
313.75 6.4 1.6 0.399 1.268 
317.35 6.4 1.6 0.399 1.267 
320.15 6.4 1.6 0.399 1.265 
322.75 6.4 1.6 0.399 1.263 
324.15 6.4 1.6 0.399 1.262 
327.15 6.4 1.6 0.399 1.261 
328.95 6.4 1.6 0.399 1.260 
332.55 6.4 1.6 0.399 1.258 
334.05 6.4 1.6 0.399 1.257 
313.95 6.4 1.6 0.602 1.274 
316.45 6.4 1.6 0.602 1.273 
319.05 6.4 1.6 0.602 1.272 
321.85 6.4 1.6 0.602 1.270 
324.15 6.4 1.6 0.602 1.269 
327.05 6.4 1.6 0.602 1.267 
328.95 6.4 1.6 0.602 1.266 
332.05 6.4 1.6 0.602 1.264 
333.75 6.4 1.6 0.602 1.264 

Loading = mol CO2tot/(mol K + 2 mol PZ)
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Table D-5. Density Data for K2CO3-H2O (kg/m3), (Aseyev and Zaytsev, 1996) 

K2CO3 x-K2CO3 Temperature (°C) 
wt% Mole 25 30 35 40 45 50 55 60 65 70 75 80 

2 0.002653 1013.4 1011.7 1009.9 1008.0 1005.9 1003.6 1001.3 998.8 996.1 993.4 990.5 987.7 
4 0.005402 1031.2 1029.4 1027.4 1025.4 1023.2 1020.8 1018.4 1015.8 1013.2 1010.4 1007.6 1004.8 
6 0.008251 1049.4 1047.4 1045.4 1043.2 1040.9 1038.5 1036.0 1033.4 1030.7 1028.0 1025.2 1022.4 
8 0.011207 1068.0 1065.9 1063.7 1061.5 1059.1 1056.7 1054.1 1051.5 1048.8 1046.0 1043.3 1040.5 

10 0.014276 1086.9 1084.7 1082.5 1080.2 1077.7 1075.2 1072.6 1070.0 1067.2 1064.5 1061.7 1058.9 
12 0.017464 1106.1 1103.9 1101.5 1099.1 1096.7 1094.1 1091.5 1088.8 1086.1 1083.3 1080.5 1077.7 
14 0.020778 1125.7 1123.3 1120.9 1118.5 1116.0 1113.4 1110.7 1108.0 1105.3 1102.5 1099.7 1096.9 
16 0.024226 1145.6 1143.2 1140.7 1138.2 1135.6 1133.0 1130.3 1127.6 1124.8 1122.1 1119.3 1116.4 
18 0.027816 1165.8 1163.3 1160.8 1158.3 1155.7 1153.0 1150.3 1147.6 1144.8 1142.0 1139.2 1136.4 
20 0.031558 1186.4 1183.9 1181.4 1178.8 1176.1 1173.4 1170.7 1167.9 1165.2 1162.3 1159.5 1156.7 
22 0.035460 1207.4 1204.8 1202.2 1199.6 1196.9 1194.2 1191.5 1188.7 1185.9 1183.1 1180.2 1177.4 
24 0.039534 1228.7 1226.1 1223.5 1220.8 1218.1 1215.4 1212.6 1209.8 1207.0 1204.1 1201.3 1198.4 
26 0.043791 1250.3 1247.7 1245.1 1242.4 1239.6 1236.8 1234.0 1231.2 1228.4 1225.6 1222.7 1219.9 
28 0.048244 1272.3 1269.6 1267.0 1264.2 1261.5 1258.7 1255.8 1253.0 1250.2 1247.3 1244.5 1241.6 
30 0.052907 1294.6 1291.9 1289.2 1286.4 1283.6 1280.8 1278.0 1275.2 1272.3 1269.5 1266.6 1263.8 
32 0.057794 1317.3 1314.5 1311.8 1309.0 1306.2 1303.3 1300.5 1297.7 1294.8 1292.0 1289.1 1286.3 
34 0.062922 1340.2 1337.5 1334.7 1331.9 1329.1 1326.2 1323.4 1320.5 1317.7 1314.8 1312.0 1309.1 
36 0.068311 1363.5 1360.8 1358.0 1355.1 1352.3 1349.4 1346.6 1343.7 1340.9 1338.0 1335.1 1332.3 
38 0.073979 1387.2 1384.4 1381.6 1378.7 1375.9 1373.0 1370.2 1367.3 1364.4 1361.6 1358.7 1355.8 
40 0.079949 1411.2 1408.4 1405.5 1402.7 1399.8 1396.9 1394.1 1391.2 1388.3 1385.4 1382.5 1379.6 
42 0.086247 1435.6 1432.7 1429.9 1427.0 1424.1 1421.3 1418.4 1415.5 1412.6 1409.7 1406.8 1403.9 
44 0.092900 1460.4 1457.5 1454.6 1451.8 1448.9 1446.0 1443.2 1440.3 1437.4 1434.4 1431.5 1428.6 
46 0.099938 1485.6 1482.7 1479.8 1477.0 1474.1 1471.2 1468.3 1465.4 1462.5 1459.6 1456.6 1453.7 
48 0.107397 1511.2 1508.3 1505.4 1502.5 1499.6 1496.7 1493.9 1491.0 1488.0 1485.1 1482.1 1479.1 
50 0.115314 1537.0 1534.1 1531.2 1528.3 1525.5 1522.6 1519.7 1516.8 1513.8 1510.9 1507.9 1504.9 
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Table D-6. Density Data for KHCO3-H2O (kg/m3), (Aseyev and Zaytsev, 1996) 

KHCO3 x-KHCO3 Temperature (°C) 
wt% mole 25 30 35 40 45 50 55 60 65 70 75 80 

2 0.003659 1011.5 1009.5 1007.4 1005.4 1002.9 1000.5 998.1 995.6 992.8 990.0 987.2 984.4 
4 0.007441 1027.9 1025.6 1023.2 1020.9 1018.3 1015.7 1013.1 1010.5 1007.6 1004.7 1001.8 998.9 
6 0.011355 1043.9 1041.4 1038.8 1036.2 1033.5 1030.8 1028.1 1025.3 1022.4 1019.4 1016.4 1013.4 
8 0.015405 1059.5 1056.8 1054.1 1051.4 1048.5 1045.7 1042.9 1040.1 1037.0 1033.9 1030.8 1027.8 

10 0.019601 1075.1 1072.2 1069.4 1066.5 1063.6 1060.6 1057.7 1054.8 1051.6 1048.4 1045.3 1042.1 
12 0.023949 1090.3 1087.3 1084.4 1081.4 1078.4 1075.4 1072.4 1069.4 1066.1 1062.9 1059.6 1056.4 
14 0.028458 1105.4 1102.4 1099.4 1096.3 1093.2 1090.1 1087.0 1084.0 1080.6 1077.3 1074.0 1070.6 
16 0.033137 1120.5 1117.4 1114.3 1111.2 1108.0 1104.9 1101.7 1098.5 1095.1 1091.7 1088.3 1084.9 
18 0.037997 1135.5 1132.3 1129.2 1126.0 1122.8 1119.6 1116.4 1113.1 1109.6 1106.1 1102.7 1099.2 
20 0.043047 1150.4 1147.3 1144.1 1140.9 1137.6 1134.3 1131.0 1127.7 1124.1 1120.6 1117.0 1113.4 
22 0.048299 1165.5 1162.3 1159.0 1155.8 1152.4 1149.1 1145.7 1142.4 1138.7 1135.1 1131.4 1127.8 
24 0.053766 1180.6 1177.3 1174.0 1170.7 1167.3 1163.9 1160.4 1157.0 1153.3 1149.6 1145.9 1142.1 
26 0.059461 1195.5 1192.5 1189.1 1185.8 1182.3 1178.8 1175.3 1171.8 1168.0 1164.2 1160.4 1156.6 
28 0.065398 - - 1204.4 1200.9 1197.3 1193.7 1190.2 1186.6 1182.7 1178.8 1174.9 1171.1 
30 0.071594 - - - 1216.1 1212.4 1208.7 1205.0 1201.4 1197.4 1193.5 1189.5 1185.5 
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D.2 VISCOSITY DATA 

Table D-7. Viscosity Data for Aqueous PZ (cP), (Cullinane, 2005) 

x-PZ x-H2O Temperature (°C) 
mole mole 25 40 60 70 

0.008927 0.991073 1.09 0.78 0.54 0.45 
0.017696 0.982304 1.28 0.91 0.60 0.51 
0.026311 0.973689 1.52 1.03 0.68 0.57 
0.031409 0.968591 1.66 1.13 0.73 0.60 

 

Table D-8. Viscosity Data for K+/PZ Mixtures (cP), (Cullinane, 2005) 

x-K2CO3 x-PZ x-CO2 x-H2O Temperature (°C) 
mole mole mole mole 25 40 60 70 

0.025637 0 0.025637 0.948726 1.32 - - - 
0.043097 0 0 0.956903 1.90 - - - 
0.004405 0.017618 0 0.977977 1.39 0.66 - - 
0.004385 0.017541 0.004403 0.973671 1.39 0.65 - - 
0.008546 0.034183 0.008546 0.948726 2.11 1.41 0.91 0.74 
0.00877 0.017541 0 0.973689 1.48 1.06 0.71 0.59 
0.008694 0.017388 0.008694 0.965223 1.48 - 0.71 - 
0.008619 0.034477 0 0.956903 2.13 1.42 0.9 0.73 
0.017388 0.017388 0 0.965223 1.74 1.23 0.83 0.69 
0.017091 0.017091 0.017091 0.948726 1.70 1.22 0.82 0.69 
0.016804 0.033608 0.016804 0.932784 2.40 1.64 1.05 0.87 
0.025858 0.017239 0 0.956903 - 1.43 - 0.8 
0.028704 0.057408 0.028704 0.885184 4.90 3.12 1.87 1.49 
0.032515 0.032515 0.032515 0.902454 3.12 2.14 1.38 1.13 
0.039677 0.039677 0.039677 0.88097 4.15 2.77 1.75 1.42 
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Table D-9. Viscosity Data for K2CO3-H2O (kg/m3), (Aseyev and Zaytsev, 1996) 

K2CO3 x-K2CO3 Temperature (°C) 
wt% mole 25 30 35 40 45 50 55 60 65 70 75 80 

2 0.002653 0.928 0.839 0.763 0.701 0.647 0.599 0.533 0.509 0.467 0.432 0.404 0.377 
4 0.005402 0.974 0.881 0.804 0.738 0.680 0.629 0.582 0.539 0.498 0.461 0.428 0.400 
6 0.008251 1.014 0.924 0.848 0.780 0.718 0.662 0.613 0.569 0.528 0.489 0.454 0.424 
8 0.011207 1.053 0.969 0.894 0.825 0.760 0.700 0.647 0.600 0.558 0.519 0.482 0.450 
10 0.014276 1.104 1.012 0.934 0.864 0.799 0.737 0.682 0.632 0.588 0.547 0.510 0.477 
12 0.017464 1.160 1.059 0.977 0.906 0.840 0.778 0.721 0.670 0.622 0.579 0.539 0.505 
14 0.020778 1.228 1.115 1.026 0.953 0.886 0.823 0.765 0.711 0.660 0.614 0.573 0.537 
16 0.024226 1.289 1.183 1.093 1.014 0.943 0.877 0.815 0.757 0.704 0.655 0.610 0.571 
18 0.027816 1.376 1.269 1.172 1.086 1.010 0.939 0.872 0.811 0.755 0.704 0.656 0.612 
20 0.031558 1.481 1.369 1.265 1.172 1.089 1.012 0.940 0.875 0.816 0.762 0.710 0.662 
22 0.035460 1.613 1.485 1.370 1.269 1.179 1.097 1.020 0.949 0.884 0.824 0.769 0.718 
24 0.039534 1.758 1.613 1.486 1.376 1.278 1.189 1.106 1.028 0.956 0.891 0.831 0.777 
26 0.043791 1.906 1.748 1.612 1.493 1.387 1.291 1.202 1.118 1.038 0.966 0.900 0.842 
28 0.048244 2.063 1.893 1.746 1.618 1.503 1.399 1.302 1.212 1.127 1.050 0.980 0.916 
30 0.052907 2.230 2.050 1.893 1.755 1.630 1.516 1.411 1.313 1.333 1.136 1.057 0.988 
32 0.057794 2.415 2.228 2.059 1.908 1.771 1.649 1.537 1.432 1.329 1.227 1.134 1.056 
34 0.062922 2.611 2.412 2.232 2.071 1.924 1.784 1.653 1.537 1.43 1.323 1.219 1.135 
36 0.068311 2.828 2.613 2.419 2.247 2.087 1.930 1.782 1.654 1.544 1.438 1.333 1.242 
38 0.073979 3.072 2.832 2.619 2.431 2.257 2.085 1.920 1.781 1.668 1.565 1.463 1.368 
40 0.079949 3.391 3.094 2.847 2.639 2.453 2.277 2.111 1.961 1.829 1.712 1.604 1.503 
42 0.086247 3.861 3.450 3.138 2.895 2.686 2.495 2.317 2.151 2.001 1.871 1.755 1.648 
44 0.092900 4.593 3.983 3.553 3.239 2.985 2.764 2.564 2.378 2.208 2.058 1.927 1.818 
46 0.099938 5.642 4.751 4.133 3.701 3.367 3.089 2.849 2.638 2.449 2.277 2.120 1.981 
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Table D-10. Density Data for KHCO3-H2O (kg/m3), (Aseyev and Zaytsev, 1996) 

KHCO3 x-KHCO3 Temperature (°C) 
wt% mole 25 30 35 40 45 50 55 60 65 70 75 80 

2 0.003659 0.932 0.832 0.750 0.681 0.622 0.571 0.528 0.490 0.457 0.429 0.404 0.383 
4 0.007441 0.970 0.867 0.784 0.713 0.652 0.598 0.550 0.509 0.473 0.443 0.417 0.396 
6 0.011355 1.008 0.902 0.815 0.740 0.676 0.620 0.571 0.530 0.494 0.463 0.436 0.412 
8 0.015405 1.047 0.941 0.851 0.772 0.702 0.643 0.594 0.552 0.517 0.486 0.459 0.434 

10 0.019601 1.084 0.980 0.889 0.807 0.734 0.672 0.620 0.576 0.539 0.508 0.484 0.463 
12 0.023949 1.123 1.021 0.927 0.842 0.767 0.702 0.647 0.601 0.563 0.533 0.508 0.488 
14 0.028458 1.162 1.058 0.963 0.877 0.802 0.736 0.679 0.631 0.592 0.561 0.535 0.513 
16 0.033137 1.202 1.097 1.000 0.914 0.838 0.771 0.712 0.663 0.623 0.590 0.562 0.537 
18 0.037997 1.241 1.136 1.040 0.954 0.877 0.809 0.749 0.698 0.655 0.620 0.588 0.559 
20 0.043047 1.282 1.178 1.084 0.998 0.920 0.849 0.787 0.733 0.687 0.649 0.615 0.583 
22 0.048299 1.324 1.219 1.124 1.039 0.962 0.891 0.827 0.770 0.721 0.679 0.643 0.611 
24 0.053766 1.366 1.260 1.165 1.081 1.005 0.935 0.870 0.810 0.758 0.713 0.674 0.640 
26 0.059461 1.409 1.300 1.206 1.123 1.049 0.980 0.914 0.853 0.799 0.750 0.708 0.670 
28 0.065398 - - 1.247 1.168 1.096 1.028 0.961 0.898 0.841 0.790 0.743 0.700 
30 0.071594 - - - 1.211 1.143 1.076 1.007 0.942 0.884 0.830 0.779 0.730 
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Appendix E: Aspen Plus® DRS Regression Results 

 

 

 

Data for the Aspen Plus® Data Regression System was inputted as mole 

fractions for each the components.  The apparent component concentration 

approach was used for the regression analysis.  The conversion factor that was 

used for water was 55.5093 mole H2O/kg H2O.  Final model parameters were 

selected based on the smallest residual root mean square error value that could 

be obtained through the regression analysis.  Also, the degree of correlation 

between any two parameters was evaluated by observing the values for the off-

diagonal elements of the matrix in the Regression Results| Correlations sheet.  

For parameters that are independent, the correlation coefficient is zero, whereas 

1 or -1 means a high degree correlation.  However, asymmetric binary 

parameters for activity coefficient models are highly correlated, where both the ij 

and ji parameters are needed to fit the data (Aspen Technology Inc., 2006). 

E.1 DENSITY RESULTS 

The DRS results of the simultaneous density regression analysis for the 

K2CO3-H2O, KHCO3-H2O, and PZ-H2O systems are shown in this section.  The 

correlation matrix of the regressed parameters for density is shown in Table E-1.  

The matrix shows that there is a high degree of correlation of between 4 sets of 

parameters, which are in bold and italicized.  However, removal of these 

parameters in resulted higher residual errors and the parameters were not 

removed. 
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Table E-1. Parameter Correlation Matrix of Liquid Density for the K2CO3-PZ-
H2O-CO2 System 

Parameter 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 1.00                           
2 -0.84 1.00                         
3 0.16 -0.13 1.00                       
4 0.03 -0.03 -0.55 1.00                     
5 -0.04 0.03 0.53 -0.99 1.00                   
6 -0.23 0.19 -0.62 0.00 0.01 1.00                 
7 -0.64 0.53 -0.12 0.00 0.01 0.19 1.00               
8 0.44 -0.36 0.10 -0.01 0.01 -0.18 -0.92 1.00             
9 0.56 -0.47 0.07 0.02 -0.02 -0.08 -0.64 0.40 1.00           
10 -0.54 0.45 -0.08 -0.01 0.02 0.10 0.72 -0.56 -0.97 1.00         
11 0.02 -0.02 0.07 -0.16 0.17 -0.02 -0.02 0.01 0.00 0.00 1.00       
12 -0.03 0.02 -0.07 0.16 -0.18 0.02 0.02 -0.01 0.00 0.00 -0.99 1.00     
13 -0.65 0.54 -0.49 0.26 -0.23 0.08 0.38 -0.20 -0.42 0.38 -0.05 0.05 1.00   
14 0.22 -0.19 -0.43 0.14 -0.21 0.37 -0.12 0.06 0.14 -0.13 -0.01 0.01 -0.22 1.00 

 

A plot of the estimated and experimental values of density for the K2CO3-

H2O system is shown in Figure E-1.  The average absolute deviation was 0.07% 

and the root mean square error was 0.09%.  The figure shows that the density of 

potassium carbonate was well predicted by the regressed parameters over the 

range of 2–50 wt% K2CO3 and from 25 to 80 °C. 

1996



 397 

1040

1120

1200

1280

1360

1440

1520

1040 1120 1200 1280 1360 1440 1520

D
R

S
 E

st
im

at
ed

 V
al

ue
 (k

g/
m

3 )

Experimental Value (kg/m3)  
Figure E-1. DRS Results for Density of K2CO3-H2O System 

A plot of the estimated and experimental values of density for the 

KHCO3-H2O system is shown in Figure E-2.  The average absolute deviation was 

0.14% and the root mean square error was 0.18%.  The figure shows that the 

density of potassium bicarbonate was well correlated with the regressed 

parameters over the range of 2–30 wt% KHCO3 and from 25 to 80 °C.  However, 

the plot shows that there was a slight systematic deviation within each set of data 

points.  Within each data set, the predictions of density at the lower temperatures 

appeared to be systematically off. 

A plot of the estimated and experimental values of density for the PZ-H2O 

system is shown in Figure E-3.  The average absolute deviation was 0.10% and 

the root mean square error was 0.11%.  The figure shows that the density of 

piperazine was well correlated with the regressed parameters over the range of 

0.5–1.8 molal piperazine and from 25 to 40 °C. 
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Figure E-2. DRS Results for Density of KHCO3-H2O System 
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Figure E-3. DRS Results for Density of PZ-H2O System 

E.2 VISCOSITY RESULTS 
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The DRS results of the simultaneous viscosity regression analysis for the 

K2CO3-H2O, KHCO3-H2O, and PZ-H2O systems are presented.  The correlation 

matrix of the regressed parameters for viscosity is shown in Table E-2.  The 

matrix shows that there is a high degree of correlation of between the four binary 

interaction parameters for the Andrade equation, which is expected per the 

Aspen Plus® help file. 

Table E-2. Parameter Correlation Matrix of Liquid Viscosity for the K2CO3-PZ-
H2O-CO2 System 

Parameter 1 2 3 4 5 6 7 8 9 10 
1 1.00                   
2 -0.09 1.00                 
3 0.00 -0.02 1.00               
4 0.18 -0.11 0.00 1.00             
5 -0.58 -0.38 -0.01 0.18 1.00           
6 -0.10 0.06 -0.01 -0.59 -0.10 1.00         
7 0.08 -0.06 0.00 -0.02 -0.10 0.01 1.00       
8 -0.10 0.07 0.00 -0.01 0.07 0.01 -1.00 1.00     
9 -0.09 0.07 0.00 -0.01 0.08 0.01 -0.96 0.96 1.00   

10 0.10 -0.07 0.00 0.02 -0.06 -0.01 0.95 -0.96 -1.00 1.00 
 

The DRS results for the regression of K2CO3-H2O viscosity is plotted in 

Figure E-4.  The average absolute deviation was 2.68% and the root mean square 

error was 3.98%.  The figure shows that the viscosity of potassium carbonate was 

well predicted by the regressed parameters over the range of 2–50 wt% K2CO3 

and from 25 to 80 °C up to a value of 3.2 cP.  At high viscosities, which were 

typically at low temperatures and high K2CO3 concentrations, the viscosities 

were under predicted by up to 20%. 
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Figure E-4. DRS Results for Viscosity of K2CO3-H2O System 

The DRS results for the regression of KHCO3-H2O viscosity is presented in 

Figure E-5.  The average absolute deviation was 4.89% and the root mean square 

error was 5.89%.  The figure shows that the viscosity of potassium bicarbonate 

was not as well predicted by the regressed parameters over the range of 2–

30wt% K2CO3 and from 25 to 80 °C.  The predicted liquid viscosity was 

reasonable up to 0.65 cP.  At higher viscosities, a difference of 5–15% was 

consistently observed between the experimental and regressed data. 

Figure E-6 shows that the DRS parameters consistently under predict the 

viscosity of the PZ-H2O system.  The average absolute deviation of the regressed 

values was 5.32% and the root mean square error was 5.72%.  The viscosity 

parameters were regressed using data for 0.5–1.8 molal piperazine from 25 to 

70 °C.  Predicted values of piperazine viscosity should reasonable over the same 

range of conditions. 
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Figure E-5. DRS Results for Viscosity of KHCO3-H2O System 

0.4

0.6

0.8

1

1.2

1.4

1.6

0.4 0.6 0.8 1 1.2 1.4 1.6

D
R

S
 E

st
im

at
ed

 V
al

ue
 (c

P
)

DRS Estimated Value (cP)  
Figure E-6. DRS Results for Viscosity of PZ-H2O System
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Appendix F:Aspen Plus® Data-Fit Regression Results – Campaign 2 

 

Table F-1. Run 2.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.26 0.26 0.13 0.10 0.52     
2 40079 40079 17427 5923 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 29174         
2 GH2OIN MOL/HR 5745         
3 GCO2IN MOL/HR 4095 4080 205 193 -0.075 
4 GCO2OT MOL/HR 1854 1862 93 92 0.083 
5 LK2CO3 MOL/HR 3301         
6 LPZ MOL/HR 2835         
7 LH2O MOL/HR 80026         
8 LCO2IN MOL/HR 1598 1237 479.4 180 -0.753 
9 TGIN C 54.42         
10 TLIN C 41.21 41.24 2.06 2.06 0.013 
11 T4077 C 58.87 55.65 5.89 5.48 -0.546 
12 T4076 C 53.13 53.09 5.31 3.39 -0.007 
13 T4075 C 51.64 50.99 7.75 4.37 -0.084 
14 T4073 C 50.02 50.23 7.50 4.05 0.028 
15 TLOUT C 50.51 54.91 2.53 0.84 1.742 
16 RHLDG     0.551       
17 LCO2RH  MOL/HR   6755       
18 LNLDG    0.370       
19 AVELIQ SQM   0.00052       
20 AVEGAS CUM/SEC   0.277       
21 AREA SQM   1.90       
22 AVAREA SQM 29174         

 

Table F-2. Run 2.3 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.36 0.36 0.37 0.10 1.09     
2 17058 17058 30841 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 23689         
2 GH2OIN MOL/HR 2927         
3 GCO2IN MOL/HR 3069 3018 460 398 -0.111 
4 GCO2OT MOL/HR 1076 1088 215 208 0.056 
5 LK2CO3 MOL/HR 3724         
6 LPZ MOL/HR 3198         
7 LH2O MOL/HR 90288         
8 LCO2IN MOL/HR 2124 1948 637.2 350 -0.276 
9 TGIN C 46.23         
10 TLIN C 40.73 40.85 8.15 8.14 0.015 
11 T4077 C 61.97 61.07 9.30 8.97 -0.096 
12 T4076 C 56.74 57.21 8.51 3.81 0.055 
13 T4075 C 54.76 53.58 8.21 4.85 -0.144 
14 T4073 C 51.4 50.82 7.71 5.02 -0.075 
15 TLOUT C 44.74 47.52 6.71 2.24 0.414 
16 RHLDG     0.549       
17 LCO2RH  MOL/HR   7602       
18 LNLDG    0.410       
19 AVELIQ SQM   0.00059       
20 AVEGAS CUM/SEC   0.225       
21 AREA SQM   2.64       
22 AVAREA SQM 23689         
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Table F-3. Run 2.4 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.46 0.46 0.18 0.11 0.81     
2 29000 29000 12169 5149 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 23707         
2 GH2OIN MOL/HR 2832         
3 GCO2IN MOL/HR 3223 3225 161 155 0.016 
4 GCO2OT MOL/HR 956 955 48 48 -0.012 
5 LK2CO3 MOL/HR 4550         
6 LPZ MOL/HR 3907         
7 LH2O MOL/HR 110299         
8 LCO2IN MOL/HR 2734 2486 546.8 143 -0.453 
9 TGIN C 45.62         
10 TLIN C 40.6 40.67 2.03 2.03 0.036 
11 T4077 C 62.54 61.11 6.25 6.09 -0.229 
12 T4076 C 58.32 58.27 5.83 2.06 -0.008 
13 T4075 C 56.65 54.32 5.67 2.76 -0.412 
14 T4073 C 54.31 51.10 5.43 3.00 -0.591 
15 TLOUT C 44.59 46.39 2.23 1.41 0.805 
16 RHLDG     0.550       
17 LCO2RH  MOL/HR   9306       
18 LNLDG    0.416       
19 AVELIQ SQM   0.00073       
20 AVEGAS CUM/SEC   0.226       
21 AREA SQM   3.36       
22 AVAREA SQM 23707         

 

Table F-4. Run 2.5 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.54 0.54 0.18 0.18 0.90     
2 30250 30250 10890 8906 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 23950         
2 GH2OIN MOL/HR 2996         
3 GCO2IN MOL/HR 2863 2875 143 139 0.082 
4 GCO2OT MOL/HR 713 712 36 36 -0.042 
5 LK2CO3 MOL/HR 4536         
6 LPZ MOL/HR 3895         
7 LH2O MOL/HR 109956         
8 LCO2IN MOL/HR 2721 2543 544.2 126 -0.326 
9 TGIN C 46.72         
10 TLIN C 40.55 40.65 2.03 2.03 0.047 
11 T4077 C 62.16 60.46 6.22 6.09 -0.274 
12 T4076 C 58.36 57.77 5.84 1.87 -0.101 
13 T4075 C 56.92 53.76 5.69 2.61 -0.555 
14 T4073 C 54.5 50.47 5.45 2.96 -0.739 
15 TLOUT C 44.61 46.84 2.23 1.49 1.000 
16 RHLDG     0.548       
17 LCO2RH  MOL/HR   9246       
18 LNLDG    0.420       
19 AVELIQ SQM   0.00072       
20 AVEGAS CUM/SEC   0.224       
21 AREA SQM   4.01       
22 AVAREA SQM 23950         
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Table F-5. Run 2.6 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.79 0.79 0.17 0.45 1.13     
2 38399 38349 7122 24389 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 24017         
2 GH2OIN MOL/HR 3071         
3 GCO2IN MOL/HR 2797 2825 140 135 0.200 
4 GCO2OT MOL/HR 491 490 25 25 -0.035 
5 LK2CO3 MOL/HR 5179         
6 LPZ MOL/HR 4447         
7 LH2O MOL/HR 125556         
8 LCO2IN MOL/HR 2997 3034 599.4 118 0.062 
9 TGIN C 47.18         
10 TLIN C 41.2 41.38 2.06 2.05 0.087 
11 T4077 C 59.29 58.92 5.93 5.92 -0.062 
12 T4076 C 59.12 58.66 5.91 2.24 -0.078 
13 T4075 C 58.2 54.58 5.82 2.64 -0.621 
14 T4073 C 54.31 51.21 5.43 2.79 -0.571 
15 TLOUT C 44.59 46.95 2.23 1.45 1.058 
16 RHLDG     0.548       
17 LCO2RH  MOL/HR   10548       
18 LNLDG    0.427       
19 AVELIQ SQM   0.00083       
20 AVEGAS CUM/SEC   0.223       
21 AREA SQM   5.78       
22 AVAREA SQM 24017         

 

Table F-6. Run 2.7 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.67 0.67 0.18 0.32 1.02     
2 35000 35000 8004 19313 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 23607         
2 GH2OIN MOL/HR 3211         
3 GCO2IN MOL/HR 2954 2944 148 145 -0.066 
4 GCO2OT MOL/HR 561 561 28 28 0.012 
5 LK2CO3 MOL/HR 5199         
6 LPZ MOL/HR 4464         
7 LH2O MOL/HR 126028         
8 LCO2IN MOL/HR 4240 2984 848 131 -1.481 
9 TGIN C 48.15         
10 TLIN C 41.27 41.44 2.06 2.06 0.082 
11 T4077 C 61.61 61.07 6.16 6.14 -0.087 
12 T4076 C 59.99 60.39 6.00 2.30 0.067 
13 T4075 C 59.22 56.55 5.92 2.91 -0.451 
14 T4073 C 58.52 53.32 5.85 3.12 -0.888 
15 TLOUT C 46.41 48.67 2.32 1.38 0.975 
16 RHLDG     0.547       
17 LCO2RH  MOL/HR   10564       
18 LNLDG    0.423       
19 AVELIQ SQM   0.00083       
20 AVEGAS CUM/SEC   0.225       
21 AREA SQM   4.88       
22 AVAREA SQM 23607         
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Table F-7. Run 2.8.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.45 0.45 0.18 0.10 0.81     
2 35553 35553 17102 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 30722         
2 GH2OIN MOL/HR 4857         
3 GCO2IN MOL/HR 4071 4098 204 195 0.134 
4 GCO2OT MOL/HR 1383 1378 69 69 -0.076 
5 LK2CO3 MOL/HR 5410         
6 LPZ MOL/HR 4646         
7 LH2O MOL/HR 131157         
8 LCO2IN MOL/HR 3031 2874 606.2 187 -0.259 
9 TGIN C 50.83         
10 TLIN C 41.36 41.43 2.07 2.07 0.033 
11 T4077 C 63.23 59.75 6.32 6.06 -0.550 
12 T4076 C 59.13 57.29 5.91 2.01 -0.311 
13 T4075 C 58.33 53.74 5.83 2.91 -0.788 
14 T4073 C 54.74 50.88 5.47 3.50 -0.705 
15 TLOUT C 46.64 50.80 2.33 1.30 1.786 
16 RHLDG     0.548       
17 LCO2RH  MOL/HR   11012       
18 LNLDG    0.412       
19 AVELIQ SQM   0.00086       
20 AVEGAS CUM/SEC   0.291       
21 AREA SQM   3.32       
22 AVAREA SQM 30722         

 

Table F-8. Run 2.8.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.47 0.47 0.27 0.10 1.00     
2 30460 30460 22130 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 30240         
2 GH2OIN MOL/HR 5436         
3 GCO2IN MOL/HR 3902 3894 390 363 -0.021 
4 GCO2OT MOL/HR 1274 1278 127 126 0.029 
5 LK2CO3 MOL/HR 5396         
6 LPZ MOL/HR 4633         
7 LH2O MOL/HR 130809         
8 LCO2IN MOL/HR 3327 2891 831.75 318 -0.524 
9 TGIN C 53.18         
10 TLIN C 41.59 41.62 2.08 2.08 0.015 
11 T4077 C 63.36 62.05 6.34 6.22 -0.207 
12 T4076 C 59.41 59.22 5.94 3.33 -0.033 
13 T4075 C 58.75 56.01 8.81 4.57 -0.311 
14 T4073 C 55.58 53.63 8.34 5.14 -0.234 
15 TLOUT C 47.77 53.95 4.78 1.31 1.294 
16 RHLDG     0.543       
17 LCO2RH  MOL/HR   10895       
18 LNLDG    0.413       
19 AVELIQ SQM   0.00086       
20 AVEGAS CUM/SEC   0.291       
21 AREA SQM   3.36       
22 AVAREA SQM 30240         
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Table F-9. Run 2.9.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.45 0.45 0.63 0.10 1.20     
2 10300 10300 27350 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 19538         
2 GH2OIN MOL/HR 1366         
3 GCO2IN MOL/HR 2482 2487 124 121 0.042 
4 GCO2OT MOL/HR 744 736 149 142 -0.050 
5 LK2CO3 MOL/HR 3544         
6 LPZ MOL/HR 3043         
7 LH2O MOL/HR 85913         
8 LCO2IN MOL/HR 1855 1959 463.75 165 0.224 
9 TGIN C 36.16         
10 TLIN C 40.56 40.55 2.03 2.03 -0.003 
11 T4077 C 64.24 64.37 6.42 5.29 0.020 
12 T4076 C 58.69 59.47 5.87 4.40 0.133 
13 T4075 C 56.39 55.77 8.46 4.14 -0.073 
14 T4073 C 53.74 52.91 8.06 3.97 -0.103 
15 TLOUT C 41.84 42.05 4.18 2.25 0.051 
16 RHLDG     0.551       
17 LCO2RH  MOL/HR   7255       
18 LNLDG    0.418       
19 AVELIQ SQM   0.00057       
20 AVEGAS CUM/SEC   0.189       
21 AREA SQM   3.33       
22 AVAREA SQM 19538         

 

Table F-10. Run 2.9.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.46 0.46 0.68 0.10 1.20     
2 9840 9874 29007 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 19420         
2 GH2OIN MOL/HR 1464         
3 GCO2IN MOL/HR 2478 2484 124 121 0.048 
4 GCO2OT MOL/HR 713 705 143 137 -0.058 
5 LK2CO3 MOL/HR 3534         
6 LPZ MOL/HR 3034         
7 LH2O MOL/HR 85665         
8 LCO2IN MOL/HR 1818 1922 454.5 159 0.229 
9 TGIN C 37.45         
10 TLIN C 40.79 40.78 2.04 2.04 -0.003 
11 T4077 C 64.84 64.80 6.48 5.24 -0.006 
12 T4076 C 59.05 59.75 5.91 4.63 0.119 
13 T4075 C 56.68 56.01 8.50 4.17 -0.079 
14 T4073 C 54.05 53.14 8.11 3.93 -0.112 
15 TLOUT C 42.34 42.79 4.23 2.16 0.107 
16 RHLDG     0.551       
17 LCO2RH  MOL/HR   7235       
18 LNLDG    0.415       
19 AVELIQ SQM   0.00056       
20 AVEGAS CUM/SEC   0.189       
21 AREA SQM   3.38       
22 AVAREA SQM 19420         
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Table F-11. Run 2.10.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.70 0.70 0.17 0.37 1.03     
2 27001 27206 6345 14770 39642     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 18228         
2 GH2OIN MOL/HR 2378         
3 GCO2IN MOL/HR 2466 2469 123 121 0.024 
4 GCO2OT MOL/HR 357 357 18 18 -0.002 
5 LK2CO3 MOL/HR 4791         
6 LPZ MOL/HR 4114         
7 LH2O MOL/HR 116141         
8 LCO2IN MOL/HR 3448 2822 1724 102 -0.363 
9 TGIN C 47.16         
10 TLIN C 41.2 41.34 2.06 2.05 0.069 
11 T4077 C 52.25 51.92 5.23 5.11 -0.064 
12 T4076 C 58.78 60.66 5.88 2.78 0.320 
13 T4075 C 58.92 58.03 5.89 2.94 -0.152 
14 T4073 C 59.84 55.39 5.98 2.98 -0.743 
15 TLOUT C 48 49.18 2.40 1.44 0.491 
16 RHLDG     0.546       
17 LCO2RH  MOL/HR   9724       
18 LNLDG    0.427       
19 AVELIQ SQM   0.00076       
20 AVEGAS CUM/SEC   0.174       
21 AREA SQM   5.14       
22 AVAREA SQM 18228         

 

Table F-12. Run 2.10.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.69 0.69 0.17 0.35 1.03     
2 26955 26976 6407 14418 39534     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 18014         
2 GH2OIN MOL/HR 2489         
3 GCO2IN MOL/HR 2459 2465 123 120 0.050 
4 GCO2OT MOL/HR 370 370 19 18 -0.007 
5 LK2CO3 MOL/HR 4773         
6 LPZ MOL/HR 4099         
7 LH2O MOL/HR 115721         
8 LCO2IN MOL/HR 2881 2817 1440.5 101 -0.044 
9 TGIN C 48.18         
10 TLIN C 41.3 41.42 2.07 2.05 0.056 
11 T4077 C 52.61 52.43 5.26 5.16 -0.034 
12 T4076 C 59.19 60.64 5.92 2.61 0.245 
13 T4075 C 59.12 57.98 5.91 2.98 -0.193 
14 T4073 C 59.94 55.37 5.99 3.10 -0.762 
15 TLOUT C 48.19 49.79 2.41 1.49 0.662 
16 RHLDG     0.546       
17 LCO2RH  MOL/HR   9686       
18 LNLDG    0.428       
19 AVELIQ SQM   0.00076       
20 AVEGAS CUM/SEC   0.173       
21 AREA SQM   5.07       
22 AVAREA SQM 18014         
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Table F-13. Run 2.11.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.83 0.83 0.26 0.32 1.20     
2 26100 26100 5797 14737 37463     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 17797         
2 GH2OIN MOL/HR 2885         
3 GCO2IN MOL/HR 2305 2313 115 113 0.068 
4 GCO2OT MOL/HR 331 330 17 17 -0.087 
5 LK2CO3 MOL/HR 4760         
6 LPZ MOL/HR 4088         
7 LH2O MOL/HR 115404         
8 LCO2IN MOL/HR 3713 2892 742.6 100 -1.105 
9 TGIN C 51.18         
10 TLIN C 41.39 41.80 2.07 2.05 0.196 
11 T4077 C 55.01 54.22 5.50 5.48 -0.143 
12 T4076 C 60.57 60.26 6.06 2.90 -0.051 
13 T4075 C 60.9 57.44 6.09 3.09 -0.568 
14 T4073 C 60.65 54.98 6.07 3.09 -0.935 
15 TLOUT C 48.45 51.64 2.42 1.31 1.317 
16 RHLDG     0.544       
17 LCO2RH  MOL/HR   9626       
18 LNLDG    0.432       
19 AVELIQ SQM   0.00076       
20 AVEGAS CUM/SEC   0.171       
21 AREA SQM   5.90       
22 AVAREA SQM 17797         

 

Table F-14. Run 2.11.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.82 0.82 0.26 0.30 1.20     
2 25800 25800 5860 14314 37286     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 17673         
2 GH2OIN MOL/HR 2919         
3 GCO2IN MOL/HR 2338 2348 117 115 0.082 
4 GCO2OT MOL/HR 357 355 18 18 -0.085 
5 LK2CO3 MOL/HR 4784         
6 LPZ MOL/HR 4108         
7 LH2O MOL/HR 115984         
8 LCO2IN MOL/HR 3576 2909 715.2 102 -0.932 
9 TGIN C 51.46         
10 TLIN C 41.42 41.81 2.07 2.06 0.189 
11 T4077 C 56.01 55.28 5.60 5.58 -0.130 
12 T4076 C 60.98 60.45 6.10 2.94 -0.087 
13 T4075 C 61.24 57.58 6.12 3.09 -0.597 
14 T4073 C 60.86 55.15 6.09 3.07 -0.938 
15 TLOUT C 48.56 51.92 2.43 1.32 1.384 
16 RHLDG     0.544       
17 LCO2RH  MOL/HR   9677       
18 LNLDG    0.432       
19 AVELIQ SQM   0.00076       
20 AVEGAS CUM/SEC   0.170       
21 AREA SQM   5.82       
22 AVAREA SQM 17673         

 

2008
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Table F-15. Run 2.13.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.34 0.34 0.16 0.10 0.66     
2 13238 13352 8647 5000 30301     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 19752         
2 GH2OIN MOL/HR 1184         
3 GCO2IN MOL/HR 2583 2587 129 126 0.034 
4 GCO2OT MOL/HR 566 566 28 28 0.000 
5 LK2CO3 MOL/HR 4168         
6 LPZ MOL/HR 3579         
7 LH2O MOL/HR 101043         
8 LCO2IN MOL/HR 2135 2225 427 177 0.211 
9 TGIN C 33.47         
10 TLIN C 40.68 40.71 2.03 2.03 0.015 
11 T4077 C 64.96 64.16 6.50 6.36 -0.122 
12 T4076 C 61.45 64.60 6.15 2.41 0.513 
13 T4075 C 61.83 61.83 9.27 3.16 0.000 
14 T4073 C 59.02 58.89 5.90 3.49 -0.022 
15 TLOUT C 44.97 44.11 4.50 2.48 -0.191 
16 RHLDG     0.543       
17 LCO2RH  MOL/HR   8412       
18 LNLDG    0.412       
19 AVELIQ SQM   0.00067       
20 AVEGAS CUM/SEC   0.196       
21 AREA SQM   2.48       
22 AVAREA SQM 19752         

 

Table F-16. Run 2.13.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.37 0.37 0.17 0.10 0.70     
2 18000 18000 6506 5248 30752     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 19797         
2 GH2OIN MOL/HR 1094         
3 GCO2IN MOL/HR 2706 2675 135 133 -0.230 
4 GCO2OT MOL/HR 645 647 32 32 0.061 
5 LK2CO3 MOL/HR 4161         
6 LPZ MOL/HR 3573         
7 LH2O MOL/HR 100868         
8 LCO2IN MOL/HR 2837 2269 567.4 152 -1.001 
9 TGIN C 32         
10 TLIN C 40.31 40.32 2.02 2.01 0.005 
11 T4077 C 62.47 62.68 6.25 6.19 0.034 
12 T4076 C 59.87 62.59 5.99 3.21 0.454 
13 T4075 C 60.52 59.35 9.08 3.70 -0.129 
14 T4073 C 57.92 56.25 5.79 3.54 -0.288 
15 TLOUT C 44.12 42.08 4.41 1.75 -0.462 
16 RHLDG     0.548       
17 LCO2RH  MOL/HR   8469       
18 LNLDG    0.416       
19 AVELIQ SQM   0.00067       
20 AVEGAS CUM/SEC   0.193       
21 AREA SQM   2.80       
22 AVAREA SQM 19797         
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Table F-17. Run 2.14.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.62 0.62 0.18 0.26 0.98     
2 16297 16297 4595 7292 25302     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 22009         
2 GH2OIN MOL/HR 962         
3 GCO2IN MOL/HR 1127 1115 56 55 -0.205 
4 GCO2OT MOL/HR 171 171 9 9 0.045 
5 LK2CO3 MOL/HR 2069         
6 LPZ MOL/HR 1777         
7 LH2O MOL/HR 50170         
8 LCO2IN MOL/HR 1600 1217 320 55 -1.197 
9 TGIN C 29.3         
10 TLIN C 43.47 43.50 2.17 2.17 0.014 
11 T4077 C 47.96 47.60 4.80 4.43 -0.075 
12 T4076 C 44.08 45.28 4.41 1.82 0.273 
13 T4075 C 40.15 41.73 4.02 1.79 0.394 
14 T4073 C 39.73 38.12 3.97 2.31 -0.405 
15 TLOUT C 30.74 30.55 1.54 1.02 -0.125 
16 RHLDG     0.550       
17 LCO2RH  MOL/HR   4229       
18 LNLDG    0.427       
19 AVELIQ SQM   0.00032       
20 AVEGAS CUM/SEC   0.174       
21 AREA SQM   4.52       
22 AVAREA SQM 22009         

 

Table F-18. Run 2.14.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.59 0.59 0.20 0.20 0.97     
2 15179 15179 3890 7555 22802     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 22193         
2 GH2OIN MOL/HR 906         
3 GCO2IN MOL/HR 1093 1083 55 54 -0.176 
4 GCO2OT MOL/HR 201 202 10 10 0.108 
5 LK2CO3 MOL/HR 2083         
6 LPZ MOL/HR 1789         
7 LH2O MOL/HR 50507         
8 LCO2IN MOL/HR 1622 1277 324.4 60 -1.063 
9 TGIN C 28.21         
10 TLIN C 42.52 42.54 2.13 2.12 0.012 
11 T4077 C 46.94 46.51 4.69 4.28 -0.092 
12 T4076 C 43.43 44.34 4.34 1.90 0.210 
13 T4075 C 39.75 41.09 3.98 1.85 0.338 
14 T4073 C 39.54 37.81 3.95 2.33 -0.437 
15 TLOUT C 30.08 29.93 1.50 0.96 -0.096 
16 RHLDG     0.548       
17 LCO2RH  MOL/HR   4241       
18 LNLDG    0.434       
19 AVELIQ SQM   0.00033       
20 AVEGAS CUM/SEC   0.175       
21 AREA SQM   4.26       
22 AVAREA SQM 22193         

 

2010
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Table F-19. Run 2.15 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.57 0.57 0.20 0.17 0.97     
2 16600 16600 3544 9653 23547     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 21791         
2 GH2OIN MOL/HR 991         
3 GCO2IN MOL/HR 1241 1232 62 61 -0.144 
4 GCO2OT MOL/HR 160 160 8 8 0.033 
5 LK2CO3 MOL/HR 2514         
6 LPZ MOL/HR 2158         
7 LH2O MOL/HR 60935         
8 LCO2IN MOL/HR 1797 1485 359.4 81 -0.868 
9 TGIN C 29.87         
10 TLIN C 41.9 41.94 2.10 2.09 0.019 
11 T4077 C 51.18 50.97 5.12 4.68 -0.041 
12 T4076 C 49.51 50.77 4.95 2.22 0.254 
13 T4075 C 47.59 48.39 4.76 2.31 0.169 
14 T4073 C 46.31 45.49 4.63 2.70 -0.177 
15 TLOUT C 34.57 34.07 1.73 1.04 -0.292 
16 RHLDG     0.543       
17 LCO2RH  MOL/HR   5076       
18 LNLDG    0.428       
19 AVELIQ SQM   0.00040       
20 AVEGAS CUM/SEC   0.180       
21 AREA SQM   4.28       
22 AVAREA SQM 21791         

 

Table F-20. Run 2.16 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.57 0.57 0.17 0.24 0.90     
2 16216 16216 3863 8644 23788     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 21874         
2 GH2OIN MOL/HR 971         
3 GCO2IN MOL/HR 1219 1210 61 60 -0.151 
4 GCO2OT MOL/HR 136 136 7 7 0.024 
5 LK2CO3 MOL/HR 2448         
6 LPZ MOL/HR 2102         
7 LH2O MOL/HR 59353         
8 LCO2IN MOL/HR 1728 1409 345.6 81 -0.923 
9 TGIN C 29.49         
10 TLIN C 41.98 42.02 2.10 2.10 0.018 
11 T4077 C 50.9 50.56 5.09 4.51 -0.067 
12 T4076 C 49.75 50.88 4.98 2.12 0.227 
13 T4075 C 48.07 48.92 4.81 1.82 0.177 
14 T4073 C 46.71 46.22 4.67 2.36 -0.106 
15 TLOUT C 34.47 34.05 1.72 1.34 -0.243 
16 RHLDG     0.542       
17 LCO2RH  MOL/HR   4930       
18 LNLDG    0.424       
19 AVELIQ SQM   0.00038       
20 AVEGAS CUM/SEC   0.180       
21 AREA SQM   4.15       
22 AVAREA SQM 21874         

2011
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Table F-21. Run 2.17.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.84 0.84 0.18 0.48 1.20     
2 22466 22466 4934 12795 32137     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 28172         
2 GH2OIN MOL/HR 1511         
3 GCO2IN MOL/HR 1303 1289 195 195 -0.070 
4 GCO2OT MOL/HR 142 151 21 21 0.417 
5 LK2CO3 MOL/HR 2284         
6 LPZ MOL/HR 1961         
7 LH2O MOL/HR 55369         
8 LCO2IN MOL/HR 1480 1240 592 59 -0.406 
9 TGIN C 33         
10 TLIN C 38.78 38.79 3.88 3.87 0.002 
11 T4077 C 44.75 44.28 4.48 4.13 -0.106 
12 T4076 C 40.83 42.38 4.08 1.97 0.380 
13 T4075 C 38.47 38.42 5.77 2.65 -0.008 
14 T4073 C 36.94 34.21 5.54 3.71 -0.494 
15 TLOUT C 31.5 31.99 3.15 1.62 0.156 
16 RHLDG     0.551       
17 LCO2RH  MOL/HR   4677       
18 LNLDG    0.415       
19 AVELIQ SQM   0.00036       
20 AVEGAS CUM/SEC   0.219       
21 AREA SQM   6.21       
22 AVAREA SQM 28172         

 

Table F-22. Run 2.17.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.59 0.59 0.30 0.10 1.18     
2 16096 16064 9011 5000 33726     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 28427         
2 GH2OIN MOL/HR 1410         
3 GCO2IN MOL/HR 1284 1285 321 288 0.002 
4 GCO2OT MOL/HR 323 323 97 96 0.000 
5 LK2CO3 MOL/HR 2288         
6 LPZ MOL/HR 1965         
7 LH2O MOL/HR 55472         
8 LCO2IN MOL/HR 1454 1383 581.6 257 -0.122 
9 TGIN C 31.69         
10 TLIN C 38.99 39.04 5.85 5.85 0.008 
11 T4077 C 43.92 43.43 6.59 6.00 -0.074 
12 T4076 C 40.15 40.96 6.02 2.90 0.135 
13 T4075 C 37.83 37.92 5.67 3.11 0.015 
14 T4073 C 36.56 35.03 5.48 4.06 -0.278 
15 TLOUT C 29.96 32.05 4.49 1.50 0.465 
16 RHLDG     0.545       
17 LCO2RH  MOL/HR   4633       
18 LNLDG    0.432       
19 AVELIQ SQM   0.00036       
20 AVEGAS CUM/SEC   0.221       
21 AREA SQM   4.29       
22 AVAREA SQM 28427         
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Table F-23. Run 2.18.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.33 1.33 0.85 0.10 1.50     
2 20535 20559 4068 12586 28532     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27910         
2 GH2OIN MOL/HR 1746         
3 GCO2IN MOL/HR 1156 1156 58 58 -0.008 
4 GCO2OT MOL/HR 128 128 13 13 0.007 
5 LK2CO3 MOL/HR 3328         
6 LPZ MOL/HR 2857         
7 LH2O MOL/HR 80672         
8 LCO2IN MOL/HR 2352 2289 588 121 -0.107 
9 TGIN C 35.69         
10 TLIN C 44.79 44.81 2.24 2.24 0.007 
11 T4077 C 45.89 45.59 4.59 3.95 -0.065 
12 T4076 C 47.53 48.18 4.75 2.34 0.136 
13 T4075 C 46.66 47.18 7.00 2.83 0.074 
14 T4073 C 46.66 45.06 7.00 4.54 -0.228 
15 TLOUT C 37.17 37.71 3.72 2.38 0.145 
16 RHLDG     0.537       
17 LCO2RH  MOL/HR   6643       
18 LNLDG    0.454       
19 AVELIQ SQM   0.00052       
20 AVEGAS CUM/SEC   0.226       
21 AREA SQM   9.64       
22 AVAREA SQM 27910         

 

Table F-24. Run 2.18.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.45 1.45 0.96 0.10 1.50     
2 20282 20284 3746 12942 27626     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27827         
2 GH2OIN MOL/HR 1832         
3 GCO2IN MOL/HR 1119 1119 56 56 -0.005 
4 GCO2OT MOL/HR 115 115 12 11 0.009 
5 LK2CO3 MOL/HR 3268         
6 LPZ MOL/HR 2806         
7 LH2O MOL/HR 79216         
8 LCO2IN MOL/HR 2299 2248 574.75 117 -0.089 
9 TGIN C 36.6         
10 TLIN C 44.81 44.82 2.24 2.24 0.006 
11 T4077 C 45.71 45.36 4.57 3.96 -0.077 
12 T4076 C 47.47 48.28 4.75 2.30 0.171 
13 T4075 C 46.8 47.35 7.02 2.94 0.078 
14 T4073 C 47.11 45.18 7.07 4.73 -0.273 
15 TLOUT C 37.56 38.32 3.76 2.28 0.204 
16 RHLDG     0.537       
17 LCO2RH  MOL/HR   6518       
18 LNLDG    0.454       
19 AVELIQ SQM   0.00051       
20 AVEGAS CUM/SEC   0.225       
21 AREA SQM   10.56       
22 AVAREA SQM 27827         
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Table F-25. Run 2.20.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.73 0.73 0.16 0.43 1.04     
2 57441 57441 12042 33839 80000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 24863         
2 GH2OIN MOL/HR 3348         
3 GCO2IN MOL/HR 4822 4799 241 236 -0.094 
4 GCO2OT MOL/HR 530 530 27 26 0.007 
5 LK2CO3 MOL/HR 8468         
6 LPZ MOL/HR 7271         
7 LH2O MOL/HR 205277         
8 LCO2IN MOL/HR 5133 4645 1026.6 212 -0.476 
9 TGIN C 47.09         
10 TLIN C 40.11 40.27 2.01 1.92 0.079 
11 T4077 C 42.46 41.44 4.25 1.53 -0.241 
12 T4076 C 46.74 46.95 4.67 3.65 0.044 
13 T4075 C 50.51 51.09 5.05 3.03 0.115 
14 T4073 C 52.89 51.80 5.29 2.69 -0.207 
15 TLOUT C 47.96 48.07 2.40 2.04 0.044 
16 RHLDG     0.552       
17 LCO2RH  MOL/HR   17382       
18 LNLDG    0.417       
19 AVELIQ SQM   0.00134       
20 AVEGAS CUM/SEC   0.228       
21 AREA SQM   5.37       
22 AVAREA SQM 24863         

 

Table F-26. Run 2.20.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.78 0.78 0.16 0.46 1.10     
2 59531 59531 12161 35695 80000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 24475         
2 GH2OIN MOL/HR 3803         
3 GCO2IN MOL/HR 4677 4654 234 230 -0.099 
4 GCO2OT MOL/HR 481 481 24 24 0.012 
5 LK2CO3 MOL/HR 8439         
6 LPZ MOL/HR 7247         
7 LH2O MOL/HR 204596         
8 LCO2IN MOL/HR 5542 4719 1108.4 204 -0.742 
9 TGIN C 49.72         
10 TLIN C 40.08 40.26 2.00 1.92 0.089 
11 T4077 C 42.21 41.21 4.22 1.57 -0.237 
12 T4076 C 45.78 46.53 4.58 3.71 0.165 
13 T4075 C 50.19 50.33 5.02 2.86 0.027 
14 T4073 C 52.84 50.76 5.28 2.62 -0.393 
15 TLOUT C 48.27 48.65 2.41 2.05 0.159 
16 RHLDG     0.552       
17 LCO2RH  MOL/HR   17326       
18 LNLDG    0.419       
19 AVELIQ SQM   0.00133       
20 AVEGAS CUM/SEC   0.223       
21 AREA SQM   5.67       
22 AVAREA SQM 24475         

 

2014
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Table F-27. Run 2.21.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   

No. Value Value  Dev 
Low 
Limit  

Up 
Limit      

1 1.04 1.04 0.34 0.37 1.20     
2 71000 71000 25489 21041 80000     
        

 
Var 

Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 22753         

2 GH2OIN MOL/HR 5708 5523.895 1141.6 1103.622 
-

0.16127 
3 GCO2IN MOL/HR 4350 4328 218 215 -0.103 
4 GCO2OT MOL/HR 282 283 42 42 0.016 
5 LK2CO3 MOL/HR 9127         
6 LPZ MOL/HR 7837         
7 LH2O MOL/HR 221265         
8 LCO2IN MOL/HR 7083 5598 1416.6 226 -1.048 
9 TGIN C 58.39         
10 TLIN C 40.1 40.28 2.01 1.93 0.091 
11 T4077 C 40.75 40.04 4.08 1.58 -0.175 
12 T4076 C 43.39 44.29 4.34 3.90 0.208 
13 T4075 C 47.97 46.85 7.20 3.06 -0.156 
14 T4073 C 50.84 46.43 7.63 3.99 -0.578 
15 TLOUT C 48.3 49.67 4.83 4.12 0.283 
16 RHLDG     0.553       
17 LCO2RH  MOL/HR   18771       
18 LNLDG    0.434       
19 AVELIQ SQM   0.00144       
20 AVEGAS CUM/SEC   0.204       
21 AREA SQM   7.63       
22 AVAREA SQM 22753         

 

Table F-28. Run 2.21.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   

No. Value Value  Dev 
Low 
Limit  

Up 
Limit      

1 1.00 1.00 0.41 0.20 1.20     
2 69376 69553 31396 8017 80000     
        

 
Var 

Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 21027         

2 GH2OIN MOL/HR 7452 6936.383 1490.4 1408.787 
-

0.34596 
3 GCO2IN MOL/HR 4135 4119 414 402 -0.039 
4 GCO2OT MOL/HR 317 317 48 47 -0.001 
5 LK2CO3 MOL/HR 9105         
6 LPZ MOL/HR 7819         
7 LH2O MOL/HR 220732         
8 LCO2IN MOL/HR 6882 5773 1720.5 357 -0.645 
9 TGIN C 64.35         
10 TLIN C 40.86 41.54 4.09 3.67 0.165 
11 T4077 C 42.34 41.96 4.23 2.35 -0.089 
12 T4076 C 45.6 46.63 4.56 4.16 0.226 
13 T4075 C 50.48 48.07 7.57 3.13 -0.318 
14 T4073 C 53.68 47.08 8.05 4.43 -0.820 
15 TLOUT C 50.7 53.53 5.07 4.25 0.558 
16 RHLDG     0.552       
17 LCO2RH  MOL/HR   18680       
18 LNLDG    0.440       
19 AVELIQ SQM   0.00144       
20 AVEGAS CUM/SEC   0.193       
21 AREA SQM   7.36       
22 AVAREA SQM 21027         
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Table F-29. Run 2.22.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.65 0.65 0.11 0.43 0.86     
2 53656 53621 14627 24953 60000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 23643         
2 GH2OIN MOL/HR 3750         
3 GCO2IN MOL/HR 5158 5121 258 253 -0.145 
4 GCO2OT MOL/HR 623 624 31 31 0.032 
5 LK2CO3 MOL/HR 9035         
6 LPZ MOL/HR 7758         
7 LH2O MOL/HR 219034         
8 LCO2IN MOL/HR 6135 4971 1227 231 -0.949 
9 TGIN C 49.5         
10 TLIN C 41.77 41.89 2.09 1.99 0.057 
11 T4077 C 44.37 43.70 4.44 1.88 -0.151 
12 T4076 C 49.01 49.69 4.90 3.82 0.140 
13 T4075 C 53.49 53.88 5.35 3.12 0.073 
14 T4073 C 56.31 54.73 5.63 2.83 -0.281 
15 TLOUT C 51.19 51.34 2.56 2.16 0.057 
16 RHLDG     0.551       
17 LCO2RH  MOL/HR   18500       
18 LNLDG    0.417       
19 AVELIQ SQM   0.00143       
20 AVEGAS CUM/SEC   0.223       
21 AREA SQM   4.73       
22 AVAREA SQM 23643         

 

Table F-30. Run 2.22.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.72 0.72 0.12 0.49 0.95     
2 52377 52115 14380 23929 60000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 23916         
2 GH2OIN MOL/HR 3686         
3 GCO2IN MOL/HR 5022 4986 251 247 -0.145 
4 GCO2OT MOL/HR 463 464 23 23 0.025 
5 LK2CO3 MOL/HR 9101         
6 LPZ MOL/HR 7815         
7 LH2O MOL/HR 220626         
8 LCO2IN MOL/HR 6120 5006 1224 225 -0.910 
9 TGIN C 49.12         
10 TLIN C 41.08 41.19 2.05 1.94 0.054 
11 T4077 C 42.92 42.28 4.29 1.73 -0.150 
12 T4076 C 47.19 47.65 4.72 3.50 0.097 
13 T4075 C 52.04 52.45 5.20 3.27 0.080 
14 T4073 C 55.07 53.97 5.51 2.81 -0.200 
15 TLOUT C 50.94 50.96 2.55 2.19 0.009 
16 RHLDG     0.551       
17 LCO2RH  MOL/HR   18629       
18 LNLDG    0.417       
19 AVELIQ SQM   0.00144       
20 AVEGAS CUM/SEC   0.221       
21 AREA SQM   5.26       
22 AVAREA SQM 23916         
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Table F-31. Run 2.23.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.59 0.59 0.46 0.10 1.20     
2 4 4 23 0 50     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 25110         
2 GH2OIN MOL/HR 2596         
3 GCO2IN MOL/HR 5214 5091 521 501 -0.236 
4 GCO2OT MOL/HR 1257 1281 126 125 0.188 
5 LK2CO3 MOL/HR 6228         
6 LPZ MOL/HR 5348         
7 LH2O MOL/HR 150983         
8 LCO2IN MOL/HR 3865 2780 1352.75 411 -0.802 
9 TGIN C 41.96         
10 TLIN C 39.86 39.90 3.99 3.99 0.011 
11 T4077 C 72.09 72.86 7.21 5.96 0.107 
12 T4076 C 67.49 67.21 6.75 5.18 -0.042 
13 T4075 C 66.14 63.77 13.23 4.90 -0.179 
14 T4073 C 63.21 61.23 9.48 4.42 -0.209 
15 TLOUT C 47.95 49.11 4.80 2.88 0.242 
16 RHLDG     0.555       
17 LCO2RH  MOL/HR   12828       
18 LNLDG    0.389       
19 AVELIQ SQM   0.00100       
20 AVEGAS CUM/SEC   0.283       
21 AREA SQM   4.38       
22 AVAREA SQM 25110         

 

Table F-32. Run 2.23.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.42 0.42 0.58 0.10 1.20     
2 15300 15300 66980 -4000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 25591         
2 GH2OIN MOL/HR 2483         
3 GCO2IN MOL/HR 4980 4813 747 686 -0.223 
4 GCO2OT MOL/HR 1123 1133 168 168 0.057 
5 LK2CO3 MOL/HR 6187         
6 LPZ MOL/HR 5313         
7 LH2O MOL/HR 149987         
8 LCO2IN MOL/HR 3765 2829 1506 638 -0.621 
9 TGIN C 41.05         
10 TLIN C 39.82 39.84 3.98 3.98 0.006 
11 T4077 C 70.98 71.72 10.65 10.44 0.070 
12 T4076 C 67.06 67.44 10.06 4.20 0.038 
13 T4075 C 66.01 63.90 9.90 5.18 -0.213 
14 T4073 C 62.91 60.90 9.44 5.05 -0.213 
15 TLOUT C 47.27 48.52 4.73 2.55 0.265 
16 RHLDG     0.553       
17 LCO2RH  MOL/HR   12702       
18 LNLDG    0.392       
19 AVELIQ SQM   0.00100       
20 AVEGAS CUM/SEC   0.278       
21 AREA SQM   3.17       
22 AVAREA SQM 25591         
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Table F-33. Run 2.24.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.45 0.47 0.36 0.10 1.18     
2 21128 17932 44348 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 25320         
2 GH2OIN MOL/HR 2562         
3 GCO2IN MOL/HR 5147 5042 257 248 -0.408 
4 GCO2OT MOL/HR 949 955 47 47 0.124 
5 LK2CO3 MOL/HR 6252         
6 LPZ MOL/HR 5369         
7 LH2O MOL/HR 151570         
8 LCO2IN MOL/HR 3767 2549 753.4 231 -1.617 
9 TGIN C 41.7         
10 TLIN C 39.68 39.71 1.98 1.98 0.017 
11 T4077 C 72.61 72.50 7.26 4.06 -0.015 
12 T4076 C 67.59 68.52 6.76 2.06 0.137 
13 T4075 C 66.63 64.63 6.66 2.87 -0.300 
14 T4073 C 63.81 61.23 6.38 2.35 -0.405 
15 TLOUT C 47.57 48.48 2.38 1.22 0.383 
16 RHLDG     0.555       
17 LCO2RH  MOL/HR   12877       
18 LNLDG    0.378       
19 AVELIQ SQM   0.00101       
20 AVEGAS CUM/SEC   0.279       
21 AREA SQM   3.29       
22 AVAREA SQM 25320         

 

Table F-34. Run 2.24.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 0.44 0.44 0.42 0.10 1.20     
2 20720 20720 60177 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 25169         
2 GH2OIN MOL/HR 2536         
3 GCO2IN MOL/HR 5310 5236 266 250 -0.278 
4 GCO2OT MOL/HR 1049 1052 52 52 0.056 
5 LK2CO3 MOL/HR 6202         
6 LPZ MOL/HR 5326         
7 LH2O MOL/HR 150350         
8 LCO2IN MOL/HR 2912 2428 582.4 263 -0.830 
9 TGIN C 41.52         
10 TLIN C 39.65 39.67 1.98 1.98 0.009 
11 T4077 C 72.54 72.58 7.25 6.12 0.005 
12 T4076 C 67.61 68.34 6.76 2.64 0.107 
13 T4075 C 66.52 64.33 6.65 3.65 -0.329 
14 T4073 C 63.6 60.88 6.36 3.23 -0.427 
15 TLOUT C 47.49 48.24 2.37 1.67 0.314 
16 RHLDG     0.556       
17 LCO2RH  MOL/HR   12814       
18 LNLDG    0.374       
19 AVELIQ SQM   0.00100       
20 AVEGAS CUM/SEC   0.278       
21 AREA SQM   3.18       
22 AVAREA SQM 25169         

 

2018



 419 

 

Appendix G: Aspen Plus® Data-Fit Regression Results – Campaign 4 

 

Table G-1. Run 4.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 4.18 4.18 1.98 1 5     
2 19610 19610 12318 5000 43754     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 30027         
2 GH2OIN MOL/HR 2607         
3 GCO2IN MOL/HR 2712 2712.5 135.6 134.74 0.0037 
4 GCO2OT MOL/HR 194 194.0 9.7 9.70 -0.0005 
5 LK2CO3 MOL/HR 5922         
6 LPZ MOL/HR 5573         
7 LH2O MOL/HR 139594         
8 LCO2IN MOL/HR 3200 3215 800 554 0.018 
9 TGIN C 39.94         
10 TLIN C 39.93 39.91 2.00 1.98 -0.011 
11 T4077 C 57.13 57.25 5.71 5.61 0.021 
12 T4076 C 64.93 64.73 6.49 1.20 -0.031 
13 T4075 C 65.38 64.20 6.54 0.74 -0.18 
14 T4073 C 62.1 62.74 6.21 0.71 0.10 
15 TLOUT C 48.83 48.86 2.44 1.77 0.014 
16 RHLDG     0.51       
17 LCO2RH  MOL/HR 1 11658 11659     
18 LNLDG   0.40    
19 AVELIQ SQM  0.00094    
20 AVEGAS CUM/SEC  0.29    
21 AREA SQM  4.14    
22 AVAREA SQM  4.17    

 

 

2019



 420 

Table G-2. Run 4.2.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.30 2.30 0.37 1.57 3.03     
2 29445 29445 9477 10869 48020     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 22587         
2 GH2OIN MOL/HR 2006         
3 GCO2IN MOL/HR 4492 4474 225 221 -0.080 
4 GCO2OT MOL/HR 983 987 98 98 0.041 
5 LK2CO3 MOL/HR 5481         
6 LPZ MOL/HR 5193         
7 LH2O MOL/HR 122979         
8 LCO2IN MOL/HR 3095 2534 1238 233 -0.453 
9 TGIN C 39.94         
10 TLIN C 38.89 38.88 1.94 1.94 -0.004 
11 T4077 C 64.82 64.88 3.24 3.20 0.019 
12 T4076 C 67.89 67.71 3.39 1.15 -0.054 
13 T4075 C 64.86 64.87 3.24 1.56 0.003 
14 T4073 C 61.31 61.66 3.07 1.83 0.115 
15 TLOUT C 48.56 48.17 2.43 1.40 -0.160 
16 RHLDG     0.539       
17 LCO2RH  MOL/HR   11502       
18 LNLDG    0.375       
19 AVELIQ SQM   0.00084       
20 AVEGAS CUM/SEC   0.238       
21 AREA SQM   2.20       
22 AVAREA SQM   2.21       

 

Table G-3. Run 4.2.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.25 2.25 0.32 1.62 2.88     
2 29361 29361 7584 14497 44225     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 22312         
2 GH2OIN MOL/HR 1901         
3 GCO2IN MOL/HR 4737 4723 95 93 0.0037 
4 GCO2OT MOL/HR 1198 1204 60 59 -0.0005 
5 LK2CO3 MOL/HR 5526         
6 LPZ MOL/HR 5203         
7 LH2O MOL/HR 123801         
8 LCO2IN MOL/HR 2906 2584 435.9 127 0.018 
9 TGIN C 40.12         
10 TLIN C 38.96 38.96 0.78 0.78 -0.011 
11 T4077 C 64.87 65.02 3.24 3.21 0.021 
12 T4076 C 67.35 67.28 3.37 1.21 -0.031 
13 T4075 C 64.34 64.19 3.22 1.56 -0.18 
14 T4073 C 60.51 60.88 3.03 1.77 0.10 
15 TLOUT C 48.42 47.57 2.42 1.29 0.014 
16 RHLDG     0.542       
17 LCO2RH  MOL/HR   11629       
18 LNLDG    0.378      
19 AVELIQ SQM   0.00085      
20 AVEGAS CUM/SEC   0.238      
21 AREA SQM   2.15      
22 AVAREA SQM   2.17      

 

2020



 421 

Table G-4. Run 4.3.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.44 2.44 1.34 1.00 5.00     
2 24367 24367 23566 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16686         
2 GH2OIN MOL/HR 1568         
3 GCO2IN MOL/HR 3157 3065 789 707 -0.117 
4 GCO2OT MOL/HR 462 465 116 115 0.030 
5 LK2CO3 MOL/HR 5628         
6 LPZ MOL/HR 5360         
7 LH2O MOL/HR 128009         
8 LCO2IN MOL/HR 3700 3460 1480 699 -0.162 
9 TGIN C 40.64         
10 TLIN C 42.09 42.27 4.21 3.80 0.042 
11 T4077 C 44.26 44.10 6.64 3.03 -0.023 
12 T4076 C 50.45 48.89 7.57 4.25 -0.207 
13 T4075 C 52.23 53.38 7.83 5.30 0.147 
14 T4073 C 55.72 56.02 8.36 4.87 0.036 
15 TLOUT C 50.59 50.15 5.06 4.67 -0.088 
16 RHLDG     0.532       
17 LCO2RH  MOL/HR   11689       
18 LNLDG    0.414       
19 AVELIQ SQM   0.00086       
20 AVEGAS CUM/SEC   0.155       
21 AREA SQM   2.35       
22 AVAREA SQM   2.38       

 

Table G-5. Run 4.3.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.34 2.33 1.43 1.00 5.00     
2 25494 25564 23457 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16406         
2 GH2OIN MOL/HR 1529         
3 GCO2IN MOL/HR 3248 3141 812 712 -0.132 
4 GCO2OT MOL/HR 490 497 123 121 0.054 
5 LK2CO3 MOL/HR 5726         
6 LPZ MOL/HR 5413         
7 LH2O MOL/HR 127461         
8 LCO2IN MOL/HR 3612 3498 1444.8 684 -0.079 
9 TGIN C 40.59         
10 TLIN C 42.49 42.83 4.25 3.54 0.081 
11 T4077 C 44.85 44.79 4.49 2.63 -0.014 
12 T4076 C 51.33 49.73 5.13 3.01 -0.311 
13 T4075 C 52.94 54.14 5.29 3.62 0.227 
14 T4073 C 56.34 56.55 5.63 3.47 0.038 
15 TLOUT C 50.78 50.32 5.08 4.55 -0.091 
16 RHLDG     0.533       
17 LCO2RH  MOL/HR   11866       
18 LNLDG    0.414       
19 AVELIQ SQM   0.00086       
20 AVEGAS CUM/SEC   0.154       
21 AREA SQM   2.24       
22 AVAREA SQM   2.26       
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Table G-6. Run 4.4.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.96 1.96 1.03 1.00 3.98     
2 31361 31361 26872 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 21304         
2 GH2OIN MOL/HR 1951         
3 GCO2IN MOL/HR 4532 4296 906 698 -0.260 
4 GCO2OT MOL/HR 1195 1220 239 232 0.103 
5 LK2CO3 MOL/HR 6394         
6 LPZ MOL/HR 6089         
7 LH2O MOL/HR 141934         
8 LCO2IN MOL/HR 3961 3858 1188.3 547 -0.087 
9 TGIN C 39.98         
10 TLIN C 43.62 44.07 4.36 4.20 0.103 
11 T4077 C 52.65 51.66 5.27 4.09 -0.188 
12 T4076 C 60.49 60.75 6.05 4.36 0.043 
13 T4075 C 61 62.45 6.10 3.23 0.237 
14 T4073 C 60.86 60.66 6.09 3.59 -0.033 
15 TLOUT C 50.52 49.70 5.05 3.82 -0.162 
16 RHLDG     0.534       
17 LCO2RH  MOL/HR   13325       
18 LNLDG    0.411       
19 AVELIQ SQM   0.00097       
20 AVEGAS CUM/SEC   0.215       
21 AREA SQM   2.00       
22 AVAREA SQM   2.04       

 

Table G-7. Run 4.4.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.01 2.01 1.18 1.00 4.31     
2 31699 31699 26219 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 21592         
2 GH2OIN MOL/HR 1876         
3 GCO2IN MOL/HR 4610 4479 692 610 -0.190 
4 GCO2OT MOL/HR 1277 1298 255 248 0.084 
5 LK2CO3 MOL/HR 6383         
6 LPZ MOL/HR 6134         
7 LH2O MOL/HR 142384         
8 LCO2IN MOL/HR 4138 3766 1241.4 621 -0.299 
9 TGIN C 40         
10 TLIN C 43.94 43.98 4.39 4.34 0.009 
11 T4077 C 54.09 53.67 8.11 6.51 -0.052 
12 T4076 C 62.39 62.77 9.36 5.74 0.041 
13 T4075 C 62.39 63.32 9.36 3.58 0.100 
14 T4073 C 61.53 61.59 9.23 4.10 0.006 
15 TLOUT C 50.43 49.64 5.04 4.20 -0.156 
16 RHLDG     0.532       
17 LCO2RH  MOL/HR   13326       
18 LNLDG    0.405       
19 AVELIQ SQM   0.00098       
20 AVEGAS CUM/SEC   0.222       
21 AREA SQM   2.02       
22 AVAREA SQM   2.05       
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Table G-8. Run 4.5.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.07 2.07 0.52 1.06 3.08     
2 34511 34511 14865 5376 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27700         
2 GH2OIN MOL/HR 2428         
3 GCO2IN MOL/HR 5662 5462 566 475 -0.354 
4 GCO2OT MOL/HR 2073 2102 207 203 0.141 
5 LK2CO3 MOL/HR 6367         
6 LPZ MOL/HR 6040         
7 LH2O MOL/HR 142522         
8 LCO2IN MOL/HR 3988 3622 797.6 469 -0.459 
9 TGIN C 40.09         
10 TLIN C 42.01 42.02 2.10 2.09 0.005 
11 T4077 C 58.4 58.27 5.84 5.52 -0.023 
12 T4076 C 61.52 62.24 6.15 2.38 0.117 
13 T4075 C 59.59 60.14 5.96 2.31 0.093 
14 T4073 C 56.74 57.44 5.67 2.53 0.124 
15 TLOUT C 47.08 46.46 2.35 1.84 -0.261 
16 RHLDG     0.538       
17 LCO2RH  MOL/HR   13349       
18 LNLDG    0.403       
19 AVELIQ SQM   0.00097       
20 AVEGAS CUM/SEC   0.281       
21 AREA SQM   2.09       
22 AVAREA SQM   2.12       

 

Table G-9. Run 4.5.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.20 2.20 0.53 1.16 3.24     
2 45249 45249 15242 15375 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27493         
2 GH2OIN MOL/HR 2506         
3 GCO2IN MOL/HR 6004 5687 600 500 -0.528 
4 GCO2OT MOL/HR 2058 2100 206 201 0.202 
5 LK2CO3 MOL/HR 6422         
6 LPZ MOL/HR 6124         
7 LH2O MOL/HR 142058         
8 LCO2IN MOL/HR 4107 3562 821.4 472 -0.663 
9 TGIN C 39.98         
10 TLIN C 41.38 41.40 2.07 2.07 0.009 
11 T4077 C 56.94 56.60 5.69 5.37 -0.060 
12 T4076 C 59.89 61.18 5.99 2.25 0.215 
13 T4075 C 58.12 59.02 5.81 2.21 0.155 
14 T4073 C 55.38 56.17 5.54 2.57 0.143 
15 TLOUT C 46.46 45.65 2.32 1.84 -0.349 
16 RHLDG     0.541       
17 LCO2RH  MOL/HR   13568       
18 LNLDG    0.398       
19 AVELIQ SQM   0.00097       
20 AVEGAS CUM/SEC   0.278       
21 AREA SQM   2.22       
22 AVAREA SQM   2.25       

 

2023



 424 

Table G-10. Run 4.6.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.64 2.64 0.49 1.68 3.61     
2 31782 31714 5495 20944 42484     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16749         
2 GH2OIN MOL/HR 1461         
3 GCO2IN MOL/HR 3424 3420 68 68 -0.064 
4 GCO2OT MOL/HR 419 420 21 21 0.032 
5 LK2CO3 MOL/HR 5050         
6 LPZ MOL/HR 4793         
7 LH2O MOL/HR 119534         
8 LCO2IN MOL/HR 2671 2537 400.65 119 -0.334 
9 TGIN C 40.06         
10 TLIN C 46.73 46.74 0.93 0.93 0.015 
11 T4077 C 66.79 66.65 3.34 3.29 -0.043 
12 T4076 C 69.72 70.81 3.49 1.04 0.314 
13 T4075 C 68.38 68.41 3.42 1.55 0.007 
14 T4073 C 64.73 65.37 3.24 1.90 0.198 
15 TLOUT C 51.77 50.44 2.59 1.47 -0.515 
16 RHLDG     0.538       
17 LCO2RH  MOL/HR   10587       
18 LNLDG    0.385       
19 AVELIQ SQM   0.00081       
20 AVEGAS CUM/SEC   0.183       
21 AREA SQM   2.44       
22 AVAREA SQM   2.48       

 

Table G-11. Run 4.6.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.93 2.93 0.51 1.94 3.92     
2 33920 33920 4332 25430 42410     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16772         
2 GH2OIN MOL/HR 1480         
3 GCO2IN MOL/HR 3380 3376 68 67 -0.060 
4 GCO2OT MOL/HR 361 362 18 18 0.039 
5 LK2CO3 MOL/HR 5080         
6 LPZ MOL/HR 4810         
7 LH2O MOL/HR 118259         
8 LCO2IN MOL/HR 2629 2564 394.35 102 -0.164 
9 TGIN C 39.95         
10 TLIN C 43.57 43.63 0.87 0.87 0.070 
11 T4077 C 58.37 58.12 2.92 2.87 -0.086 
12 T4076 C 67.46 69.84 3.37 1.13 0.704 
13 T4075 C 67.33 67.94 3.37 1.70 0.180 
14 T4073 C 64.75 64.86 3.24 2.01 0.033 
15 TLOUT C 51.75 49.98 2.59 1.27 -0.683 
16 RHLDG     0.539       
17 LCO2RH  MOL/HR   10664       
18 LNLDG    0.387       
19 AVELIQ SQM   0.00080       
20 AVEGAS CUM/SEC   0.178       
21 AREA SQM   2.74       
22 AVAREA SQM   2.78       
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Table G-12. Run 4.7.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 3.10 3.10 1.05 1.04 5.00     
2 32462 32441 13818 5358 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 22646         
2 GH2OIN MOL/HR 1961         
3 GCO2IN MOL/HR 3566 3599 357 344 0.092 
4 GCO2OT MOL/HR 320 320 32 32 0.007 
5 LK2CO3 MOL/HR 6288         
6 LPZ MOL/HR 5936         
7 LH2O MOL/HR 144825         
8 LCO2IN MOL/HR 2830 3295 1132 435 0.411 
9 TGIN C 40.02         
10 TLIN C 45.19 45.30 2.26 2.24 0.048 
11 T4077 C 62.21 61.81 6.22 6.12 -0.065 
12 T4076 C 68.44 69.76 6.84 1.38 0.192 
13 T4075 C 67.47 68.58 6.75 1.60 0.164 
14 T4073 C 64.66 66.32 6.47 2.16 0.257 
15 TLOUT C 50.95 50.91 2.55 2.22 -0.017 
16 RHLDG     0.526       
17 LCO2RH  MOL/HR   12862       
18 LNLDG    0.392       
19 AVELIQ SQM   0.00099       
20 AVEGAS CUM/SEC   0.236       
21 AREA SQM   3.11       
22 AVAREA SQM   3.15       

 

Table G-13. Run 4.7.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.73 2.73 1.12 1.00 4.92     
2 29244 29244 21723 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 22480         
2 GH2OIN MOL/HR 1936         
3 GCO2IN MOL/HR 3435 3480 515 488 0.088 
4 GCO2OT MOL/HR 243 245 61 60 0.036 
5 LK2CO3 MOL/HR 6187         
6 LPZ MOL/HR 5818         
7 LH2O MOL/HR 145124         
8 LCO2IN MOL/HR 2824 2938 706 626 0.162 
9 TGIN C 40.1         
10 TLIN C 44.97 46.30 6.75 6.08 0.197 
11 T4077 C 59.92 59.42 5.99 5.83 -0.083 
12 T4076 C 68.04 69.08 6.80 2.77 0.153 
13 T4075 C 67.79 68.96 6.78 1.73 0.172 
14 T4073 C 65.31 67.33 6.53 1.65 0.309 
15 TLOUT C 50.99 52.24 5.10 2.67 0.245 
16 RHLDG     0.514       
17 LCO2RH  MOL/HR   12349       
18 LNLDG    0.380       
19 AVELIQ SQM   0.00098       
20 AVEGAS CUM/SEC   0.233       
21 AREA SQM   2.71       
22 AVAREA SQM   2.73       
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Table G-14. Run 4.8 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 3.50 3.25 1.59 1.00 5.00     
2 37393 33807 23704 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 29024         
2 GH2OIN MOL/HR 2540         
3 GCO2IN MOL/HR 3640 3754 546 493 0.208 
4 GCO2OT MOL/HR 578 575 116 115 -0.029 
5 LK2CO3 MOL/HR 5948         
6 LPZ MOL/HR 5704         
7 LH2O MOL/HR 147616         
8 LCO2IN MOL/HR 2825 3156 847.5 557 0.390 
9 TGIN C 39.9         
10 TLIN C 43.28 43.46 4.33 4.30 0.042 
11 T4077 C 62.05 61.14 9.31 8.92 -0.097 
12 T4076 C 64.06 64.75 9.61 2.88 0.071 
13 T4075 C 62.22 63.09 9.33 3.17 0.093 
14 T4073 C 57.98 60.72 8.70 3.91 0.315 
15 TLOUT C 47.54 47.67 4.75 3.18 0.027 
16 RHLDG     0.527       
17 LCO2RH  MOL/HR   12283       
18 LNLDG    0.391       
19 AVELIQ SQM   0.00098       
20 AVEGAS CUM/SEC   0.286       
21 AREA SQM   3.24       
22 AVAREA SQM   3.28       
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Table G-15. Run 4.9.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.33 2.32 0.78 1.00 3.85     
2 42828 42506 19458 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27054         
2 GH2OIN MOL/HR 2494         
3 GCO2IN MOL/HR 5505 5687 826 599 0.220 
4 GCO2OT MOL/HR 1717 1688 343 328 -0.084 
5 LK2CO3 MOL/HR 6118         
6 LPZ MOL/HR 5747         
7 LH2O MOL/HR 145525         
8 LCO2IN MOL/HR 2660 2819 665 512 0.240 
9 TGIN C 39.99         
10 TLIN C 43.2 43.26 4.32 4.31 0.014 
11 T4077 C 64.98 64.62 6.50 6.33 -0.056 
12 T4076 C 64.24 64.73 6.42 2.45 0.076 
13 T4075 C 61.22 61.51 6.12 3.05 0.047 
14 T4073 C 57.03 58.21 5.70 3.50 0.207 
15 TLOUT C 47.36 46.36 4.74 2.38 -0.212 
16 RHLDG     0.545       
17 LCO2RH  MOL/HR   12936       
18 LNLDG    0.377       
19 AVELIQ SQM   0.00098       
20 AVEGAS CUM/SEC   0.284       
21 AREA SQM   2.32       
22 AVAREA SQM   2.34       

 

Table G-16. Run 4.9.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.38 2.38 0.80 1.00 3.96     
2 41750 41761 20106 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27250         
2 GH2OIN MOL/HR 2391         
3 GCO2IN MOL/HR 5398 5546 810 598 0.183 
4 GCO2OT MOL/HR 1670 1648 334 320 -0.066 
5 LK2CO3 MOL/HR 6108         
6 LPZ MOL/HR 5744         
7 LH2O MOL/HR 146256         
8 LCO2IN MOL/HR 2746 2899 686.5 516 0.223 
9 TGIN C 39.99         
10 TLIN C 43.21 43.29 4.32 4.31 0.017 
11 T4077 C 64.61 64.25 6.46 6.30 -0.056 
12 T4076 C 63.96 64.53 6.40 2.39 0.089 
13 T4075 C 60.98 61.35 6.10 2.98 0.060 
14 T4073 C 56.78 58.08 5.68 3.45 0.229 
15 TLOUT C 47.3 45.99 4.73 2.48 -0.277 
16 RHLDG     0.545       
17 LCO2RH  MOL/HR   12905       
18 LNLDG    0.380       
19 AVELIQ SQM   0.00098       
20 AVEGAS CUM/SEC   0.284       
21 AREA SQM   2.38       
22 AVAREA SQM   2.40       
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Table G-17. Run 4.10.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.89 1.88 1.31 1.00 4.45     
2 20416 20402 25104 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16517         
2 GH2OIN MOL/HR 1416         
3 GCO2IN MOL/HR 3606 3365 902 692 -0.267 
4 GCO2OT MOL/HR 882 900 221 214 0.084 
5 LK2CO3 MOL/HR 5463         
6 LPZ MOL/HR 5146         
7 LH2O MOL/HR 128323         
8 LCO2IN MOL/HR 3603 3385 900.75 621 -0.242 
9 TGIN C 39.96         
10 TLIN C 44.28 44.52 4.43 3.98 0.054 
11 T4077 C 49.95 49.45 5.00 2.93 -0.100 
12 T4076 C 56.65 56.49 5.67 3.98 -0.028 
13 T4075 C 58.65 59.58 5.87 3.41 0.158 
14 T4073 C 60.18 59.90 6.02 3.13 -0.046 
15 TLOUT C 51.32 50.63 5.13 4.41 -0.134 
16 RHLDG     0.533       
17 LCO2RH  MOL/HR   11313       
18 LNLDG    0.417       
19 AVELIQ SQM   0.00086       
20 AVEGAS CUM/SEC   0.164       
21 AREA SQM   1.80       
22 AVAREA SQM   1.83       

 

Table G-18. Run 4.10.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.88 1.88 0.61 1.00 3.07     
2 19971 19971 6723 6794 33149     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16556         
2 GH2OIN MOL/HR 1420         
3 GCO2IN MOL/HR 3627 3617 73 72 -0.135 
4 GCO2OT MOL/HR 909 913 45 45 0.088 
5 LK2CO3 MOL/HR 5313         
6 LPZ MOL/HR 5043         
7 LH2O MOL/HR 130068         
8 LCO2IN MOL/HR 3589 3040 538.35 229 -1.020 
9 TGIN C 39.97         
10 TLIN C 41.74 41.78 0.83 0.81 0.044 
11 T4077 C 46.78 46.28 2.34 0.85 -0.215 
12 T4076 C 53.41 53.77 2.67 1.80 0.136 
13 T4075 C 57.52 58.13 2.88 1.72 0.214 
14 T4073 C 59.65 59.35 2.98 1.55 -0.101 
15 TLOUT C 51.61 50.52 2.58 2.14 -0.421 
16 RHLDG     0.534       
17 LCO2RH  MOL/HR   11066       
18 LNLDG    0.404       
19 AVELIQ SQM   0.00086       
20 AVEGAS CUM/SEC   0.163       
21 AREA SQM   1.81       
22 AVAREA SQM   1.83       
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Table G-19. Run 4.11.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.86 1.84 0.58 1.00 2.98     
2 28066 27805 6771 14535 41075     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 23060         
2 GH2OIN MOL/HR 2023         
3 GCO2IN MOL/HR 4138 4132 83 82 -0.072 
4 GCO2OT MOL/HR 1273 1277 64 63 0.063 
5 LK2CO3 MOL/HR 6239         
6 LPZ MOL/HR 5600         
7 LH2O MOL/HR 143103         
8 LCO2IN MOL/HR 3742 3492 561.3 374 -0.446 
9 TGIN C 40.06         
10 TLIN C 41.59 41.61 0.83 0.81 0.029 
11 T4077 C 46.14 45.81 2.31 0.95 -0.141 
12 T4076 C 52.23 52.03 2.61 1.62 -0.075 
13 T4075 C 54.35 55.37 2.72 1.63 0.375 
14 T4073 C 56.84 56.25 2.84 1.24 -0.207 
15 TLOUT C 49.13 48.49 2.46 1.80 -0.260 
16 RHLDG     0.532       
17 LCO2RH  MOL/HR   12586       
18 LNLDG    0.411       
19 AVELIQ SQM   0.00095       
20 AVEGAS CUM/SEC   0.217       
21 AREA SQM   1.83       
22 AVAREA SQM   1.85       

 

Table G-20. Run 4.11.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.78 1.80 0.52 1.00 2.81     
2 26074 26244 6401 13699 38789     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 23117         
2 GH2OIN MOL/HR 1955         
3 GCO2IN MOL/HR 4192 4188 84 83 -0.050 
4 GCO2OT MOL/HR 1353 1356 68 67 0.042 
5 LK2CO3 MOL/HR 6136         
6 LPZ MOL/HR 5834         
7 LH2O MOL/HR 143474         
8 LCO2IN MOL/HR 3832 3642 574.8 349 -0.331 
9 TGIN C 39.97         
10 TLIN C 41.2 41.22 0.82 0.80 0.021 
11 T4077 C 45.42 45.24 2.27 0.89 -0.080 
12 T4076 C 51.32 51.07 2.57 1.57 -0.096 
13 T4075 C 53.49 54.40 2.67 1.60 0.341 
14 T4073 C 55.99 55.51 2.80 1.44 -0.172 
15 TLOUT C 48.89 48.34 2.44 1.84 -0.224 
16 RHLDG     0.527       
17 LCO2RH  MOL/HR   12611       
18 LNLDG    0.408       
19 AVELIQ SQM   0.00096       
20 AVEGAS CUM/SEC   0.217       
21 AREA SQM   1.80       
22 AVAREA SQM   1.81       
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Table G-21. Run 4.12.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.50 2.49 1.97 1.00 5.00     
2 20574 22151 36870 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 30351         
2 GH2OIN MOL/HR 2636         
3 GCO2IN MOL/HR 3922 4000 1177 961 0.066 
4 GCO2OT MOL/HR 1539 1531 462 439 -0.017 
5 LK2CO3 MOL/HR 6248         
6 LPZ MOL/HR 5941         
7 LH2O MOL/HR 142996         
8 LCO2IN MOL/HR 3752 4182 1876 829 0.229 
9 TGIN C 40.09         
10 TLIN C 39.81 39.93 5.97 5.88 0.020 
11 T4077 C 49.52 49.10 7.43 6.34 -0.056 
12 T4076 C 56.29 56.77 8.44 5.54 0.056 
13 T4075 C 57.19 57.28 8.58 4.35 0.011 
14 T4073 C 55.48 55.92 8.32 5.34 0.053 
15 TLOUT C 46.45 46.58 6.97 4.61 0.019 
16 RHLDG     0.529       
17 LCO2RH  MOL/HR   12899       
18 LNLDG    0.428       
19 AVELIQ SQM   0.00097       
20 AVEGAS CUM/SEC   0.284       
21 AREA SQM   2.50       
22 AVAREA SQM   2.55       

 

Table G-22. Run 4.12.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.26 2.26 0.88 1.00 3.99     
2 22821 22821 11969 5000 46279     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 29799         
2 GH2OIN MOL/HR 2628         
3 GCO2IN MOL/HR 4405 4409 220 216 0.020 
4 GCO2OT MOL/HR 1887 1887 189 185 -0.001 
5 LK2CO3 MOL/HR 6231         
6 LPZ MOL/HR 5894         
7 LH2O MOL/HR 142745         
8 LCO2IN MOL/HR 3902 4123 1170.6 338 0.189 
9 TGIN C 40.11         
10 TLIN C 39.86 39.91 1.99 1.98 0.023 
11 T4077 C 50.68 50.14 5.07 4.09 -0.106 
12 T4076 C 56.61 57.22 5.66 3.11 0.108 
13 T4075 C 57.1 57.28 5.71 2.10 0.032 
14 T4073 C 55.1 55.70 5.51 2.37 0.109 
15 TLOUT C 46.41 46.36 2.32 1.99 -0.023 
16 RHLDG     0.531       
17 LCO2RH  MOL/HR   12874       
18 LNLDG    0.427       
19 AVELIQ SQM   0.00097       
20 AVEGAS CUM/SEC   0.285       
21 AREA SQM   2.26       
22 AVAREA SQM   2.31       
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Table G-23. Run 4.13.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.53 1.53 0.59 1.00 2.69     
2 33381 31287 50937 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 26664         
2 GH2OIN MOL/HR 2326         
3 GCO2IN MOL/HR 5733 5738 860 853 0.005 
4 GCO2OT MOL/HR 1486 1487 223 223 0.006 
5 LK2CO3 MOL/HR 11771         
6 LPZ MOL/HR 11193         
7 LH2O MOL/HR 293989         
8 LCO2IN MOL/HR 6561 6608 2296.35 2256 0.021 
9 TGIN C 40.02         
10 TLIN C 41.48 41.73 6.22 3.91 0.041 
11 T4077 C 42.57 42.79 6.39 3.82 0.035 
12 T4076 C 44.76 44.56 6.71 3.03 -0.030 
13 T4075 C 46.63 46.23 6.99 3.28 -0.057 
14 T4073 C 48.45 47.86 7.27 4.25 -0.081 
15 TLOUT C 47.65 48.64 7.15 5.20 0.138 
16 RHLDG     0.493       
17 LCO2RH  MOL/HR   22630       
18 LNLDG    0.400       
19 AVELIQ SQM   0.00191       
20 AVEGAS CUM/SEC   0.241       
21 AREA SQM   2.00       
22 AVAREA SQM   2.00       

 

Table G-24. Run 4.13.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.72 1.72 0.77 1.00 3.23     
2 29046 29046 26071 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27197         
2 GH2OIN MOL/HR 2350         
3 GCO2IN MOL/HR 5488 5498 823 819 0.012 
4 GCO2OT MOL/HR 1278 1281 192 191 0.017 
5 LK2CO3 MOL/HR 12001         
6 LPZ MOL/HR 11309         
7 LH2O MOL/HR 290576         
8 LCO2IN MOL/HR 7198 7252 2159.4 2141 0.025 
9 TGIN C 39.94         
10 TLIN C 43.02 43.17 4.30 3.82 0.034 
11 T4077 C 44.08 44.20 6.61 2.77 0.019 
12 T4076 C 46.33 46.13 6.95 2.75 -0.029 
13 T4075 C 48.54 47.97 7.28 3.40 -0.079 
14 T4073 C 50.53 49.74 7.58 4.26 -0.105 
15 TLOUT C 49.17 49.75 4.92 3.01 0.118 
16 RHLDG     0.503       
17 LCO2RH  MOL/HR   23448       
18 LNLDG    0.413       
19 AVELIQ SQM   0.00190       
20 AVEGAS CUM/SEC   0.247       
21 AREA SQM   2.24       
22 AVAREA SQM   2.25       
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Table G-25. Run 4.14.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.76 1.76 0.32 1.14 2.38     
2 27289 27289 12704 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 21811         
2 GH2OIN MOL/HR 1902         
3 GCO2IN MOL/HR 4661 4661 93 93 -0.001 
4 GCO2OT MOL/HR 678 680 68 68 0.035 
5 LK2CO3 MOL/HR 12740         
6 LPZ MOL/HR 11866         
7 LH2O MOL/HR 297530         
8 LCO2IN MOL/HR 7684 7794 1152.6 1128 0.095 
9 TGIN C 40.07         
10 TLIN C 42.76 42.81 0.86 0.80 0.060 
11 T4077 C 43.11 43.29 2.16 0.68 0.085 
12 T4076 C 44.75 44.50 2.24 0.81 -0.113 
13 T4075 C 46.17 45.86 2.31 1.07 -0.133 
14 T4073 C 48.11 47.38 2.41 1.37 -0.304 
15 TLOUT C 48.19 49.19 2.41 1.54 0.415 
16 RHLDG     0.498       
17 LCO2RH  MOL/HR   24527       
18 LNLDG    0.418       
19 AVELIQ SQM   0.00196       
20 AVEGAS CUM/SEC   0.195       
21 AREA SQM   2.35       
22 AVAREA SQM   2.35       

 

Table G-26. Run 4.14.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.92 1.92 0.32 1.29 2.54     
2 25903 25903 12590 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 21893         
2 GH2OIN MOL/HR 1882         
3 GCO2IN MOL/HR 4287 4287 86 86 -0.002 
4 GCO2OT MOL/HR 506 508 51 50 0.033 
5 LK2CO3 MOL/HR 12434         
6 LPZ MOL/HR 11796         
7 LH2O MOL/HR 299649         
8 LCO2IN MOL/HR 7566 7666 1134.9 1109 0.088 
9 TGIN C 39.91         
10 TLIN C 42.8 42.86 0.86 0.78 0.065 
11 T4077 C 42.93 43.11 2.15 0.69 0.085 
12 T4076 C 44.16 44.04 2.21 0.76 -0.053 
13 T4075 C 45.55 45.23 2.28 0.98 -0.142 
14 T4073 C 47.51 46.63 2.38 1.32 -0.369 
15 TLOUT C 47.93 48.87 2.40 1.68 0.393 
16 RHLDG     0.493       
17 LCO2RH  MOL/HR   23899       
18 LNLDG    0.415       
19 AVELIQ SQM   0.00196       
20 AVEGAS CUM/SEC   0.191       
21 AREA SQM   2.56       
22 AVAREA SQM   2.56       

 

2032



 433 

Table G-27. Run 4.15.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.65 1.69 0.59 1.00 2.85     
2 25701 25200 16626 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16093         
2 GH2OIN MOL/HR 1393         
3 GCO2IN MOL/HR 3311 3302 331 330 -0.026 
4 GCO2OT MOL/HR 328 332 66 65 0.054 
5 LK2CO3 MOL/HR 10217         
6 LPZ MOL/HR 9692         
7 LH2O MOL/HR 229882         
8 LCO2IN MOL/HR 5822 6141 2328.8 2249 0.137 
9 TGIN C 39.98         
10 TLIN C 39.54 39.86 1.98 1.75 0.160 
11 T4077 C 39.72 39.78 3.97 1.43 0.014 
12 T4076 C 40.99 40.37 4.10 1.37 -0.152 
13 T4075 C 42.24 41.31 4.22 1.53 -0.221 
14 T4073 C 43.96 42.53 4.40 1.75 -0.326 
15 TLOUT C 45.48 46.05 2.27 2.00 0.249 
16 RHLDG     0.485       
17 LCO2RH  MOL/HR   19328       
18 LNLDG    0.411       
19 AVELIQ SQM   0.00153       
20 AVEGAS CUM/SEC   0.136       
21 AREA SQM   2.07       
22 AVAREA SQM   2.07       

 

Table G-28. Run 4.15.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.57 1.57 0.19 1.19 1.95     
2 19757 19757 9910 5000 39181     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16013         
2 GH2OIN MOL/HR 1381         
3 GCO2IN MOL/HR 3360 3359 67 67 -0.016 
4 GCO2OT MOL/HR 370 371 19 18 0.037 
5 LK2CO3 MOL/HR 10217         
6 LPZ MOL/HR 9691         
7 LH2O MOL/HR 231145         
8 LCO2IN MOL/HR 5853 5933 877.95 868 0.091 
9 TGIN C 39.96         
10 TLIN C 39.61 39.72 0.79 0.74 0.133 
11 T4077 C 39.83 39.94 1.99 0.63 0.053 
12 T4076 C 41.18 40.80 2.06 0.73 -0.186 
13 T4075 C 42.52 41.92 2.13 0.93 -0.282 
14 T4073 C 44.11 43.29 2.21 1.17 -0.372 
15 TLOUT C 45.61 46.88 2.28 1.55 0.558 
16 RHLDG     0.481       
17 LCO2RH  MOL/HR   19159       
18 LNLDG    0.406       
19 AVELIQ SQM   0.00153       
20 AVEGAS CUM/SEC   0.137       
21 AREA SQM   1.93       
22 AVAREA SQM   1.92       
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Table G-29. Run 4.16.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.49 1.49 0.82 1.00 3.09     
2 25709 25709 16419 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27500         
2 GH2OIN MOL/HR 2421         
3 GCO2IN MOL/HR 5581 5617 558 554 0.065 
4 GCO2OT MOL/HR 1864 1870 280 277 0.022 
5 LK2CO3 MOL/HR 11007         
6 LPZ MOL/HR 11078         
7 LH2O MOL/HR 235588         
8 LCO2IN MOL/HR 7382 7630 1845.5 1699 0.134 
9 TGIN C 40.02         
10 TLIN C 41.4 41.47 2.07 1.94 0.036 
11 T4077 C 42.89 43.37 4.29 1.57 0.111 
12 T4076 C 46.45 46.08 4.65 1.86 -0.080 
13 T4075 C 49.16 48.26 4.92 2.36 -0.183 
14 T4073 C 51.13 50.03 5.11 2.71 -0.216 
15 TLOUT C 48.46 49.10 2.42 1.70 0.263 
16 RHLDG     0.507       
17 LCO2RH  MOL/HR   22400       
18 LNLDG    0.423       
19 AVELIQ SQM   0.00162       
20 AVEGAS CUM/SEC   0.254       
21 AREA SQM   1.88       
22 AVAREA SQM   1.89       

 

Table G-30. Run 4.16.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.96 1.96 0.74 1.00 3.41     
2 20439 20439 18359 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 28983         
2 GH2OIN MOL/HR 2526         
3 GCO2IN MOL/HR 4550 4562 455 453 0.027 
4 GCO2OT MOL/HR 1173 1173 117 117 0.003 
5 LK2CO3 MOL/HR 10381         
6 LPZ MOL/HR 9949         
7 LH2O MOL/HR 247548         
8 LCO2IN MOL/HR 6759 6856 1351.8 1264 0.072 
9 TGIN C 40.05         
10 TLIN C 41.29 41.26 2.06 1.83 -0.017 
11 T4077 C 42.03 42.64 4.20 1.62 0.145 
12 T4076 C 44.75 44.82 4.48 1.66 0.016 
13 T4075 C 47.39 46.82 4.74 2.09 -0.121 
14 T4073 C 49.49 48.67 4.95 2.56 -0.166 
15 TLOUT C 48.15 48.51 2.41 1.87 0.148 
16 RHLDG     0.507       
17 LCO2RH  MOL/HR   20620       
18 LNLDG    0.424       
19 AVELIQ SQM   0.00163       
20 AVEGAS CUM/SEC   0.256       
21 AREA SQM   2.42       
22 AVAREA SQM   2.44       
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Table G-31. Run 4.17.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.30 1.29 0.15 1.01 1.58     
2 15600 15124 7753 5000 30320     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27746         
2 GH2OIN MOL/HR 2385         
3 GCO2IN MOL/HR 5686 5685 114 114 -0.008 
4 GCO2OT MOL/HR 1449 1463 145 144 0.097 
5 LK2CO3 MOL/HR 11025         
6 LPZ MOL/HR 10393         
7 LH2O MOL/HR 246642         
8 LCO2IN MOL/HR 4753 4767 712.95 713 0.020 
9 TGIN C 39.99         
10 TLIN C 40.15 40.15 0.80 0.75 -0.004 
11 T4077 C 41.51 42.33 2.08 0.68 0.394 
12 T4076 C 45.92 45.72 2.30 0.91 -0.089 
13 T4075 C 49.88 48.86 2.49 1.31 -0.409 
14 T4073 C 52.76 51.71 2.64 1.69 -0.399 
15 TLOUT C 49.49 51.92 2.47 1.09 0.982 
16 RHLDG     0.467       
17 LCO2RH  MOL/HR   20014       
18 LNLDG    0.369       
19 AVELIQ SQM   0.00164       
20 AVEGAS CUM/SEC   0.254       
21 AREA SQM   1.63       
22 AVAREA SQM   1.61       

 

Table G-32. Run 4.17.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.65 1.65 1.01 1.00 3.62     
2 17735 17735 53277 5000 50000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27547         
2 GH2OIN MOL/HR 2492         
3 GCO2IN MOL/HR 5813 5912 2035 1983 0.049 
4 GCO2OT MOL/HR 1253 1258 439 435 0.010 
5 LK2CO3 MOL/HR 10707         
6 LPZ MOL/HR 10182         
7 LH2O MOL/HR 248446         
8 LCO2IN MOL/HR 5179 5295 2330.55 2300 0.050 
9 TGIN C 40.06         
10 TLIN C 40.63 40.62 6.09 4.49 -0.001 
11 T4077 C 42.04 42.72 6.31 3.54 0.108 
12 T4076 C 46.43 46.29 6.96 3.23 -0.021 
13 T4075 C 50.75 49.92 7.61 4.06 -0.109 
14 T4073 C 54 53.42 8.10 5.66 -0.072 
15 TLOUT C 50.98 52.83 7.65 3.79 0.241 
16 RHLDG     0.495       
17 LCO2RH  MOL/HR   20658       
18 LNLDG    0.383       
19 AVELIQ SQM   0.00165       
20 AVEGAS CUM/SEC   0.255       
21 AREA SQM   2.07       
22 AVAREA SQM   2.06       
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Table G-33. Run 4.18 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.66 2.78 0.98 1.00 4.69     
2 23556 24647 8549 7891 41403     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27786         
2 GH2OIN MOL/HR 2472         
3 GCO2IN MOL/HR 4688 4718 469 427 0.063 
4 GCO2OT MOL/HR 560 559 84 81 -0.017 
5 LK2CO3 MOL/HR 8771         
6 LPZ MOL/HR 8274         
7 LH2O MOL/HR 197451         
8 LCO2IN MOL/HR 4498 4695 899.6 771 0.219 
9 TGIN C 40.49         
10 TLIN C 39.98 39.84 2.00 1.46 -0.071 
11 T4077 C 41.07 41.08 2.05 1.25 0.006 
12 T4076 C 44.45 44.77 2.22 1.10 0.142 
13 T4075 C 50.37 50.22 2.52 1.76 -0.061 
14 T4073 C 56.23 56.18 2.81 2.28 -0.019 
15 TLOUT C 51.31 52.01 2.57 1.18 0.273 
16 RHLDG     0.517       
17 LCO2RH  MOL/HR   17625       
18 LNLDG    0.395       
19 AVELIQ SQM   0.00132       
20 AVEGAS CUM/SEC   0.251       
21 AREA SQM   3.19       
22 AVAREA SQM   3.19       

 

Table G-34. Run 4.19 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.98 2.93 1.11 1.00 5.00     
2 22099 21468 11392 5000 43795     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27756         
2 GH2OIN MOL/HR 2486         
3 GCO2IN MOL/HR 4359 4392 654 573 0.051 
4 GCO2OT MOL/HR 394 393 79 75 -0.008 
5 LK2CO3 MOL/HR 9261         
6 LPZ MOL/HR 8783         
7 LH2O MOL/HR 189428         
8 LCO2IN MOL/HR 5063 5249 1012.6 800 0.183 
9 TGIN C 40.42         
10 TLIN C 40.26 40.16 2.01 1.45 -0.048 
11 T4077 C 41.18 41.07 2.06 1.20 -0.055 
12 T4076 C 43.93 44.26 2.20 1.10 0.148 
13 T4075 C 49.71 49.52 2.49 1.73 -0.078 
14 T4073 C 56.28 56.07 2.81 2.40 -0.073 
15 TLOUT C 52.11 52.75 2.61 1.59 0.245 
16 RHLDG     0.513       
17 LCO2RH  MOL/HR   18495       
18 LNLDG    0.402       
19 AVELIQ SQM   0.00131       
20 AVEGAS CUM/SEC   0.248       
21 AREA SQM   3.38       
22 AVAREA SQM   3.39       
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Table G-35. Run 4.20.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.11 2.11 4.21 1.00 5.00     
2 8663 8663 41235 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16649         
2 GH2OIN MOL/HR 1533         
3 GCO2IN MOL/HR 3300 3289 660 657 -0.017 
4 GCO2OT MOL/HR 747 748 149 149 0.004 
5 LK2CO3 MOL/HR 12704         
6 LPZ MOL/HR 7499         
7 LH2O MOL/HR 272216         
8 LCO2IN MOL/HR 7912 7262 4747.2 3679 -0.137 
9 TGIN C 41.13         
10 TLIN C 40.52 40.16 4.05 3.59 -0.089 
11 T4077 C 40.5 40.80 6.08 2.58 0.050 
12 T4076 C 41.11 41.93 6.17 2.70 0.133 
13 T4075 C 42.43 42.81 6.36 3.13 0.060 
14 T4073 C 43.62 43.54 6.54 3.31 -0.012 
15 TLOUT C 44.89 44.49 4.49 3.90 -0.090 
16 RHLDG     0.557       
17 LCO2RH  MOL/HR   22524       
18 LNLDG    0.495       
19 AVELIQ SQM   0.00172       
20 AVEGAS CUM/SEC   0.146       
21 AREA SQM   2.62       
22 AVAREA SQM   2.67       

 

Table G-36. Run 4.20.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.54 1.54 2.11 1.00 5.00     
2 7640 8519 73158 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 17003         
2 GH2OIN MOL/HR 1510         
3 GCO2IN MOL/HR 3254 3249 651 643 -0.008 
4 GCO2OT MOL/HR 957 949 287 287 -0.027 
5 LK2CO3 MOL/HR 12456         
6 LPZ MOL/HR 6629         
7 LH2O MOL/HR 236926         
8 LCO2IN MOL/HR 6254 6054 3127 2998 -0.064 
9 TGIN C 41.09         
10 TLIN C 38.6 37.54 5.79 4.74 -0.183 
11 T4077 C 37.15 38.22 7.43 2.84 0.144 
12 T4076 C 38.17 39.32 7.63 2.80 0.151 
13 T4075 C 39.82 40.18 5.97 2.89 0.060 
14 T4073 C 41.14 40.92 6.17 3.04 -0.035 
15 TLOUT C 43.45 42.51 6.52 5.37 -0.144 
16 RHLDG     0.545       
17 LCO2RH  MOL/HR   20814       
18 LNLDG    0.485       
19 AVELIQ SQM   0.00151       
20 AVEGAS CUM/SEC   0.148       
21 AREA SQM   1.82       
22 AVAREA SQM   1.85       
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Table G-37. Run 4.21.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 3.01 3.05 5.00 2.00 4.00     
2 10780 11029 54138 5000 15000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 17449         
2 GH2OIN MOL/HR 1608         
3 GCO2IN MOL/HR 2979 2972 447 444 -0.017 
4 GCO2OT MOL/HR 600 600 90 90 0.001 
5 LK2CO3 MOL/HR 12539         
6 LPZ MOL/HR 7383         
7 LH2O MOL/HR 272319         
8 LCO2IN MOL/HR 7722 7554 2316.6 2077 -0.073 
9 TGIN C 41.1         
10 TLIN C 39 38.42 5.85 4.51 -0.099 
11 T4077 C 38.83 38.92 5.82 3.22 0.016 
12 T4076 C 39.19 39.92 5.88 2.70 0.124 
13 T4075 C 40.39 40.70 6.06 3.05 0.051 
14 T4073 C 41.45 41.31 6.22 3.43 -0.022 
15 TLOUT C 42.98 42.32 6.45 4.74 -0.102 
16 RHLDG     0.564       
17 LCO2RH  MOL/HR   22465       
18 LNLDG    0.504       
19 AVELIQ SQM   0.00172       
20 AVEGAS CUM/SEC   0.148       
21 AREA SQM   3.75       
22 AVAREA SQM   3.82       

 

Table G-38. Run 4.21.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.65 2.27 4.14 2.00 4.00     
2 8801 8490 41771 5000 15000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16649         
2 GH2OIN MOL/HR 1533         
3 GCO2IN MOL/HR 3300 3281 660 655 -0.028 
4 GCO2OT MOL/HR 747 747 299 299 0.002 
5 LK2CO3 MOL/HR 12704         
6 LPZ MOL/HR 7499         
7 LH2O MOL/HR 272216         
8 LCO2IN MOL/HR 7912 7393 3560.4 2864 -0.146 
9 TGIN C 41.13         
10 TLIN C 40.52 40.12 4.05 3.57 -0.099 
11 T4077 C 40.5 40.81 6.08 2.62 0.051 
12 T4076 C 41.11 41.98 6.17 2.71 0.141 
13 T4075 C 42.43 42.87 6.36 3.09 0.069 
14 T4073 C 43.62 43.59 6.54 3.26 -0.005 
15 TLOUT C 44.89 44.44 4.49 3.84 -0.100 
16 RHLDG     0.560       
17 LCO2RH  MOL/HR   22631       
18 LNLDG    0.497       
19 AVELIQ SQM   0.00172       
20 AVEGAS CUM/SEC   0.146       
21 AREA SQM   2.79       
22 AVAREA SQM   2.84       
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Table G-39. Run 4.22.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.19 1.19 1.49 1.00 4.11     
2 10391 10391 32367 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 15811         
2 GH2OIN MOL/HR 1495         
3 GCO2IN MOL/HR 3616 3581 542 533 -0.065 
4 GCO2OT MOL/HR 1563 1576 391 388 0.033 
5 LK2CO3 MOL/HR 9590         
6 LPZ MOL/HR 5252         
7 LH2O MOL/HR 141211         
8 LCO2IN MOL/HR 5000 4807 1500 1386 -0.129 
9 TGIN C 41.67         
10 TLIN C 36.71 35.93 5.51 4.44 -0.141 
11 T4077 C 37.56 37.43 5.63 2.96 -0.023 
12 T4076 C 37.77 39.22 5.67 2.70 0.256 
13 T4075 C 40.37 40.34 6.06 2.97 -0.005 
14 T4073 C 40.98 41.15 6.15 3.39 0.028 
15 TLOUT C 43.98 42.69 6.60 4.63 -0.195 
16 RHLDG     0.553       
17 LCO2RH  MOL/HR   16407       
18 LNLDG    0.485       
19 AVELIQ SQM   0.00097       
20 AVEGAS CUM/SEC   0.141       
21 AREA SQM   1.22       
22 AVAREA SQM   1.25       

 

Table G-40. Run 4.23 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.55 1.55 1.92 1.00 5.00     
2 3400 3400 29265 100 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16312         
2 GH2OIN MOL/HR 1532         
3 GCO2IN MOL/HR 3597 3532 719 694 -0.091 
4 GCO2OT MOL/HR 1361 1372 340 339 0.033 
5 LK2CO3 MOL/HR 9522         
6 LPZ MOL/HR 5144         
7 LH2O MOL/HR 175448         
8 LCO2IN MOL/HR 5000 4721 1500 1282 -0.186 
9 TGIN C 41.66         
10 TLIN C 37.83 37.46 3.78 3.48 -0.098 
11 T4077 C 38.96 39.18 5.84 2.44 0.038 
12 T4076 C 40.16 41.26 6.02 2.78 0.183 
13 T4075 C 42.17 42.62 6.33 3.09 0.072 
14 T4073 C 43.3 43.63 6.50 3.21 0.051 
15 TLOUT C 45.64 44.71 4.56 3.63 -0.204 
16 RHLDG     0.559       
17 LCO2RH  MOL/HR   16397       
18 LNLDG    0.485       
19 AVELIQ SQM   0.00113       
20 AVEGAS CUM/SEC   0.147       
21 AREA SQM   1.62       
22 AVAREA SQM   1.65       
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Table G-41. Run 4.24 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.39 1.42 1.83 1.00 5.00     
2 8918 9406 29414 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16516         
2 GH2OIN MOL/HR 1579         
3 GCO2IN MOL/HR 3483 3404 871 834 -0.090 
4 GCO2OT MOL/HR 1285 1295 386 384 0.026 
5 LK2CO3 MOL/HR 8551         
6 LPZ MOL/HR 4643         
7 LH2O MOL/HR 150152         
8 LCO2IN MOL/HR 4236 3959 1694 1457 -0.163 
9 TGIN C 41.66         
10 TLIN C 37.49 37.10 4.50 3.90 -0.086 
11 T4077 C 38.61 38.67 5.79 2.78 0.011 
12 T4076 C 40.05 40.75 6.01 2.82 0.116 
13 T4075 C 41.6 42.12 6.24 3.18 0.083 
14 T4073 C 42.87 43.13 6.43 3.47 0.040 
15 TLOUT C 45.31 44.35 5.44 4.21 -0.176 
16 RHLDG     0.555       
17 LCO2RH  MOL/HR   14639       
18 LNLDG    0.475       
19 AVELIQ SQM   0.00098       
20 AVEGAS CUM/SEC   0.147       
21 AREA SQM   1.43       
22 AVAREA SQM   1.46       

 

Table G-42. Run 4.25 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.50 1.49 1.09 1.00 3.62     
2 18047 17828 21005 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16670         
2 GH2OIN MOL/HR 1596         
3 GCO2IN MOL/HR 3307 3281 661 650 -0.040 
4 GCO2OT MOL/HR 976 976 195 195 -0.001 
5 LK2CO3 MOL/HR 9074         
6 LPZ MOL/HR 5012 5046.369 751.8 732 0.046 
7 LH2O MOL/HR 174887         
8 LCO2IN MOL/HR 4163 4081 1041 989 -0.079 
9 TGIN C 41.72         
10 TLIN C 39.48 39.30 1.97 1.83 -0.093 
11 T4077 C 39.76 40.02 3.98 1.47 0.065 
12 T4076 C 40.34 41.39 4.03 1.71 0.260 
13 T4075 C 42.54 42.42 4.25 2.10 -0.027 
14 T4073 C 43.46 43.26 4.35 2.45 -0.046 
15 TLOUT C 44.9 44.38 4.49 3.01 -0.117 
16 RHLDG     0.547       
17 LCO2RH  MOL/HR   15460       
18 LNLDG    0.466       
19 AVELIQ SQM   0.00112       
20 AVEGAS CUM/SEC   0.146       
21 AREA SQM   1.54       
22 AVAREA SQM   1.57       
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Table G-43. Run 4.26.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.82 1.82 1.06 1.00 3.91     
2 8674 8674 7681 5000 23729     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 15978         
2 GH2OIN MOL/HR 1270         
3 GCO2IN MOL/HR 3331 3331 500 489 0.000 
4 GCO2OT MOL/HR 612 607 92 92 -0.049 
5 LK2CO3 MOL/HR 11040         
6 LPZ MOL/HR 6098         
7 LH2O MOL/HR 216418         
8 LCO2IN MOL/HR 5006 5001 1501.8 1487 -0.003 
9 TGIN C 38.71         
10 TLIN C 38.33 38.13 5.75 5.75 -0.035 
11 T4077 C 38.85 39.04 5.83 2.96 0.033 
12 T4076 C 39.89 40.56 5.98 2.89 0.112 
13 T4075 C 41.59 41.87 6.24 2.95 0.045 
14 T4073 C 43.13 43.06 6.47 3.03 -0.011 
15 TLOUT C 44.47 44.62 6.67 2.41 0.022 
16 RHLDG     0.548       
17 LCO2RH  MOL/HR   18774       
18 LNLDG    0.468       
19 AVELIQ SQM   0.00138       
20 AVEGAS CUM/SEC   0.138       
21 AREA SQM   2.06       
22 AVAREA SQM   2.09       

 

Table G-44. Run 4.26.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.78 1.78 1.59 1.00 4.89     
2 7857 8123 21665 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 15777         
2 GH2OIN MOL/HR 1344         
3 GCO2IN MOL/HR 3440 3440 172 171 -0.001 
4 GCO2OT MOL/HR 696 695 104 104 -0.006 
5 LK2CO3 MOL/HR 10891         
6 LPZ MOL/HR 6013         
7 LH2O MOL/HR 218482         
8 LCO2IN MOL/HR 5000 4980 1500 1480 -0.013 
9 TGIN C 39.98         
10 TLIN C 38.68 38.54 3.87 2.71 -0.037 
11 T4077 C 39.31 39.41 5.90 3.16 0.016 
12 T4076 C 40.59 41.04 6.09 3.33 0.073 
13 T4075 C 42.25 42.38 6.34 3.15 0.021 
14 T4073 C 43.8 43.56 6.57 2.71 -0.037 
15 TLOUT C 45.14 45.04 4.51 3.36 -0.022 
16 RHLDG     0.551       
17 LCO2RH  MOL/HR   18616       
18 LNLDG    0.469       
19 AVELIQ SQM   0.00138       
20 AVEGAS CUM/SEC   0.138       
21 AREA SQM   2.00       
22 AVAREA SQM   2.03       
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Table G-45. Run 4.27.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.63 1.71 1.16 1.00 3.99     
2 10330 9693 17513 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16524         
2 GH2OIN MOL/HR 1423         
3 GCO2IN MOL/HR 3408 3402 341 308 -0.019 
4 GCO2OT MOL/HR 924 924 139 137 -0.003 
5 LK2CO3 MOL/HR 9444         
6 LPZ MOL/HR 5181         
7 LH2O MOL/HR 186794         
8 LCO2IN MOL/HR 4468 4353 1340.4 1054 -0.086 
9 TGIN C 40.01         
10 TLIN C 40.01 39.90 2.00 1.67 -0.054 
11 T4077 C 40.92 41.17 4.09 2.13 0.062 
12 T4076 C 42.72 43.13 4.27 2.32 0.096 
13 T4075 C 44.42 44.57 4.44 2.29 0.033 
14 T4073 C 45.84 45.68 4.58 2.16 -0.035 
15 TLOUT C 46.1 46.00 2.31 2.12 -0.043 
16 RHLDG     0.556       
17 LCO2RH  MOL/HR   16275       
18 LNLDG    0.472       
19 AVELIQ SQM   0.00119       
20 AVEGAS CUM/SEC   0.147       
21 AREA SQM   1.81       
22 AVAREA SQM   1.84       

 

Table G-46. Run 4.27.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.34 1.34 0.51 1.00 2.34     
2 9787 9802 14616 5000 38450     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16707         
2 GH2OIN MOL/HR 1424         
3 GCO2IN MOL/HR 3276 3285 328 266 0.026 
4 GCO2OT MOL/HR 864 872 130 127 0.061 
5 LK2CO3 MOL/HR 9916         
6 LPZ MOL/HR 5446         
7 LH2O MOL/HR 183469         
8 LCO2IN MOL/HR 4142 4175 1242.6 1055 0.026 
9 TGIN C 40.04         
10 TLIN C 39.3 39.27 0.79 0.72 -0.039 
11 T4077 C 39.9 40.20 2.00 1.19 0.149 
12 T4076 C 41.58 41.91 2.08 1.08 0.157 
13 T4075 C 43.37 43.28 2.17 1.07 -0.041 
14 T4073 C 44.76 44.48 2.24 1.18 -0.127 
15 TLOUT C 45.57 45.86 2.28 1.87 0.126 
16 RHLDG     0.538       
17 LCO2RH  MOL/HR   16520       
18 LNLDG    0.459       
19 AVELIQ SQM   0.00118       
20 AVEGAS CUM/SEC   0.146       
21 AREA SQM   1.42       
22 AVAREA SQM   1.44       

 

2042



 443 

Table G-47. Run 4.28.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.61 1.58 2.03 1.00 5.00     
2 9923 10062 30970 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16753         
2 GH2OIN MOL/HR 1445         
3 GCO2IN MOL/HR 3390 3386 339 337 -0.013 
4 GCO2OT MOL/HR 1141 1142 228 228 0.004 
5 LK2CO3 MOL/HR 7795         
6 LPZ MOL/HR 4326         
7 LH2O MOL/HR 155865         
8 LCO2IN MOL/HR 3571 3443 1785.5 1520 -0.072 
9 TGIN C 40.07         
10 TLIN C 38.88 38.54 5.83 5.08 -0.058 
11 T4077 C 39.95 40.22 7.99 3.73 0.034 
12 T4076 C 41.9 42.51 8.38 3.84 0.073 
13 T4075 C 43.8 44.07 8.76 4.38 0.031 
14 T4073 C 45.25 45.20 9.05 4.81 -0.005 
15 TLOUT C 45.8 45.30 6.87 5.19 -0.072 
16 RHLDG     0.556       
17 LCO2RH  MOL/HR   13482       
18 LNLDG    0.464       
19 AVELIQ SQM   0.00099       
20 AVEGAS CUM/SEC   0.150       
21 AREA SQM   1.55       
22 AVAREA SQM   1.58       

 

Table G-48. Run 4.28.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.72 1.77 2.24 1.00 5.00     
2 9855 11217 34506 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 17247         
2 GH2OIN MOL/HR 1477         
3 GCO2IN MOL/HR 3055 3045 458 426 -0.022 
4 GCO2OT MOL/HR 939 940 282 275 0.004 
5 LK2CO3 MOL/HR 7769         
6 LPZ MOL/HR 4278         
7 LH2O MOL/HR 156134         
8 LCO2IN MOL/HR 3677 3496 1838.5 1366 -0.098 
9 TGIN C 40.04         
10 TLIN C 38.39 38.16 3.84 3.32 -0.059 
11 T4077 C 39.01 39.46 7.80 4.09 0.057 
12 T4076 C 40.53 41.39 8.11 4.41 0.106 
13 T4075 C 42.47 42.77 8.49 4.34 0.035 
14 T4073 C 43.84 43.81 8.77 4.36 -0.003 
15 TLOUT C 45 44.30 6.75 6.05 -0.103 
16 RHLDG     0.555       
17 LCO2RH  MOL/HR   13370       
18 LNLDG    0.468       
19 AVELIQ SQM   0.00099       
20 AVEGAS CUM/SEC   0.150       
21 AREA SQM   1.74       
22 AVAREA SQM   1.77       
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Table G-49. Run 4.29.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.82 1.82 1.45 1.00 4.67     
2 10342 10687 25087 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16966         
2 GH2OIN MOL/HR 1406         
3 GCO2IN MOL/HR 3116 3115 156 154 -0.007 
4 GCO2OT MOL/HR 777 777 155 154 -0.003 
5 LK2CO3 MOL/HR 7947         
6 LPZ MOL/HR 4394         
7 LH2O MOL/HR 155707         
8 LCO2IN MOL/HR 3478 3411 1043.4 850 -0.064 
9 TGIN C 39.97         
10 TLIN C 39.42 39.17 3.94 2.99 -0.064 
11 T4077 C 40.25 40.53 6.04 3.04 0.046 
12 T4076 C 42.18 42.80 6.33 3.00 0.099 
13 T4075 C 44.38 44.54 6.66 3.13 0.024 
14 T4073 C 45.97 45.90 6.90 3.39 -0.010 
15 TLOUT C 46.36 46.00 4.64 4.28 -0.077 
16 RHLDG     0.555       
17 LCO2RH  MOL/HR   13697       
18 LNLDG    0.460       
19 AVELIQ SQM   0.00099       
20 AVEGAS CUM/SEC   0.149       
21 AREA SQM   1.79       
22 AVAREA SQM   1.82       

 

Table G-50. Run 4.29.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.57 1.56 1.01 1.00 3.54     
2 11111 11107 12872 5000 36336     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16703         
2 GH2OIN MOL/HR 1415         
3 GCO2IN MOL/HR 3316 3315 332 327 -0.004 
4 GCO2OT MOL/HR 894 894 134 134 -0.003 
5 LK2CO3 MOL/HR 8125         
6 LPZ MOL/HR 4456         
7 LH2O MOL/HR 154674         
8 LCO2IN MOL/HR 3394 3334 1357.6 982 -0.044 
9 TGIN C 39.87         
10 TLIN C 39.49 39.40 1.97 1.84 -0.047 
11 T4077 C 40.57 40.84 4.06 1.52 0.067 
12 T4076 C 42.75 43.21 4.28 1.91 0.107 
13 T4075 C 45 44.99 4.50 2.25 -0.002 
14 T4073 C 46.77 46.39 4.68 2.37 -0.082 
15 TLOUT C 46.6 46.59 2.33 2.07 -0.006 
16 RHLDG     0.552       
17 LCO2RH  MOL/HR   13880       
18 LNLDG    0.455       
19 AVELIQ SQM   0.00099       
20 AVEGAS CUM/SEC   0.149       
21 AREA SQM   1.54       
22 AVAREA SQM   1.56       
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Table G-51. Run 4.30.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.19 1.19 0.54 1.00 2.24     
2 17036 17036 28654 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 17001         
2 GH2OIN MOL/HR 1451         
3 GCO2IN MOL/HR 3203 3207 641 640 0.006 
4 GCO2OT MOL/HR 565 565 113 113 0.004 
5 LK2CO3 MOL/HR 11024         
6 LPZ MOL/HR 6110         
7 LH2O MOL/HR 176727         
8 LCO2IN MOL/HR 4000 4051 1600 1573 0.032 
9 TGIN C 39.98         
10 TLIN C 41.02 41.16 4.10 3.40 0.034 
11 T4077 C 41.17 41.32 6.18 2.72 0.024 
12 T4076 C 42.37 42.63 6.36 2.46 0.040 
13 T4075 C 44.7 43.93 6.71 2.73 -0.115 
14 T4073 C 46.2 45.24 6.93 3.25 -0.139 
15 TLOUT C 46.75 47.32 4.68 3.69 0.123 
16 RHLDG     0.517       
17 LCO2RH  MOL/HR   17718       
18 LNLDG    0.440       
19 AVELIQ SQM   0.00118       
20 AVEGAS CUM/SEC   0.146       
21 AREA SQM   1.29       
22 AVAREA SQM   1.29       

 

Table G-52. Run 4.30.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.86 1.86 1.36 1.00 4.53     
2 13908 13908 37502 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 16636         
2 GH2OIN MOL/HR 1411         
3 GCO2IN MOL/HR 3476 3473 521 517 -0.005 
4 GCO2OT MOL/HR 714 710 107 107 -0.037 
5 LK2CO3 MOL/HR 9361         
6 LPZ MOL/HR 5168         
7 LH2O MOL/HR 188825         
8 LCO2IN MOL/HR 4031 4003 1209.3 1145 -0.023 
9 TGIN C 39.88         
10 TLIN C 40.44 39.99 6.07 4.71 -0.075 
11 T4077 C 40.62 41.17 6.09 3.34 0.091 
12 T4076 C 42.46 43.10 6.37 2.86 0.101 
13 T4075 C 44.46 44.68 6.67 3.34 0.032 
14 T4073 C 45.91 45.98 6.89 3.95 0.010 
15 TLOUT C 46.5 46.40 6.98 4.61 -0.014 
16 RHLDG     0.555       
17 LCO2RH  MOL/HR   16127       
18 LNLDG    0.460       
19 AVELIQ SQM   0.00120       
20 AVEGAS CUM/SEC   0.148       
21 AREA SQM   1.97       
22 AVAREA SQM   2.00       
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Table G-53. Run 4.31.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.75 1.75 3.42 1.00 5.00     
2 3417 3417 53990 100 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27535         
2 GH2OIN MOL/HR 2414         
3 GCO2IN MOL/HR 5631 5627 845 834 -0.005 
4 GCO2OT MOL/HR 2725 2728 818 810 0.003 
5 LK2CO3 MOL/HR 11535         
6 LPZ MOL/HR 6332         
7 LH2O MOL/HR 254388         
8 LCO2IN MOL/HR 5700 5631 2850 2404 -0.024 
9 TGIN C 39.89         
10 TLIN C 41.57 41.16 6.24 5.84 -0.067 
11 T4077 C 42.48 43.47 8.50 3.76 0.117 
12 T4076 C 45.38 45.88 9.08 4.48 0.055 
13 T4075 C 47.51 47.34 9.50 4.84 -0.018 
14 T4073 C 49.14 48.31 9.83 4.97 -0.084 
15 TLOUT C 47.06 46.99 7.06 4.99 -0.010 
16 RHLDG     0.561       
17 LCO2RH  MOL/HR   20046       
18 LNLDG    0.480       
19 AVELIQ SQM   0.00159       
20 AVEGAS CUM/SEC   0.257       
21 AREA SQM   2.02       
22 AVAREA SQM   2.06       

 

Table G-54. Run 4.31.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.31 1.31 1.49 1.00 4.23     
2 6010 6010 41139 100 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27265         
2 GH2OIN MOL/HR 2463 2422 1232 1180 -0.034 
3 GCO2IN MOL/HR 5525 5554 1381 1356 0.021 
4 GCO2OT MOL/HR 2639 2632 660 659 -0.011 
5 LK2CO3 MOL/HR 11618         
6 LPZ MOL/HR 6429         
7 LH2O MOL/HR 253327         
8 LCO2IN MOL/HR 5100 5157 2295 2195 0.025 
9 TGIN C 40.16         
10 TLIN C 41.55 41.48 4.16 3.92 -0.016 
11 T4077 C 42.37 43.32 10.59 3.11 0.090 
12 T4076 C 45.11 45.53 11.28 3.19 0.038 
13 T4075 C 47.21 47.00 7.08 3.70 -0.029 
14 T4073 C 48.85 48.06 7.33 4.15 -0.108 
15 TLOUT C 47.02 47.40 4.70 3.51 0.080 
16 RHLDG     0.546       
17 LCO2RH  MOL/HR   19701       
18 LNLDG    0.465       
19 AVELIQ SQM   0.00158       
20 AVEGAS CUM/SEC   0.253       
21 AREA SQM   1.53       
22 AVAREA SQM   1.55       
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Table G-55. Run 4.32.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.60 1.60 2.18 1.00 5.00     
2 5408 5408 739 5000 6856     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27482         
2 GH2OIN MOL/HR 2421         
3 GCO2IN MOL/HR 5902 5871 885 1029 -0.035 
4 GCO2OT MOL/HR 3075 3083 461 - 0.017 
5 LK2CO3 MOL/HR 9502         
6 LPZ MOL/HR 5196         
7 LH2O MOL/HR 185596         
8 LCO2IN MOL/HR 4383 4293 1314.9 6 -0.068 
9 TGIN C 39.95         
10 TLIN C 43.53 42.51 6.53 - -0.156 
11 T4077 C 45.63 47.03 6.84 - 0.205 
12 T4076 C 50.7 51.44 7.61 - 0.097 
13 T4075 C 53.9 53.42 8.09 - -0.059 
14 T4073 C 55.84 54.11 8.38 - -0.206 
15 TLOUT C 48.14 49.01 7.22 - 0.121 
16 RHLDG     0.564       
17 LCO2RH  MOL/HR   16580       
18 LNLDG    0.469       
19 AVELIQ SQM   0.00120       
20 AVEGAS CUM/SEC   0.269       
21 AREA SQM   1.68       
22 AVAREA SQM   1.73       

 

Table G-56. Run 4.32.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 1.83 1.83 2.38 1.00 5.00     
2 4932 4932 38566 100 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27786         
2 GH2OIN MOL/HR 2457         
3 GCO2IN MOL/HR 5667 5601 1133 961 -0.058 
4 GCO2OT MOL/HR 2944 2946 589 564 0.003 
5 LK2CO3 MOL/HR 9101         
6 LPZ MOL/HR 5251         
7 LH2O MOL/HR 187375         
8 LCO2IN MOL/HR 4754 4453 1901.6 1198 -0.159 
9 TGIN C 39.87         
10 TLIN C 43.72 43.14 4.37 4.26 -0.133 
11 T4077 C 45.89 47.91 6.88 3.54 0.294 
12 T4076 C 51.34 52.12 7.70 4.82 0.102 
13 T4075 C 55.11 53.82 8.27 4.32 -0.156 
14 T4073 C 56.56 54.27 8.48 4.18 -0.270 
15 TLOUT C 48.28 48.67 4.83 4.44 0.080 
16 RHLDG     0.565       
17 LCO2RH  MOL/HR   16205       
18 LNLDG    0.471       
19 AVELIQ SQM   0.00120       
20 AVEGAS CUM/SEC   0.272       
21 AREA SQM   1.94       
22 AVAREA SQM   2.00       
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Table G-57. Run 4.33.1 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.34 2.34 2.72 1.00 5.00     
2 22168 22168 23542 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27716         
2 GH2OIN MOL/HR 2382 2382 1191 1109 0.000 
3 GCO2IN MOL/HR 5917 5879 888 725 -0.043 
4 GCO2OT MOL/HR 3228 3240 484 457 0.026 
5 LK2CO3 MOL/HR 7785         
6 LPZ MOL/HR 4301         
7 LH2O MOL/HR 155442         
8 LCO2IN MOL/HR 3542 3468 1062.6 714 -0.069 
9 TGIN C 39.79         
10 TLIN C 45.55 45.53 6.83 6.82 -0.003 
11 T4077 C 54.28 54.59 8.14 7.50 0.039 
12 T4076 C 57.75 57.15 8.66 4.54 -0.069 
13 T4075 C 56.63 56.08 8.49 4.66 -0.065 
14 T4073 C 53.7 54.46 8.06 4.84 0.094 
15 TLOUT C 46.16 46.09 6.92 4.04 -0.010 
16 RHLDG     0.575       
17 LCO2RH  MOL/HR   13891       
18 LNLDG    0.466       
19 AVELIQ SQM   0.00100       
20 AVEGAS CUM/SEC   0.280       
21 AREA SQM   2.28       
22 AVAREA SQM   2.36       

 

Table G-58. Run 4.33.2 Data-Fit Results 

Vary Initial Est Stnd 95% Conf Int   
No. Value Value  Dev Low Limit  Up Limit      

1 2.39 2.39 3.39 1.00 5.00     
2 18555 18555 19876 5000 40000     
        

 Var Name Units 
Meas  
Val 

Est  
Val 

Meas  
σ 

Est 
σ 

Norm  
Residue 

1 GN2IN MOL/HR 27927         
2 GH2OIN MOL/HR 2516 2478 1258 1141 -0.030 
3 GCO2IN MOL/HR 5808 5687 871 733 -0.139 
4 GCO2OT MOL/HR 3203 3243 480 457 0.083 
5 LK2CO3 MOL/HR 7451         
6 LPZ MOL/HR 4320         
7 LH2O MOL/HR 156637         
8 LCO2IN MOL/HR 3822 3569 1146.6 740 -0.220 
9 TGIN C 40.1         
10 TLIN C 45.08 45.00 6.76 6.74 -0.012 
11 T4077 C 52.57 53.08 7.89 7.46 0.064 
12 T4076 C 56.93 56.00 8.54 4.81 -0.109 
13 T4075 C 55.98 55.39 8.40 4.78 -0.071 
14 T4073 C 53.74 54.10 8.06 4.47 0.045 
15 TLOUT C 46.08 46.37 6.91 3.85 0.041 
16 RHLDG     0.572       
17 LCO2RH  MOL/HR   13460       
18 LNLDG    0.468       
19 AVELIQ SQM   0.00100       
20 AVEGAS CUM/SEC   0.280       
21 AREA SQM   2.30       
22 AVAREA SQM   2.38       
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Appendix H: Calibration Method for CO2 Gas Analyzers 

 

 

 

H.1 ABSORBER INLET - VAISALA 

1. Remove Vaisala probe from 8” PVC duct (1-1/8 inch nut) 
2. Insert into CO2 calibration chamber 
3. Switch the calibration gas to flow to the INLET on the sample panel 
4. Turn on desired calibration gas and check to see that the flow does not exceed 

the limits of the rotameter (the ball should be at approximately ½ to 2/3 of 
the way up 

5. Run at least a zero and high range gas, a mid range gas is also preferable 
6. See below for calibration gas operation 
 

H.2 ABSORBER OUTLET - VAISALA AND HORIBA 

1. Remove Vaisala probe from 8” stainless line (1-1/8 inch nut) 
2. Remove the ¼ inch tube for the Horiba from the 8” line (9/16 inch nut) 
3. Unscrew the plugs from the CO2 calibration chambers and insert the probe 

and ¼ line 
4. Replace the holes in the column with the two plugs 
5. Switch the calibration flow to the OUTLET on the sample panel 
6. Be sure that the sample pump is turned on and that the cover is open (the 

sample pump will overheat if the cover is kept closed) 
7. Turn on desired calibration gas and check to see that the flow does not exceed 

the limits of the rotameter (the ball should be at approximately ½ to 2/3 of 
the way up 

8. Run at least a zero and high range gas, a mid range gas is also preferable 
9. See below for calibration gas operation 
 

H.3 ABSORBER MIDDLE - HORIBA 

1. Disconnect the line going on the INLET of the 3-way valve for the calibration 
gases 
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2. Remove the cap from the ¼ inch line connect to the Horiba valve (bottom 
valve on the gas sampling side – left) and connect to the INLET of the 3-way 
valve 

3. Turn on the Horiba sample valve 
4. The calibration gases should flow directly to the Horiba analyzer 
5. Make sure that the flow does not exceed the range of the rotameter 
 

H.4 CALIBRATION GAS OPERATION 

1. Open the main valve on the gas cylinder of the desired calibration gas 
2. Be sure that the valve is backed off on the low pressure side of the regulator 
3. Open the gate valve on the bottom of the sample panel for the desired 

calibration gas 
4. The gases are arrange such that the largest concentration begins at the left 
5. The zero gas is obtained by opening the valve for the nitrogen, located behind 

the operator in the 12 o’clock position 
6. Gradually tighten the low pressure valve on the regulator until you see flow 

in the rotameter (1/2 – 2/3 of the way up the rotameter) 
7. Additional adjustments can be made by adjusting the knob on the rotameter 
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H.5 CERTIFICATE OF ANALYSIS FOR CO2 STANDARDS 

 
Figure H-1. Certificate of Analysis for 16.9% CO2 Primary Gas Standard 
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Figure H-2. Certificate of Analysis for 4.9% CO2 Primary Gas Standard 
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Appendix I: Liquid Sampling Procedure for Campaigns 2 and 4 

 

 

 

I.1 SAMPLE VIAL PREPARATION 

1. Label vials to be used.  There are 5 sample points. 
2. Tare scale with vial (without cap). 
3. Add 30 mL of cold DI water to vials using the automatic pipette.  DI water 

can be obtained from one of the 2 gallon jugs which are stored in the 
refrigerator in the back lab. 

4. Record final weight of water in TOC logbook. 
5. Tare scale with scale empty. 
6. Record total weight of vial, cap, and water in TOC log book. 
7. Repeat until all 5 vials are filled and weights recorded. 
8. Put all 5 vials in the refrigerator until ready to be used. 
9. Keep approximately 2 sets of 5 vials in the refrigerator at all times.  This will 

make sure that one of the sets is chilled when needed. 
 

I.2 SAMPLE COLLECTION 

1. Connect sample bombs to sample bomb hoses and open valves to allow flow.  
All hoses and bombs are color coded.  Color coded legend can be seen at the 
end of the SOP.  Three connections are on the ground level (1st level) near the 
pumps (2 on the east side, 1 on the west).  The other two bombs are connected 
to hoses coming directly off the columns.  These connections are on the 3rd 
level of the plant, on the absorber and stripper scaffolds around the columns. 

2. After a few seconds, verify that the flow is passing through the bombs.  The 
bombs should heat up slightly from the warm sample. 

3. Close the valves and remove the sample bombs. 
4. Make sure to bring something to hold the sample bombs.  Some of them will 

get very hot. 
5. Make sure that the sample bombs are not leaking.  Sometimes the valves will 

not close correctly and leak. 
6. Now you can give the go ahead to change operating conditions. 
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7. Take the sample bombs to the back table of the back lab and also get the 
chilled water sample vials from the refrigerator. 

 

I.3 SAMPLE INJECTION 

1. Verify that the drain flask connected to the sample extraction device is empty.  
This is located under the back table of the back lab. 

2. Connect the water/nitrogen connection to the sample extraction device. 
3. Verify that the nitrogen and water valves on the water/nitrogen connector 

are closed.  Make sure the water and nitrogen valves are open at their sources 
(under the counter for the nitrogen and at the sink for the water). 

4. Open the drain valve. 
5. Run water through the extraction device for approximately 10 seconds, then 

close the water valve on the water/nitrogen connection.  Verify that water is 
draining into the large flask under the table. 

6. Slowly and carefully open the nitrogen valve on the water/nitrogen 
connection.  Once the initial burst of nitrogen passes, the flow will be more 
controlled. 

7. Allow nitrogen to flow through the extraction device for approximately 10 
seconds and then close the nitrogen valve. 

8. Close the drain valve.  If you forget to do this, the sample will drain out the 
bottom and be lost. 

9. Connect one of the sample bombs to the sample extraction device. 
10. Connect the quick connect valve to the top of the sample bomb. 
11. Using a 10 mL syringe, extract ≈ 10 mL of sample through the “syringe 

extraction spot”. 
12. Loosen the cap of the vial which corresponds to the particular sample point.  

Do not take cap off though.  Just loosen enough to allow air to escape. 
13. Slowly inject the sample into the vial. 
14. Tighten the cap of the vial. 
15. Clean the 10 mL syringe by flushing DI water through it. 
16. Tare the scale. 
17. Record the weight of the vial (now containing vial, cap, sample, and water) 

into the TOC logbook next to the previous sample preparation entries for that 
particular vial.  Be sure to record date and time of sample on vial and in TOC 
logbook. 

18. Remove the quick connect valve from the sample bomb and remove the 
sample bomb from the extraction device. 

19. Repeat this procedure for all 5 of the sample bombs and sample vials.  
Remember to clean using water and nitrogen between each sample. 
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20. Verify that the nitrogen and water valves on the water/nitrogen connector 
are closed.  Make sure the water and nitrogen valves are closed at their 
sources (under the counter for the nitrogen and at the sink for the water). 

 

I.4 SAMPLE COLOR CODES  

Absorber Lean – Orange, Absorber Middle – Blue, Absorber Rich – Green, 
Stripper Lean – Red, Stripper Middle – White 
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Appendix J: Standard Operating Procedure for Shimadzu 5050A 

Total Organic Carbon Analyzer 

 

 

 

 

J.1 PREPARATION OF STANDARDS 

1. Sodium carbonate was heated in an oven at 225 °C for an hour and then let 
cool in a glass desiccator. 

2. 3.50 g of reagent grade sodium hydrogen carbonate and 4.41 g of sodium 
carbonate were dissolved in zero water in a 1 liter measuring flask. Zero 
(carbon free) water was added to bring the total volume of the solution to the 
marked line. 

3. The obtained standard solution contains 1000 mg C/liter, equivalent to 1000 
ppm. 

4. The 1000 ppm standard is to be stored in an air tight glass jar in the 
refrigerator. 

5. Shelf life should not exceed one month. 
 

J.2 INSTRUMENTATION CALIBRATION 

1. Prior to calibration, the zero baseline of the Shimadzu TOC-5050A Total 
Organic Carbon Analyzer was reset each day. 

2. The water and phosphoric acid levels were checked to be adequate. 
3. The IC solution was regenerated. 
4. One hundred milliliters of 100, 200, 300 and 400 ppm standards were 

obtained from the 1000 ppm standard by using an auto pipette. 
5. The four solutions were poured into the calibration vials and covered with 

parafilm to prevent and CO2 transfer. 
6. The concentrations of the calibration standards were input into the calibration 

subroutine. 
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7. Four water washes between samples, an injection volume of 8 μL, a minimum 
of two sample, a maximum of four samples, and a coefficient of variance of 
2.0% were also input into the calibration program. 

8. A calibration curve was generated by the TOC analyzer. 
 

J.3 ANALYSIS OF SAMPLES 

1. Prior to use, the zero baseline of the Shimadzu TOC-5050A Total Organic 
Carbon Analyzer was reset each day. 

2. The water and phosphoric acid levels were checked to be adequate. 
3. The IC solution was regenerated. 
4. Ten samples from the pilot plant were diluted and analyzed at a time. Since 

there are 5 sample points, two sample runs can be analyzed in the same TOC 
analyzer setup. 

5. Sample solutions obtained from the pilot plant via the sample collection 
routine were used in creating more dilute solutions for the TOC analysis. 
Typical dilutions range from 1.2 to 2.0 g solution per 40 g of zero water to 
achieve carbon concentrations in the 200 ppm range. The range of the dilution 
depends on the CO2 loading of the solution. 

6. Once the diluted solutions were prepared, the capped vials were slowly 
inverted back and forth about 10 times to insure the solutions were uniform. 

7. Approximately 10 mL of the solution were poured into the TOC vials and 
placed in the automatic sampler. Each vial was capped with parafilm to 
prevent any CO2 loss to the surroundings. 

8. Fifty mL of a 200 ppm standard were created from the 1000 ppm standard. 
9. Three TOC vials were filled with the 200 ppm standard which was used as an 

internal standard. Again, these samples were covered with parafilm to 
prevent any CO2 loss. 

10. One standard was placed before the 10 pilot plant samples. One was placed 
after the 10 samples. One standard was placed between the 5th and 6th 
samples. 

11. The auto sampling procedure was run after inputting the location of the 13 
samples and the correct calibration curve to use. 

12. The inorganic carbon concentrations were obtained from the printout of the 
TOC analyzer. 

13. Before another set of runs can be tested, the water and phosphoric acid levels 
must be checked and the IC solution must be regenerated. 
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Appendix K: Sample Titration Method for Loading and 

Composition Determination for 5 m K+/ 2.5 m PZ Solutions 

 

 

 

1. Tare a 100 mL beaker on a scale. 
2. Using a pipette, add 10 mL of sample to the beaker and record the mass. 
3. Add approximately 5 drops of methyl orange indicator to the sample.  If 

methyl orange is not fresh, you may need to use more. 
4. Using a magnetic stir bar, stir the sample on a hot plate stirrer. 
5. Fill one burette with certified 2N (±0.005) HCl. 
6. Record the starting volume of HCl in the HCl burette. 
7. Slowly add HCl to the solution until the sample turns from yellow to orange. 
8. Record the final volume of HCl in the HCl burette. 
9. On the hot plate stirrer, heat the sample to a boil to release CO2 out of the 

solution. 
10. Rapidly boil the solution for 2 minutes while still stirring it with the magnetic 

stir bar. 
11. After 2 minutes, turn off the heat and allow the solution to return to ambient 

temperature. 
12. Fill a second burette with certified 2N (± 0.02) NaOH. 
13. Record the starting volume of NaOH in the NaOH burette. 
14. Magnetically stir the solution while immersing a pH meter in the sample. 
15. Add NaOH to the solution until the pH meter gives a reading of ≈ -265mV. 
16. Record the final volume of NaOH in the NaOH burette. 
17. Piperazine concentration is calculated by dividing the amount of HCl added 

by 2 because there are two nitrogen atoms in piperazine. 
18. Potassium (K+) concentration is calculated by taking the difference between 

the amount of HCl and NaOH added. 
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Appendix L: Ion Chromatography Method for Analysis of 

Piperazine and Potassium Concentration  

 

 

 

L.1 BACKGROUND INFORMATION 

Configure the Ion Chromatograph (IC) for cation detection.  Make sure the 

eluent bottles are filled.  The 6 mM and 55 mM concentrations will be used for 

the Piperazine_5min procedure.  To make new eluent, fill half of a 2 L volumetric 

flask with ultra-pure water and add 12 mL of 1 N monosulphonic acid (MSA) for 

the 6 mM concentration.  QS the flask with ultra-pure water.  For the 55 mM 

concentration, use 110 mL of 1 N MSA.  Fill the eluent bottles by stopping the 

nitrogen flow (turn the knob on the casing to the right until it is no longer above 

the casing) and unscrew the lid.  (Expect a hissing sound as the pressure is 

released from the bottles).  Fill the bottles with the appropriate eluent 

concentration.  Close the lid and open the valve on the casing to pressurize the 

eluent.  Next, prime the pump.  Note: Never allow the eluent bottles to become 

empty.  Always make sure that there is more than sufficient eluent available to 

the IC. 

When the eluent is refilled, the pump needs to be primed to allow any air 

bubbles that may be in the lines to be cleared before running the IC.  To do this, 

set the concentration on the computer to 100% A.  If the pump starts running 

when “Enter” is pressed, click the “Off” button.  Click “Prime” and an error 

message will appear.  Open the bottom compartment of the IC (under the 
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gradient mixer).  On the upper left side of this compartment there is a black 

plastic peg.  Turn it to the left and open it by loosening it. (If, after the pump is 

running, fluid can be seen dripping from the peg, simply tighten it a little.  It just 

needs to be loose enough to release any back-pressure.)  Then click “OK” on the 

error message and the pump will begin to run.  On the bottom right of the 

compartment there is a loop of tubing.  Hold it and watch for any air bubbles, 

which will be visible after a few seconds.  Allow it to run for an additional ten 

seconds after the last air bubble is detected.  Then click “Off”.  The eluent bottle 

A has just been primed.  The process needs to be repeated for all of the other 

bottles that have been refilled.  After priming the necessary eluent bottles, screw 

the peg back into place and close the compartment.  (If there is a low pressure 

warning while trying to prime the pump, click the “Off’ button, as the pump 

must still have been running.  Click “Prime” and resume.) 

Once the system is primed, one can begin to run the IC at the 

specifications that will be running with the program.  To run the Piperzine_5min 

program, enter 30 for the %C, then press “Enter”.  The computer will 

automatically set the %A to 70.  If not, enter it manually.  If the pump is not 

already running, click “On” to enable it.  Set the flow to 1.2 mL/s and the 

suppresser current to 73 mA.  All of these settings are preset in the program 

Piperazine_5min.  The machine is developing a constant baseline before 

measurements are taken.  Allow the machine to run for approximately 10 

minutes.  Check to see if the base-line reading is steady.  (It will still fluctuate 

within 0.001.)  Look on the top monitor on the IC itself.  If the screen is not lit, 

press one of the Arrow buttons.  The Total µS reading should be no higher than 

1.5; it should read below 1.  If it is high, ask for assistance and begin 

troubleshooting.  Once the reading is steady, the IC analysis can begin. 
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To set up a Sequence, change screens on the computer interface (Crtl+Tab).  

If the screen is not open, there is a button on the left side of the toolbar just below 

the menus that will open the window.  Make a new sequence for each run that is 

done.  The easiest way to do this is go to the last sequence that was done and 

click “Save As” with a new title containing the date and a letter ‘A’ afterwards, 

or the next consecutive letter.  It is recommended to run the standards at the 

beginning of each day (0 ppm K+/PZ, 10 ppm K+/PZ, 20 ppm K+/PZ, 30 ppm 

K+/PZ, 40 ppm K+/PZ, and 50 ppm K+/PZ).  The Type for these injections is 

Standards (the icon will be yellow).  Then name the samples that will be injected.  

It is suggested to inject each sample twice (A and B).  The Type for these 

injections is Unknown (the icon will be blue).  One can Append Samples, Delete 

Samples and Insert Samples at this time, and even while the batch is running.  

(Make sure to save the screen after any changes are made.)  On the tool bar or in 

the menu, select “Run Batch”.  A sub-screen will appear.  Select the batch to run, 

and click “Ready Check”.  The program calculates the volume of eluent needed 

to run the sequence.  Confirm that all is ready; then start the batch.  An error 

message will appear, with a prompt to insert the sample.  Rinse the 1 mL syringe 

with ultra-pure water a few times, flush with sample a few times, and insert 

about 1 mL.  (The volume injected does not need to be precise.  There is a sample 

coil that will be flushed and filled with the injection.) 

L.2 INTERPRETATION OF CHROMATOGRAPHS 

There is a water dip that will occur regularly around t=1.5 m. (The time 

events occur depends on the method.)  There obviously should not be any 

detectible peaks in the 0 ppm K+/PZ (ultra-pure water sample).  There may be a 

small bump that is equivalent to about 200 ppb, but that is not cause for concern.  

If one were to change the program, increasing the flow moves the peaks left, 
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coming out at earlier times, and increasing the concentration of eluent primarily 

moves the peaks closer together.  With the Piperazine_5min method, allow 

approximately 1 minute between the injection (t=30s) and the water dip.  After 

another minute, the potassium peak appears.  There is a minute to reestablish the 

baseline between peaks, then the piperazine peak, then another minute to 

reestablish the baseline before the method ends.  Recently, the QNT or the 

calibration curve has been recalculated each time.  It may be valuable to see how 

similar these are so that one only has to verify the standard. 

L.3 FORMAL SOP FOR THE IC 

1. Run the IC at method configurations to allow baseline to steady. 
2. Run 0 ppm K+/PZ and calibration standards. 
3. Tare caged scale and measure clean sample vile. 
4. Fill sample vile with 60 mL ultra-pure water.  Record mass of water. 
5. With a micro-auto pipette, add 60µL sample (x1000 dilution).  Record total 

mass of solution.  Cap vial. 
6. Briefly agitate to ensure solution is mixed. 
7. When the IC is ready for the next sample, rinse 1 mL syringe with ultra-pure 

water, flush once or twice with diluted sample, then fill with sample and 
inject into IC and press “Enter” on error message.  Rinse the syringe with 
ultra-pure water.   

8. Analyze each sample twice. 
9. Enter actual concentrations of standards into QNT editor and set calibration 

curve. 
10. Record the concentration of K+ and PZ (ppm) along with actual dilution 

masses and calibration curve data. 
11. To shut down, change flow to 0.4 mL/min and suppressor current to 25 mA.  

Leave the IC running to keep all parts wet.  Make sure the eluent bottles have 
more than sufficient eluent remaining to last until the next run. 

 
Note: A 4000x dilution should give a ppm reading around 30 for a 5 molal K+ / 
2.5 molal PZ solution.  For Campaigns 2 and 4, the samples had already been 
diluted four times.  The 1000 times dilution should be sufficient for these samples.  
In Campaign 1, the samples were not pre-diluted. 
 
This method was developed with the help of Brian Daniels and Andrew Sexton.
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Appendix M: Electrolyte-NRTL Physical and Transport Property 

Models and Equations 

 

 

 

The following section lists the various models that are may be used 

depending upon the availability of certain parameters.  These models are 

available as part of the default parameters for the electrolyte-NRTL model in 

Aspen Plus®. 

M.1 RACKETT EQUATION FOR LIQUID MOLAR VOLUME 

The Rackett equation is used to calculate the liquid molar volume of a 

pure component in the electrolyte-NRTL model.  The Rackett equation is given 

by the following: 
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c
r T

TT =  (M.6) 

 

where, cP and cT  are the critical pressure and temperature, respectively.  RA
iZ ,∗  is 

the compressibility of the pure component given by the parameter RKTZRA.  

The default value for the RKTZRA parameter is the critical compressibility factor, 

ZC.  The default value for ciV  is the critical volume, VC.  rT  is the reduced 

temperature in absolute temperature units.  ijk  is the interaction parameter for 

the Rackett equation and is given by the parameter RKTKIJ.  The default value is 

calculated by the following equation: 
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M.2 JONES–DOLE ELECTROLYTE CORRECTION FOR VISCOSITY 

In the presence of electrolytes, the viscosity of the liquid mixture is 

corrected using the Jones–Dole model.  This section lists the equations for the 

two other methods by which the parameter l
caηΔ can be calculated.  As outlined 

in an earlier chapter, if the concentration of apparent electrolyte is greater than 

0.1 M, the Breslau–Miller equation is used.  However, when the concentration of 

apparent electrolyte is less than or equal to 0.1 M, the Jones–Dole equation is 

used.  If the Jones–Dole parameters are not available, the Carbonell equation is 

used. 

M.2.1 Jones–Dole Equation 

The Jones–Dole equation is given by: 
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where is a

cac is the concentration of apparent electrolyte ca:  
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and a

cax is the mole fraction of apparent electrolyte ca.  The other parameters are 

given by the following equations: 

 

( ) ( )( )⎥⎦
⎤

⎢
⎣

⎡

++
−

−
+

=
acac

ac

ac

ac
l
solv

ca LLLL
LL

LL
LL

T
A

2342
45.1

2
1

εη
 (M.10) 

 
 TllL aaa 2,1, +=  (M.11) 

 
 TllL ccc 2,1, +=  (M.12) 

 
 ( ) ( )TbbTbbB aaccca 2,1,2,1, +++=  (M.13) 

 
where 1l , 2l , 1b ,and 2b are the IONMOB/1, IONMOB/2, IONMUB/1, and 

IONMUB/2 parameters in Aspen Plus®.   

M.2.2 Carbonell Equation 

The Carbonell Equation is given by: 
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where kM is the molecular weight of the apparent electrolyte component k.  The 

other parameters are defined the same as in the preceding section. 
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Appendix N: RateSep™ Mass Transfer Correlation 

 

 

 

N.1 LIQUID AND VAPOR MASS TRANSFER COEFFICIENTS 

The mass transfer coefficient for the liquid and gas were calculated using 

the Bravo et al. (1996) model available in RateSep™.  In the Data-Fit analysis for 

Campaign 4, the model was also used to calculate the effective interfacial area in 

conjunction with the interfacial area factor.  The binary liquid and vapor phase 

mass transfer coefficients are given by: 
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where L

kiD ,  and V
kiD ,  are the binary liquid and vapor diffusivity, respectively. 

EC is correction factor for surface renewal and S  is the slant height of a 

corrugation, The superficial liquid velocity, Leu , is given by: 
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 where ε  is the void fraction of the packing, L

su  is the superficial vapor–liquid 

velocity, θ  is the angle with the horizontal of the falling film or the corrugation 

channel.  The fractional holdup, th , is given by the following equation: 
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where L

tρ  is the liquid density and Lμ is the liquid viscosity.  The effective 

gravity, effg , is given by: 
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where g  is the gravitational constant, L

tρ  is the liquid density and V
tρ  is the 

vapor density.  floodZP ΔΔ is the pressure drop per unit height of packing at 

flooding.  ZP ΔΔ  is the pressure drop per unit of height of packing and is given 

by: 

 

( )

5

35.71614.01
1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−Δ

Δ
=

Δ
Δ

t

d

hSZ
P

Z
P   (N.6) 

 
where ZPd ΔΔ  is the dry pressure drop per unit height of packing and is given 

by: 
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where V

tρ  is the density of the vapor, Vμ  is the viscosity of the vapor, and V
su  is 

the superficial velocity of the vapor.  The correction factor for total holdup due to 

the effective wetted area, tF , is given by: 
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where LWe  is the Weber number of the liquid, LFr  is the Froude number of the 

liquid, LRe  is the Reynolds number of the liquid and are given by the following 

equations: 
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The contact angle between the solid and liquid film, γ , is given by: 
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The Reynolds number for the vapor, VRe , is given by: 
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where Veu is the effective velocity through the channel for the vapor and is given 

by: 
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The Schmidt number for the vapor, kiVSc ,, , is given by: 
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N.2 EFFECTIVE INTERFACIAL AREA 

The total interfacial area for mass transfer is give by: 
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 pte
I hAaa =   (N.16) 

 
where tA  is the cross-sectional area of the column, ph  is the packed height of the 

column.  ea  is the effective surface area per unit volume of the column and is 

given by:  

 psete aFFa =   (N.17) 
 

where seF  is the factor for surface enhancement and pa  is the specific area of the 

packing.
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Appendix O: RateSep™ Flux Equations for Mixed Flow 

 

 

 

The following equations evaluate the flux for the Mixed flow model.  In 

the Mixed flow model, the outlet conditions of the bulk property for the gas and 

liquid phases are used in the flux calculation.  When other flow models are used, 

different conditions for the bulk properties of each phase are used as discussed in 

the absorber modeling chapter.  The mass flux for the bulk liquid is given by the 

following equation: 
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where Σ  represents fixing the mole fractions of all other components except the 

nth while evaluating the differentiation. 
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When electrolytes are present, the driving force caused by the electric 

potential, ( )jj
E
j zxφΔ , in each film region is adjusted so that the electro-neutrality 
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conditions are satisfied at the right boundary of the film region.  The mass flux 

for the bulk vapor is given by: 
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The heat flux for the bulk liquid is given by the following equation: 
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The heat flux for the bulk vapor is given by: 
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Appendix P: RateSep™ Input File 

 
Filename C:\Documents and Settings\chene\My Documents\UT Austin\CO2 
Research\Aspen\2007\February\08.02.07 5k_2.5pz liq factor.inp 
; 
 
 
     
TITLE 'PZ, K2CO3, H2O and CO2 Absorber Model'  
 
IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=psi TEMPERATURE=C  & 
        PDROP='N/sqm'  
 
DEF-STREAMS CONVEN ALL  
 
SIM-OPTIONS  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    SIM-OPTIONS NPHASE=2  
 
RUN-CONTROL MAX-TIME=1000.  
 
DESCRIPTION " 
    Electrolytes Simulation with Metric Units :  
    C, bar, kg/hr, kmol/hr, M m Kcal/hr, cum/hr.  
       
    Property Method: ELECNRTL  
       
    Flow basis for input: Mole  
       
    Stream report composition: Mole flow  
       

    COPYRIGHT, THE UNIVERSITY OF TEXAS 
    DEVELOPED BY ERIC CHEN (2007)  
    " 
 
DATABANKS ASPENPCD  / AQUEOUS  / SOLIDS  / INORGANIC  /  & 
        PURE11  
 
PROP-SOURCES ASPENPCD  / AQUEOUS  / SOLIDS  / INORGANIC  /  & 
        PURE11  
 
COMPONENTS  
    H2O H2O /  
    K2CO3 K2CO3 /  
    KHCO3 KHCO3 /  
    PZ C4H10N2 /  
    K+ K+ /  
    H3O+ H3O+ /  
    CO2 CO2 /  
    HCO3- HCO3- /  
    OH- OH- /  
    CO3--2 CO3-2 /  
    PZH+ /  
    PZCOO- /  
    PZCOO-2 /  
    HPZCOO /  
    N2 N2  
 
ADA-SETUP  
    ADA-SETUP PROCEDURE=REL9  
 
HENRY-COMPS GLOBAL CO2 N2  
 
CHEMISTRY GLOBAL  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
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        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PARAM TAPP=0.  
    DISS K2CO3 K+ 2 / CO3--2 1  
    DISS KHCO3 K+ 1 / HCO3- 1  
    STOIC 1 H2O -2 / H3O+ 1 / OH- 1  
    STOIC 2 CO2 -1 / H2O -2 / H3O+ 1 / HCO3- 1  
    STOIC 3 HCO3- -1 / H2O -1 / H3O+ 1 / CO3--2 1  
    STOIC 4 PZH+ -1. / H2O -1. / PZ 1. / H3O+ 1.  
    STOIC 5 PZ -1. / HCO3- -1. / PZCOO- 1. / H2O 1.  
    STOIC 6 PZCOO- -1. / HCO3- -1. / PZCOO-2 1. / H2O 1.  
    STOIC 7 HPZCOO -1. / PZ -1. / PZCOO- 1. / PZH+ 1.  
    K-STOIC 1 A=132.89888 B=-13445.9 C=-22.4773 D=0  
    K-STOIC 2 A=231.465439 B=-12092.1 C=-36.7816 D=0  
    K-STOIC 3 A=216.05043 B=-12431.7 C=-35.4819 D=0  
    K-STOIC 4 A=481.945 B=-33448.7 C=-69.7827 D=0.  
    K-STOIC 5 A=-609.969 B=36511.7 C=87.075  
    K-STOIC 6 A=-251.395 B=14080.2 C=36.7818  
    K-STOIC 7 A=-488.753 B=27752.8 C=69.7831  
 
FLOWSHEET  
    BLOCK ABS-1 IN=GIN LIN OUT=GASOUT ABSRICH PSD1  
    BLOCK LNFLASH IN=LNH2O OUT=LNFGAS LNFLIQ  
    BLOCK ABS-FILM IN=GINFILM LINFILM OUT=GOUTFILM LOUTFILM  & 
        PSD2  
    BLOCK GASDUPL IN=GASIN OUT=GINFILM GIN  
    BLOCK LIQDUP IN=LNFLIQ OUT=LIN LINFILM  
    BLOCK STGFL1 IN=PSD1 OUT=SFVAP SFLIQ  
    BLOCK STGFL2 IN=PSD2 OUT=SFVAP2 SFLIQ2  
 
PROPERTIES ELECNRTL HENRY-COMPS=GLOBAL CHEMISTRY=GLOBAL  
& 
        TRUE-COMPS=YES  
    PROPERTIES NRTL-RK  
 
COMPARE K+ / H2O / K+ H2O  
 
PROP-REPLACE ELECNRTL ELECNRTL  
    PROP MULMX MULMX09  

 
PROP-DATA DATA4 
    IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=psi TEMPERATURE=C  & 
        MOLE-ENTHALP='kJ/kmol' MOLE-ENTROPY='cal/mol-K'  & 
        PDROP='N/sqm'  
    PROP-LIST CHARGE / IONTYP / MW / S025E / DHAQFM  
    PVAL PZH+ 1.0 / 1.0 / 87.1469 / -104.8126015 /  & 
        -129553.5032  
    PVAL PZCOO- -1.0 / 3.0 / 129.1411 / -54.44301138 /  & 
        -518314.8371  
    PVAL PZCOO-2 -2.0 / 3.0 / 172.1432 / -4.07342124 /  & 
        -950183.5167  
    PROP-LIST CHARGE / IONTYP / MW / S025E / DHFORM  
    PVAL HPZCOO 0 / 1.0 / 130.149 / -54.44301138 /  & 
        -565493.0503  
 
PROP-DATA DATA4 
    IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=bar TEMPERATURE=C  & 
        MOLE-VOLUME='cc/mol' PDROP='N/sqm'  
    PROP-LIST DGAQHG / DHAQHG / S25HG / OMEGHG / PC / TB /  & 
        TC / ZC / VC / VB / RKTZRA / VLSTD / VCRKT  
    PVAL PZH+ -90983047 / -100550000 / -470917.11 / 941008655 / & 
        29.6882 / 68.75 / 234.25 / 0.26 / 369.445 / 140.903 / & 
        0.25 / 0 / 250  
    PVAL PZCOO- -490608390 / -542140000 / -400779.86 /  & 
        1285873220 / 29.6882 / 68.75 / 234.25 / 0.26 /  & 
        369.445 / 140.903 / 0.25 / 0 / 250  
    PVAL PZCOO-2 -879555097 / -971930000 / -326881.53 /  & 
        1852863480 / 29.6882 / 68.75 / 234.25 / 0.26 /  & 
        369.445 / 140.903 / 0.25 / 0 / 250  
    PVAL HPZCOO -533467731 / -589500000 / -415875.14 /  & 
        772152519 / 29.6882 / 68.75 / 234.25 / 0.26 /  & 
        369.445 / 140.9030000 / 0.25 / 0.0 / 250  
 
PROP-DATA PZ 
    IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=psi TEMPERATURE=C  & 
        PDROP='N/sqm'  
    PROP-LIST VB  
    PVAL PZ 0.129371  
 
PROP-DATA REVIEW-1 
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    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST DHFORM / DHVLB / RKTZRA  
    PVAL PZ 3.917072705 / 9.999355116 / .2665202510  
 
PROP-DATA REVIEW-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' MOLE-VOLUME='cum/kmol' HEAT=M m 
Kcal  & 
        MOLE-CONC='mol/l' PDROP=bar  
    PROP-LIST VB  
    PVAL PZ 0.129371  
 
PROP-DATA REVIEW-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST VLSTD  
    PVAL H2O 18.04998800  
    PVAL PZ 129.3710000  
    PVAL CO2 53.55780000  
 
PROP-DATA RKTZRA 
    IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=psi TEMPERATURE=C  & 
        PDROP='N/sqm'  
    PROP-LIST RKTZRA  

    PVAL PZ 0.26652025  
 
PROP-DATA CPAQ0-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST CPAQ0  
    PVAL PZH+ 164.050109 0.071015035 0  
    PVAL PZCOO- 172.9708577 0.521015035 0  
    PVAL PZCOO-2 226.7359101 0.952615897 0  
 
PROP-DATA CPDIEC-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST CPDIEC  
    PVAL PZ 4.25304 1532.20 298.15  
 
PROP-DATA CPIG-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST CPIG  
    PVAL CO3--2 -1.054000669 0.0 0 0 0 0 -273.15 726.85  & 
        7.943059138 5.08E-03 1.5  
    PVAL PZH+ -1.054000669 0 0 0 0 0 -273.15 726.85  & 
        7.943059138 5.08E-03 1.5  
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    PVAL PZCOO- -1.054000669 0 0 0 0 0 -273.15 726.85  & 
        7.943059138 5.08E-03 1.5  
    PVAL PZCOO-2 -1.054000669 0 0 0 0 0 -273.15 726.85  & 
        7.943059138 5.08E-03 1.5  
    PVAL HPZCOO 179.1101695 0.502615897 0 0 0 0 -273.15  & 
        726.85 7.943059138 5.08E-03 1.5  
 
PROP-DATA DHVLWT-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST DHVLWT  
    PVAL HPZCOO 0 0 0  
 
PROP-DATA IONMUB-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST IONMUB  
    PVAL OH- 3056.175080 0.0  
    PVAL PZCOO- 749.3994360 0.0  
    PVAL PZCOO-2 2169.349130 0.0  
    PVAL HCO3- 189.1691370 0.0  
    PVAL CO3--2 619.9145130 0.0  
    PVAL PZH+ -738.5092540 0.0  
 
PROP-DATA PLXANT-1 
    IN-UNITS SI  
    PROP-LIST PLXANT  
    PVAL H2O 72.550 -7206.70 .0 .0 -7.13850 .0000040460 2.0  & 
        273.0 650.0  
    PVAL PZH+ -1.00E+20 0 0 0 0 0 0 0 2000  

    PVAL PZCOO- -1.00E+20 0 0 0 0 0 0 0 2000  
    PVAL PZCOO-2 -1.00E+20 0 0 0 0 0 0 0 2000  
    PVAL HPZCOO -1.00E+20 0 0 0 0 0 0 0 2000  
 
PROP-DATA VLBROC-1 
    IN-UNITS SI  
    PROP-LIST VLBROC  
    PVAL H2O .04640  
    PVAL CO2 .09390  
 
PROP-DATA HOCETA-1 
    IN-UNITS ENG  
    PROP-LIST HOCETA  
    BPVAL H2O H2O 1.700000000  
    BPVAL H2O CO2 .3000000000  
    BPVAL CO2 H2O .3000000000  
    BPVAL CO2 CO2 .1600000000  
 
PROP-DATA ANDKIJ-1 
    IN-UNITS ENG  
    PROP-LIST ANDKIJ  
    BPVAL PZ H2O -198.4399930 1.25683735E+5  
    BPVAL H2O PZ -198.4399930 1.25683735E+5  
 
PROP-DATA ANDMIJ-1 
    IN-UNITS ENG  
    PROP-LIST ANDMIJ  
    BPVAL PZ H2O 4269.360160 -2.5189449E+6  
    BPVAL H2O PZ 4269.360160 -2.5189449E+6  
 
PROP-DATA HENRY-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=K  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST HENRY  
    BPVAL CO2 H2O 159.1996745 -8477.711000 -21.95743000  & 
        5.78074800E-3 273.0000000 500.0000000 0.0  
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    BPVAL N2 H2O -21.86242546 -2953.500000 10.39600000  & 
        -.0540060000 273.1500000 345.6500000 0.0  
 
PROP-DATA NRTL-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=K  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST NRTL  
    BPVAL H2O CO2 10.06400000 -3268.135000 .2000000000 0.0 0.0  & 
        0.0 273.1500000 473.1500000  
    BPVAL CO2 H2O 10.06400000 -3268.135000 .2000000000 0.0 0.0  & 
        0.0 273.1500000 473.1500000  
    BPVAL H2O PZ 3.25045564 0.0 0.2 0 0 0 0 400  
    BPVAL PZ H2O 6.64592945 -2789.4791 0.2 0 0 0 0 400  
    BPVAL H2O HPZCOO -2.0805496 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
    BPVAL HPZCOO H2O 7.14839988 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
    BPVAL PZ CO2 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 1000.000  
    BPVAL CO2 PZ 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 1000.000  
    BPVAL PZ HPZCOO 0.0 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
    BPVAL HPZCOO PZ 0.0 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
    BPVAL CO2 HPZCOO 0.0 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
    BPVAL HPZCOO CO2 0.0 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
 
PROP-DATA VLCLK-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 

        PDROP=bar  
    PROP-LIST VLCLK  
    BPVAL K+ HCO3- 17.40077680 99.60622970  
    BPVAL K+ CO3--2 10.39509860 124.6062640  
    BPVAL K+ OH- 261.6117260 -1963.580210  
    BPVAL K+ PZCOO-2 120.9666380 0.0  
    BPVAL PZH+ PZCOO- 454.5238280 0.0  
    BPVAL K+ PZCOO- 1.128907830 484.3426350  
    BPVAL PZH+ OH- -428.9154410 0.0  
    BPVAL PZH+ HCO3- -1325.643950 7476.869340  
    BPVAL PZH+ CO3--2 196.3031750 0.0  
 
PROP-DATA GMELCC-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCC  
    PPVAL H2O ( H3O+ OH- ) 8.045000000  
    PPVAL ( H3O+ OH- ) H2O -4.072000000  
    PPVAL H2O ( H3O+ HCO3- ) 8.045000000  
    PPVAL ( H3O+ HCO3- ) H2O -4.072000000  
    PPVAL H2O ( H3O+ CO3--2 ) 8.045000000  
    PPVAL ( H3O+ CO3--2 ) H2O -4.072000000  
    PPVAL H2O ( H3O+ PZCOO- ) 8  
    PPVAL ( H3O+ PZCOO- ) H2O -4  
    PPVAL H2O ( H3O+ PZCOO-2 ) 8  
    PPVAL ( H3O+ PZCOO-2 ) H2O -4  
    PPVAL H2O ( K+ OH- ) 7.840673000  
    PPVAL ( K+ OH- ) H2O -4.258696000  
    PPVAL H2O ( K+ HCO3- ) 7.72747879  
    PPVAL ( K+ HCO3- ) H2O -3.12841315  
    PPVAL H2O ( K+ CO3--2 ) 9.21361281  
    PPVAL ( K+ CO3--2 ) H2O -4.27485273  
    PPVAL H2O ( K+ PZCOO- ) 8  
    PPVAL ( K+ PZCOO- ) H2O -4  
    PPVAL H2O ( K+ PZCOO-2 ) 7.01168545  
    PPVAL ( K+ PZCOO-2 ) H2O -4  
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    PPVAL H2O ( PZH+ OH- ) 8  
    PPVAL ( PZH+ OH- ) H2O -4  
    PPVAL H2O ( PZH+ HCO3- ) 9.08099491  
    PPVAL ( PZH+ HCO3- ) H2O -3.5427758  
    PPVAL H2O ( PZH+ CO3--2 ) 8  
    PPVAL ( PZH+ CO3--2 ) H2O -4  
    PPVAL H2O ( PZH+ PZCOO- ) 6.81507229  
    PPVAL ( PZH+ PZCOO- ) H2O -4  
    PPVAL H2O ( PZH+ PZCOO-2 ) 8  
    PPVAL ( PZH+ PZCOO-2 ) H2O -4  
    PPVAL CO2 ( H3O+ OH- ) 15.00000000  
    PPVAL ( H3O+ OH- ) CO2 -8.000000000  
    PPVAL CO2 ( H3O+ HCO3- ) 15.00000000  
    PPVAL ( H3O+ HCO3- ) CO2 -8.000000000  
    PPVAL CO2 ( H3O+ CO3--2 ) 15.00000000  
    PPVAL ( H3O+ CO3--2 ) CO2 -8.000000000  
    PPVAL CO2 ( H3O+ PZCOO- ) 10  
    PPVAL ( H3O+ PZCOO- ) CO2 -2  
    PPVAL CO2 ( H3O+ PZCOO-2 ) 10  
    PPVAL ( H3O+ PZCOO-2 ) CO2 -2  
    PPVAL CO2 ( K+ OH- ) 10  
    PPVAL ( K+ OH- ) CO2 -2  
    PPVAL CO2 ( K+ HCO3- ) 10  
    PPVAL ( K+ HCO3- ) CO2 -2  
    PPVAL CO2 ( K+ CO3--2 ) 10  
    PPVAL ( K+ CO3--2 ) CO2 -2  
    PPVAL CO2 ( K+ PZCOO- ) 10  
    PPVAL ( K+ PZCOO- ) CO2 -2  
    PPVAL CO2 ( K+ PZCOO-2 ) 10  
    PPVAL ( K+ PZCOO-2 ) CO2 -2  
    PPVAL CO2 ( PZH+ OH- ) 10  
    PPVAL ( PZH+ OH- ) CO2 -2  
    PPVAL CO2 ( PZH+ HCO3- ) 10  
    PPVAL ( PZH+ HCO3- ) CO2 -2  
    PPVAL CO2 ( PZH+ CO3--2 ) 10  
    PPVAL ( PZH+ CO3--2 ) CO2 -2  
    PPVAL CO2 ( PZH+ PZCOO- ) 10  
    PPVAL ( PZH+ PZCOO- ) CO2 -2  
    PPVAL CO2 ( PZH+ PZCOO-2 ) 10  
    PPVAL ( PZH+ PZCOO-2 ) CO2 -2  
    PPVAL PZ ( H3O+ OH- ) 10  
    PPVAL ( H3O+ OH- ) PZ -2  

    PPVAL PZ ( H3O+ HCO3- ) 10  
    PPVAL ( H3O+ HCO3- ) PZ -2  
    PPVAL PZ ( H3O+ CO3--2 ) 10  
    PPVAL ( H3O+ CO3--2 ) PZ -2  
    PPVAL PZ ( H3O+ PZCOO- ) 10  
    PPVAL ( H3O+ PZCOO- ) PZ -2  
    PPVAL PZ ( H3O+ PZCOO-2 ) 10  
    PPVAL ( H3O+ PZCOO-2 ) PZ -2  
    PPVAL PZ ( K+ OH- ) 10  
    PPVAL ( K+ OH- ) PZ -2  
    PPVAL PZ ( K+ HCO3- ) 10  
    PPVAL ( K+ HCO3- ) PZ -2  
    PPVAL PZ ( K+ CO3--2 ) 4.79556769  
    PPVAL ( K+ CO3--2 ) PZ -2  
    PPVAL PZ ( K+ PZCOO- ) 10  
    PPVAL ( K+ PZCOO- ) PZ -7.2514659  
    PPVAL PZ ( K+ PZCOO-2 ) 10  
    PPVAL ( K+ PZCOO-2 ) PZ -2  
    PPVAL PZ ( PZH+ OH- ) 10  
    PPVAL ( PZH+ OH- ) PZ -2  
    PPVAL PZ ( PZH+ HCO3- ) 10  
    PPVAL ( PZH+ HCO3- ) PZ -2  
    PPVAL PZ ( PZH+ CO3--2 ) 10  
    PPVAL ( PZH+ CO3--2 ) PZ -2  
    PPVAL PZ ( PZH+ PZCOO- ) 10  
    PPVAL ( PZH+ PZCOO- ) PZ -2  
    PPVAL PZ ( PZH+ PZCOO-2 ) 10  
    PPVAL ( PZH+ PZCOO-2 ) PZ -2  
    PPVAL HPZCOO ( H3O+ OH- ) 10  
    PPVAL ( H3O+ OH- ) HPZCOO -2  
    PPVAL HPZCOO ( H3O+ HCO3- ) 10  
    PPVAL ( H3O+ HCO3- ) HPZCOO -2  
    PPVAL HPZCOO ( H3O+ CO3--2 ) 10  
    PPVAL ( H3O+ CO3--2 ) HPZCOO -2  
    PPVAL HPZCOO ( H3O+ PZCOO- ) 10  
    PPVAL ( H3O+ PZCOO- ) HPZCOO -2  
    PPVAL HPZCOO ( H3O+ PZCOO-2 ) 10  
    PPVAL ( H3O+ PZCOO-2 ) HPZCOO -2  
    PPVAL HPZCOO ( K+ OH- ) 10  
    PPVAL ( K+ OH- ) HPZCOO -2  
    PPVAL HPZCOO ( K+ HCO3- ) 10  
    PPVAL ( K+ HCO3- ) HPZCOO -2  
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    PPVAL HPZCOO ( K+ CO3--2 ) 10  
    PPVAL ( K+ CO3--2 ) HPZCOO -2  
    PPVAL HPZCOO ( K+ PZCOO- ) 10  
    PPVAL ( K+ PZCOO- ) HPZCOO -2  
    PPVAL HPZCOO ( K+ PZCOO-2 ) 3.80551713  
    PPVAL ( K+ PZCOO-2 ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ OH- ) 10  
    PPVAL ( PZH+ OH- ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ HCO3- ) 10  
    PPVAL ( PZH+ HCO3- ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ CO3--2 ) 10  
    PPVAL ( PZH+ CO3--2 ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ PZCOO- ) 10  
    PPVAL ( PZH+ PZCOO- ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ PZCOO-2 ) 10  
    PPVAL ( PZH+ PZCOO-2 ) HPZCOO -2  
 
PROP-DATA GMELCD-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCD  
    PPVAL H2O ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) H2O 0.0  
    PPVAL H2O ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) H2O 0.0  
    PPVAL H2O ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) H2O 0.0  
    PPVAL H2O ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) H2O 0.0  
    PPVAL H2O ( K+ OH- ) 773.3601000  
    PPVAL ( K+ OH- ) H2O -305.6509000  
    PPVAL H2O ( K+ HCO3- ) 0  
    PPVAL ( K+ HCO3- ) H2O -129.141168  
    PPVAL H2O ( K+ CO3--2 ) 0  

    PPVAL ( K+ CO3--2 ) H2O -96.3329422  
    PPVAL H2O ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) H2O 0.0  
    PPVAL H2O ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) H2O 0.0  
    PPVAL H2O ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) H2O 0.0  
    PPVAL H2O ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) H2O 0.0  
    PPVAL H2O ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) H2O 0.0  
    PPVAL CO2 ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) CO2 0.0  
    PPVAL CO2 ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) CO2 0.0  
    PPVAL CO2 ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) CO2 0.0  
    PPVAL CO2 ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) CO2 0.0  
    PPVAL CO2 ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) CO2 0.0  
    PPVAL CO2 ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( PZH+ PZCOO- ) 0.0  
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    PPVAL ( PZH+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) CO2 0.0  
    PPVAL PZ ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) PZ 0.0  
    PPVAL PZ ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) PZ 0.0  
    PPVAL PZ ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) PZ 0.0  
    PPVAL PZ ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) PZ 0.0  
    PPVAL PZ ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) PZ 0.0  
    PPVAL PZ ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) PZ 0.0  
    PPVAL PZ ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) PZ 0.0  
    PPVAL PZ ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) PZ 0.0  
    PPVAL PZ ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) PZ 0.0  
    PPVAL HPZCOO ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ PZCOO-2 ) 0.0  

    PPVAL ( H3O+ PZCOO-2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) HPZCOO 0.0  
 
PROP-DATA GMELCE-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCE  
    PPVAL H2O ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) H2O 0.0  
    PPVAL H2O ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) H2O 0.0  
    PPVAL H2O ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) H2O 0.0  
    PPVAL H2O ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) H2O 0.0  
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    PPVAL H2O ( K+ OH- ) -5.852382000  
    PPVAL ( K+ OH- ) H2O 4.754130000  
    PPVAL H2O ( K+ HCO3- ) 0  
    PPVAL ( K+ HCO3- ) H2O -2.78779375  
    PPVAL H2O ( K+ CO3--2 ) 6.43696916  
    PPVAL ( K+ CO3--2 ) H2O -0.142243146  
    PPVAL H2O ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) H2O 0.0  
    PPVAL H2O ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) H2O 0.0  
    PPVAL H2O ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) H2O 0.0  
    PPVAL H2O ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) H2O 0.0  
    PPVAL H2O ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) H2O 0.0  
    PPVAL CO2 ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) CO2 0.0  
    PPVAL CO2 ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) CO2 0.0  
    PPVAL CO2 ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) CO2 0.0  
    PPVAL CO2 ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) CO2 0.0  
    PPVAL CO2 ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) CO2 0.0  

    PPVAL CO2 ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) CO2 0.0  
    PPVAL PZ ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) PZ 0.0  
    PPVAL PZ ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) PZ 0.0  
    PPVAL PZ ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) PZ 0.0  
    PPVAL PZ ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) PZ 0.0  
    PPVAL PZ ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) PZ 0.0  
    PPVAL PZ ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) PZ 0.0  
    PPVAL PZ ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) PZ 0.0  
    PPVAL PZ ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) PZ 0.0  
    PPVAL PZ ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) PZ 0.0  
    PPVAL HPZCOO ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) HPZCOO 0.0  
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    PPVAL HPZCOO ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) HPZCOO 0.0  
 
PROP-DATA GMELCN-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCN  
    PPVAL H2O ( H3O+ OH- ) 0.2  
    PPVAL H2O ( H3O+ HCO3- ) 0.2  
    PPVAL H2O ( H3O+ CO3--2 ) 0.2  
    PPVAL H2O ( H3O+ PZCOO- ) 0.2  
    PPVAL H2O ( H3O+ PZCOO-2 ) 0.2  

    PPVAL H2O ( K+ OH- ) 0.2  
    PPVAL H2O ( K+ HCO3- ) 0.2  
    PPVAL H2O ( K+ CO3--2 ) 0.2  
    PPVAL H2O ( K+ PZCOO- ) 0.2  
    PPVAL H2O ( K+ PZCOO-2 ) 0.2  
    PPVAL H2O ( PZH+ OH- ) 0.2  
    PPVAL H2O ( PZH+ HCO3- ) 0.2  
    PPVAL H2O ( PZH+ CO3--2 ) 0.2  
    PPVAL H2O ( PZH+ PZCOO- ) 0.2  
    PPVAL H2O ( PZH+ PZCOO-2 ) 0.2  
    PPVAL CO2 ( H3O+ OH- ) .1000000000  
    PPVAL CO2 ( H3O+ HCO3- ) .1000000000  
    PPVAL CO2 ( H3O+ CO3--2 ) .1000000000  
    PPVAL CO2 ( H3O+ PZCOO- ) 0.2  
    PPVAL CO2 ( H3O+ PZCOO-2 ) 0.2  
    PPVAL CO2 ( K+ OH- ) 0.2  
    PPVAL CO2 ( K+ HCO3- ) 0.2  
    PPVAL CO2 ( K+ CO3--2 ) 0.2  
    PPVAL CO2 ( K+ PZCOO- ) 0.2  
    PPVAL CO2 ( K+ PZCOO-2 ) 0.2  
    PPVAL CO2 ( PZH+ OH- ) 0.2  
    PPVAL CO2 ( PZH+ HCO3- ) 0.2  
    PPVAL CO2 ( PZH+ CO3--2 ) 0.2  
    PPVAL CO2 ( PZH+ PZCOO- ) 0.2  
    PPVAL CO2 ( PZH+ PZCOO-2 ) 0.2  
    PPVAL PZ ( H3O+ OH- ) 0.2  
    PPVAL PZ ( H3O+ HCO3- ) 0.2  
    PPVAL PZ ( H3O+ CO3--2 ) 0.2  
    PPVAL PZ ( H3O+ PZCOO- ) 0.2  
    PPVAL PZ ( H3O+ PZCOO-2 ) 0.2  
    PPVAL PZ ( K+ OH- ) 0.2  
    PPVAL PZ ( K+ HCO3- ) 0.2  
    PPVAL PZ ( K+ CO3--2 ) 0.2  
    PPVAL PZ ( K+ PZCOO- ) 0.2  
    PPVAL PZ ( K+ PZCOO-2 ) 0.2  
    PPVAL PZ ( PZH+ OH- ) 0.2  
    PPVAL PZ ( PZH+ HCO3- ) 0.2  
    PPVAL PZ ( PZH+ CO3--2 ) 0.2  
    PPVAL PZ ( PZH+ PZCOO- ) 0.2  
    PPVAL PZ ( PZH+ PZCOO-2 ) 0.2  
    PPVAL HPZCOO ( H3O+ OH- ) 0.2  
    PPVAL HPZCOO ( H3O+ HCO3- ) 0.2  
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    PPVAL HPZCOO ( H3O+ CO3--2 ) 0.2  
    PPVAL HPZCOO ( H3O+ PZCOO- ) 0.2  
    PPVAL HPZCOO ( H3O+ PZCOO-2 ) 0.2  
    PPVAL HPZCOO ( K+ OH- ) 0.2  
    PPVAL HPZCOO ( K+ HCO3- ) 0.2  
    PPVAL HPZCOO ( K+ CO3--2 ) 0.2  
    PPVAL HPZCOO ( K+ PZCOO- ) 0.2  
    PPVAL HPZCOO ( K+ PZCOO-2 ) 0.2  
    PPVAL HPZCOO ( PZH+ OH- ) 0.2  
    PPVAL HPZCOO ( PZH+ HCO3- ) 0.2  
    PPVAL HPZCOO ( PZH+ CO3--2 ) 0.2  
    PPVAL HPZCOO ( PZH+ PZCOO- ) 0.2  
    PPVAL HPZCOO ( PZH+ PZCOO-2 ) 0.2  
 
PROP-SET CPGMX CPMX UNITS='cal/mol-K' SUBSTREAM=MIXED 
PHASE=V  
 
PROP-SET CPLMX CPMX UNITS='cal/mol-K' SUBSTREAM=MIXED PHASE=L  
 
PROP-SET D-HPZCOO DMX SUBSTREAM=MIXED COMPS=HPZCOO 
PHASE=L  
 
PROP-SET G-CO2 GAMUS SUBSTREAM=MIXED COMPS=CO2 PHASE=L  
 
PROP-SET G-CO3 GAMMA SUBSTREAM=MIXED COMPS=CO3--2 PHASE=L  
 
PROP-SET G-H2O  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROPNAME-LIS GAMMA SUBSTREAM=MIXED COMPS=H2O PHASE=L  
 
PROP-SET G-HCO3 GAMMA SUBSTREAM=MIXED COMPS=HCO3- 
PHASE=L  
 
PROP-SET G-HPZCOO GAMMA SUBSTREAM=MIXED COMPS=HPZCOO 
PHASE=L  

 
PROP-SET G-K+ GAMMA SUBSTREAM=MIXED COMPS=K+ PHASE=L  
 
PROP-SET G-OH GAMMA SUBSTREAM=MIXED COMPS=OH- PHASE=L  
 
PROP-SET G-PZ GAMMA SUBSTREAM=MIXED COMPS=PZ PHASE=L  
 
PROP-SET G-PZCOO GAMMA SUBSTREAM=MIXED COMPS=PZCOO- 
PHASE=L  
 
PROP-SET G-PZCOO2 GAMMA SUBSTREAM=MIXED COMPS=PZCOO-2 
PHASE=L  
 
PROP-SET G-PZH+ GAMMA SUBSTREAM=MIXED COMPS=PZH+ PHASE=L  
 
PROP-SET IONSTR IONSM SUBSTREAM=MIXED PHASE=L  
 
PROP-SET MASSCONC  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROPNAME-LIS MASSCONC SUBSTREAM=MIXED PHASE=L  
;  "Mass concentration (component mass/liquid volume)"  
     
 
PROP-SET MOLECONC  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='M m Kcal/hr'  
& 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  
& 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=M m Kcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROPNAME-LIS MOLECONC UNITS='mol/l' SUBSTREAM=MIXED 
PHASE=L  
;  "Mole concentration (component mole/liquid volume)"  
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PROP-SET MUMX MUMX SUBSTREAM=MIXED PHASE=L  
 
PROP-SET PPCO2 PPMX UNITS='Pa' SUBSTREAM=MIXED COMPS=CO2  & 
        PHASE=V  
 
PROP-SET PPH2O PPMX UNITS='Pa' SUBSTREAM=MIXED COMPS=H2O  & 
        PHASE=V  
 
PROP-SET PPPZ PPMX UNITS='Pa' SUBSTREAM=MIXED COMPS=PZ 
PHASE=V  
 
PROP-SET RHOMX RHOMX UNITS='kg/cum' SUBSTREAM=MIXED 
PHASE=L  
 
STREAM GASIN  
    SUBSTREAM MIXED TEMP=40. PRES=0.01681693615 <psig>  & 
        FREE-WATER=NO NPHASE=1 PHASE=V  
    MOLE-FLOW H2O 2685.0358118 / CO2 5770.9797698 / N2  & 
        27775.646121  
 
STREAM LNH2O  
    SUBSTREAM MIXED TEMP=40. PRES=-6.6 <in-water-g>  & 
        FLASH-OPTION=NOFLASH  
    MOLE-FLOW H2O 142200.83777 / K2CO3 6390.8612541 / PZ  & 
        6391. / CO2 3405.9106826  
 
BLOCK LNFLASH FLASH2  
    PARAM TEMP=40. PRES=-6.1960359653 <in-water-g>  
 
BLOCK STGFL1 FLASH2  
    PARAM TEMP=40. VFRAC=1E-007 P-EST=14.  
 
BLOCK STGFL2 FLASH2  
    PARAM TEMP=45. VFRAC=1E-007 P-EST=14.  
     
;===================================================== 
;      RateFrac To RateSep (RadFrac) Conversion 
;                   (Version 2004.1) 
;  
;  Conversion time: Mon Sep 11 11:03:30 2006 

;  
;===================================================== 
 
BLOCK ABS-1 RADFRAC  
    PARAM NSTAGE=50 EFF=MURPHREE ABSORBER=YES HYDRAULIC=YES  
& 
        MAXOL=50 TOLOL=0.001  
    COL-CONFIG CONDENSER=NONE REBOILER=NONE  
    RATESEP-ENAB CALC-MODE=RIG-RATE  
    RATESEP-PARA RBTRFC=0.5 RBRXN=0.5 RBPACKEND=0.5  & 
        RS-TOL=0.0001 RS-STABLE-IT=40 RS-MAXIT=50  & 
        RS-STABLE-ME=DOGLEG CC-AVG-PARAM=1E-005 CONTIN-ITER=3  & 
        DIAG-ITER=6 DISC-RATIO=6.  
    DIAGNOSTICS MAIN=6  
    FEEDS GIN 50 ON-STAGE / LIN 1 ON-STAGE  
    PRODUCTS GASOUT 1 V / ABSRICH 50 L  
    PSEUDO-STREA PSD1 2 MOLE-FLOW=10.  
    P-SPEC 1 -5.9 <in-water-g>  
    COL-SPECS DP-COL=5.52 <in-water>  
    REAC-STAGES 1 50 KAX-H2O3  
    T-EST 1 38. / 50 54.  
    TRAY-REPORT TRAY-OPTION=ALL-TRAYS PROPERTIES=G-CO2 G-CO3  
& 
        G-H2O G-HCO3 G-HPZCOO G-K+ G-OH G-PZ G-PZCOO G-PZCOO2  & 
        G-PZH+ PPCO2 PPH2O PPPZ D-HPZCOO MOLECONC CPGMX CPLMX  
    PACK-RATE 1 1 50 FLEXIPAC VENDOR=KOCH PACK-MAT=STEEL  & 
        PACK-SIZE="2Y" SPAREA=225.0000 VOIDFR=0.93 STICH1=5.  & 
        STICH2=3. STICH3=0.45 PACK-HT=6.096 DIAM=16.8 <in>  & 
        THETA=45. P-UPDATE=NO  
    PACK-RATE2 1 RATE-BASED=YES LIQ-FILM=DISCRXN LIQ-CORRF=YES  
& 
        MTRFC-CORR=BRF-92 INTFA-CORR=BRF-92  & 
        HOLDUP-CORR=PERCENT-DATA FLOW-MODEL=VPLUG-PAVG  & 
        AREA-FACTOR=1.15 PERCENT-LHLD=1. LHLDP-FACTOR=1.  & 
        NLPOINTS=3 STRUCT-SIDE=.0180340 S-RENEWAL-F=0.9  & 
        HT-FACTOR=1.  
    REPORT STDVPROF INT-PROFILE INT-AREA BULKRXN DIFF-COEFF  & 
        MT-RATE MT-COEFF HT-RATE HT-COEFF FILMRXN S-DIMLESS  & 
        V-DIMLESS  
    HTLOSS-SEC SECNO=1 1 1 HTLOSS-SEC=0. / SECNO=2 2 2  & 
        HTLOSS-SEC=0.  
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;===================================================== 
;      RateFrac To RateSep (RadFrac) Conversion 
;                   (Version 2004.1) 
;  
;  Conversion time: Mon Sep 11 11:03:30 2006 
;  
;===================================================== 
 
BLOCK ABS-FILM RADFRAC  
    PARAM NSTAGE=50 EFF=MURPHREE ABSORBER=YES HYDRAULIC=YES  
& 
        MAXOL=50 TOLOL=0.001  
    COL-CONFIG CONDENSER=NONE REBOILER=NONE  
    RATESEP-ENAB CALC-MODE=RIG-RATE  
    RATESEP-PARA RS-TOL=0.0001 RS-STABLE-IT=40 RS-MAXIT=50  & 
        RS-STABLE-ME=DOGLEG CC-AVG-PARAM=1E-005 CONTIN-ITER=3  & 
        DIAG-ITER=6 DISC-RATIO=6.  
    DIAGNOSTICS MAIN=6  
    FEEDS GINFILM 50 ON-STAGE / LINFILM 1 ON-STAGE  
    PRODUCTS GOUTFILM 1 V / LOUTFILM 50 L  
    PSEUDO-STREA PSD2 4 MOLE-FLOW=10.  
    P-SPEC 1 -5.9 <in-water-g>  
    COL-SPECS DP-COL=5.52 <in-water>  
    COMP-EFF 1 CO2 0.10336943 / 2 CO2 0.10181558 / 3 CO2  & 
        0.09990972 / 4 CO2 0.09755632 / 5 CO2 0.09473571 /  & 
        6 CO2 0.09145929 / 7 CO2 0.08774596 / 8 CO2  & 
        0.083628 / 9 CO2 0.07916923 / 10 CO2 0.07447016 /  & 
        11 CO2 0.06967231 / 12 CO2 0.06494452 / 13 CO2  & 
        0.06046145 / 14 CO2 0.05637672 / 15 CO2 0.05280264 /  & 
        16 CO2 0.04980273 / 17 CO2 0.04739682 / 18 CO2  & 
        0.0455732 / 19 CO2 0.04430102 / 20 CO2 0.04354277 /  & 
        21 CO2 0.04326015 / 22 CO2 0.04341941 / 23 CO2  & 
        0.04399476 / 24 CO2 0.04497073 / 25 CO2 0.04634451 /  & 
        26 CO2 0.04812791 / 27 CO2 0.05035017 / 28 CO2  & 
        0.05306109 / 29 CO2 0.05633648  
    REAC-STAGES 1 50 KAX-H2O3  
    T-EST 1 38. / 50 52.  
    TRAY-REPORT TRAY-OPTION=ALL-TRAYS PROPERTIES=G-CO2 G-CO3  
& 
        G-H2O G-HCO3 G-HPZCOO G-K+ G-OH G-PZ G-PZCOO G-PZCOO2  & 
        G-PZH+ PPCO2 PPH2O PPPZ D-HPZCOO MOLECONC CPGMX CPLMX  
    PACK-RATE 1 1 50 FLEXIPAC VENDOR=KOCH PACK-MAT=STEEL  & 

        PACK-SIZE="2Y" SPAREA=225.0000 VOIDFR=0.93 STICH1=5.  & 
        STICH2=3. STICH3=0.45 PACK-HT=6.096 DIAM=16.8 <in>  & 
        THETA=45. P-UPDATE=NO  
    PACK-RATE2 1 RATE-BASED=YES LIQ-FILM=DISCRXN LIQ-CORRF=YES  
& 
        MTRFC-CORR=BRF-92 INTFA-CORR=BRF-92  & 
        HOLDUP-CORR=PERCENT-DATA FLOW-MODEL=VPLUG-PAVG  & 
        AREA-FACTOR=1.5 PERCENT-LHLD=1. LHLDP-FACTOR=1.  & 
        NLPOINTS=3 STRUCT-SIDE=.0180340 HT-FACTOR=1.  
    REPORT STDVPROF INT-PROFILE INT-AREA BULKRXN DIFF-COEFF  & 
        MT-RATE MT-COEFF HT-RATE HT-COEFF FILMRXN S-DIMLESS  & 
        V-DIMLESS  
 
BLOCK GASDUPL DUPL  
    PROPERTIES ELECNRTL HENRY-COMPS=GLOBAL CHEMISTRY=GLOBAL  
 
BLOCK LIQDUP DUPL  
 
DESIGN-SPEC DS-1  
    DEFINE GCO2OU MOLE-FLOW STREAM=GASOUT SUBSTREAM=MIXED  
& 
        COMPONENT=CO2  
    SPEC "GCO2OU" TO "2623"  
    TOL-SPEC "1"  
    VARY BLOCK-VAR BLOCK=ABS-1 VARIABLE=AREA-FACTOR  & 
        SENTENCE=PACK-RATE2 ID1=1  
    LIMITS "1" "2"  
 
EO-CONV-OPTI  
 
CALCULATOR FLSHLDG  
    DEFINE RCO2 MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE RPZ MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE SFLDG PARAMETER 13  
    DEFINE RHPZCO MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE RPZCO2 MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE RPZCOO MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
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    DEFINE RCO3 MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE RHCO3 MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE RK MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE RPZH MOLE-FLOW STREAM=SFLIQ SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
F     SFLDG=(RCO2+RHPZCO+2*RPZCO2+RPZCOO+RCO3+RHCO3)/  
F     (2*(RPZ+RPZH+RPZCOO+RPZCO2+RHPZCO)+RK)  
F     WRITE(NTERM,*)SFLDG  
    READ-VARS RCO2 RPZ RHPZCO RPZCO2 RPZCOO RCO3 RHCO3 RK  & 
        RPZH  
    WRITE-VARS SFLDG  
 
CALCULATOR HTLOSS  
    VECTOR-DEF TCOL PROFILE BLOCK=ABS-1 VARIABLE=TEMP  & 
        SENTENCE=PROFILE  
    DEFINE TAMB PARAMETER 20 PHYS-QTY=TEMPERATURE UOM="C"  & 
        INIT-VAL=14.158333333  
    DEFINE UA PARAMETER 21 INIT-VAL=0.  
    DEFINE H1 BLOCK-VAR BLOCK=ABS-1 VARIABLE=HTLOSS-SEC  & 
        SENTENCE=HTLOSS-SEC ID1=1  
    DEFINE H2 BLOCK-VAR BLOCK=ABS-1 VARIABLE=HTLOSS-SEC  & 
        SENTENCE=HTLOSS-SEC ID1=2  
F     H1=UA*(TCOL(1)-TAMB)  
F     H2=UA*(TCOL(2)-TAMB)  
C     H3=UA*(TCOL(3)-TAMB)  
C     H4=UA*(TCOL(4)-TAMB)  
C     H5=UA*(TCOL(5)-TAMB)  
C     H6=UA*(TCOL(6)-TAMB)  
C     H7=UA*(TCOL(7)-TAMB)  
C     H8=UA*(TCOL(8)-TAMB)  
C     H9=UA*(TCOL(9)-TAMB)  
C     H10=UA*(TCOL(10)-TAMB)  
C     H11=UA*(TCOL(11)-TAMB)  
C     H12=UA*(TCOL(12)-TAMB)  
C     H13=UA*(TCOL(13)-TAMB)  
C     H14=UA*(TCOL(14)-TAMB)  
C     H15=UA*(TCOL(15)-TAMB)  
C     H16=UA*(TCOL(16)-TAMB)  
C     H17=UA*(TCOL(17)-TAMB)  

C     H18=UA*(TCOL(18)-TAMB)  
C     H19=UA*(TCOL(19)-TAMB)  
C     H20=UA*(TCOL(20)-TAMB)  
C     H21=UA*(TCOL(21)-TAMB)  
C     H22=UA*(TCOL(22)-TAMB)  
C     H23=UA*(TCOL(23)-TAMB)  
C     H24=UA*(TCOL(24)-TAMB)  
C     H25=UA*(TCOL(25)-TAMB)  
C     H26=UA*(TCOL(26)-TAMB)  
C     H27=UA*(TCOL(27)-TAMB)  
C     H28=UA*(TCOL(28)-TAMB)  
C     H29=UA*(TCOL(29)-TAMB)  
C     H30=UA*(TCOL(30)-TAMB)  
    READ-VARS UA TCOL TAMB  
    WRITE-VARS H1 H2  
    EXECUTE LAST  
 
CALCULATOR KINFACTR  
    DEFINE PZF PARAMETER 1 INIT-VAL=0.2  
    DEFINE PZCOOF PARAMETER 2 INIT-VAL=0.2  
    DEFINE KPZF REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=3  
    DEFINE KPZR REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=4  
    DEFINE KPZCF REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=5  
    DEFINE KPZCR REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=6  
    DEFINE PZF2 PARAMETER 3 INIT-VAL=0.2  
    DEFINE PZCF2 PARAMETER 4 INIT-VAL=0.2  
    DEFINE KPZHF REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=7  
    DEFINE KPZHR REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=8  
    DEFINE KPZCHF REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-
EXP  & 
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        SENTENCE=RATE-CON ID1=17  
    DEFINE KPZCHR REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-
EXP  & 
        SENTENCE=RATE-CON ID1=18  
    DEFINE RF910 PARAMETER 5 INIT-VAL=0.2  
    DEFINE RF1112 PARAMETER 6 INIT-VAL=0.2  
    DEFINE RF1314 PARAMETER 7 INIT-VAL=0.2  
    DEFINE RF1516 PARAMETER 8 INIT-VAL=0.2  
    DEFINE RF1920 PARAMETER 9 INIT-VAL=0.2  
    DEFINE RF2122 PARAMETER 10 INIT-VAL=0.2  
    DEFINE RF2324 PARAMETER 11 INIT-VAL=0.2  
    DEFINE RF12 PARAMETER 14 INIT-VAL=0.2  
    DEFINE RXN9 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=9  
    DEFINE RXN10 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=10  
    DEFINE RXN11 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=11  
    DEFINE RXN12 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=12  
    DEFINE RXN13 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=13  
    DEFINE RXN14 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=14  
    DEFINE RXN15 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=15  
    DEFINE RXN16 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=16  
    DEFINE RXN19 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=19  
    DEFINE RXN20 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=20  

    DEFINE RXN21 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=21  
    DEFINE RXN22 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=22  
    DEFINE RXN23 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=23  
    DEFINE RXN24 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=24  
    DEFINE RXN1 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=1  
    DEFINE RXN2 REACT-VAR REACTION=KAX-H2O3 VARIABLE=PRE-EXP  
& 
        SENTENCE=RATE-CON ID1=2  
F     kpzf = pzf * 26801  
F     kpzr = pzf * 2.7688  
F       
F     kpzcf = pzcoof * 19798  
F     kpzcr = pzcoof * 14.0395  
F       
F     kpzhf = pzf2*1.5072E+08  
F     kpzhr = pzf2*3.4841E+12  
F       
F     kpzchf = pzcf2*7.4224E+07  
F     kpzchr = pzcf2*4.2601E+13  
F       
F     rxn9 = rf910*1.865E+10  
F     rxn10 = rf910*2.411E+03  
F       
F     rxn11 = rf1112*3.6201E+10  
F     rxn12 = rf1112*6.8163E+02  
F       
F     rxn13 = rf1314*3.9334E+11  
F     rxn14 = rf1314*7.6235E+03  
F       
F     rxn15 = rf1516*4.6750E+11  
F     rxn16 = rf1516*3.5207E-02  
F       
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F     rxn19 = rf1920*3.6279e+10  
F     rxn20 = rf1920*1.6960E+04  
F  
F     rxn21 = rf2122*1.9364E+11  
F     rxn22 = rf2122*9.3182E+04  
F       
F     rxn23 = rf2324*1.8683e+10  
F     rxn24 = rf2324*59954  
F       
F     rxn1 = rf12*9.2981e+6  
F     rxn2 = rf12*0.0038419  
    WRITE-VARS PZF PZCOOF KPZF KPZR KPZCF KPZCR PZF2 PZCF2  & 
        KPZHF KPZHR KPZCHF KPZCHR RF910 RF1314 RF1112 RF1516  & 
        RF1920 RF2122 RF2324 RF12 RXN10 RXN9 RXN11 RXN12  & 
        RXN13 RXN14 RXN15 RXN16 RXN19 RXN20 RXN21 RXN22 RXN23  & 
        RXN24 RXN1 RXN2  
    EXECUTE FIRST  
 
CALCULATOR RHLDG  
    DEFINE RCO2 MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE RPZ MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE RHLDG PARAMETER 12  
    DEFINE RHPZCO MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  
& 
        COMPONENT=HPZCOO  
    DEFINE RPZCO2 MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  
& 
        COMPONENT=PZCOO-2  
    DEFINE RPZCOO MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  
& 
        COMPONENT=PZCOO-  
    DEFINE RCO3 MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE RHCO3 MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE RK MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE RPZH MOLE-FLOW STREAM=ABSRICH SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
F     RHLDG=(RCO2+RHPZCO+2*RPZCO2+RPZCOO+RCO3+RHCO3)  

F     WRITE(NTERM,*)RHLDG  
    READ-VARS RCO2 RPZ RHPZCO RPZCO2 RPZCOO RCO3 RHCO3 RK  & 
        RPZH  
    WRITE-VARS RHLDG  
 
CONV-OPTIONS  
    PARAM CHECKSEQ=YES  
 
STREAM-REPOR MOLEFLOW MOLEFRAC PROPERTIES=G-H2O PPPZ G-PZ 
G-CO2  & 
        G-CO3 G-HCO3 G-HPZCOO G-K+ G-PZCOO G-PZCOO2 G-PZH+  & 
        IONSTR MOLECONC MASSCONC PPCO2 PPH2O  
 
PROPERTY-REP PCES PROP-DATA DFMS  
 
REACTIONS CONK-EQG REAC-DIST  
    REAC-DATA 7 KINETIC CBASIS=MOLAR  
    REAC-DATA 8 KINETIC CBASIS=MOLAR  
    REAC-DATA 9 KINETIC CBASIS=MOLAR  
    REAC-DATA 10 KINETIC CBASIS=MOLAR  
    REAC-DATA 11 KINETIC CBASIS=MOLAR  
    REAC-DATA 12 KINETIC CBASIS=MOLAR  
    REAC-DATA 13 KINETIC CBASIS=MOLAR  
    REAC-DATA 14 KINETIC CBASIS=MOLAR  
    REAC-DATA 15 KINETIC CBASIS=MOLAR  
    REAC-DATA 16 KINETIC CBASIS=MOLAR  
    REAC-DATA 17 KINETIC CBASIS=MOLAR  
    REAC-DATA 18 KINETIC CBASIS=MOLAR  
    REAC-DATA 19 KINETIC CBASIS=MOLAR  
    REAC-DATA 20 KINETIC CBASIS=MOLAR  
    REAC-DATA 21 KINETIC CBASIS=MOLAR  
    REAC-DATA 22 KINETIC CBASIS=MOLAR  
    REAC-DATA 23 KINETIC CBASIS=MOLAR  
    REAC-DATA 24 KINETIC CBASIS=MOLAR  
    REAC-DATA 1 KINETIC CBASIS=MOLAR  
    REAC-DATA 2 KINETIC CBASIS=MOLAR  
    REAC-DATA 4 KINETIC CBASIS=MOLAR  
    REAC-DATA 5 KINETIC CBASIS=MOLAR  
    REAC-DATA 3 KINETIC CBASIS=MOLAR  
    REAC-DATA 6 KINETIC CBASIS=MOLAR  
    REAC-DATA 25  
    REAC-DATA 27  
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    REAC-DATA 28  
    REAC-DATA 29  
    K-STOIC 25 A=132.89888 B=-13445.9 C=-22.4773  
    K-STOIC 27 A=481.945 B=-33448.7 C=-69.7827  
    K-STOIC 28 A=-488.753 B=27752.8 C=69.7831  
    K-STOIC 29 A=216.05043 B=-12431.7 C=-35.4819  
    RATE-CON 7 PRE-EXP=2810.4 ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 8 PRE-EXP=23177000. ACT-ENERGY=88985.90085 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 9 PRE-EXP=143610. ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 10 PRE-EXP=0.0059841 ACT-ENERGY=147158.3638 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 11 PRE-EXP=328340. ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 12 PRE-EXP=0.0026999 ACT-ENERGY=154530.3585 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 13 PRE-EXP=679640. ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 14 PRE-EXP=1.2023 ACT-ENERGY=109394.981 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 15 PRE-EXP=8698100. ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 16 PRE-EXP=0.00058232  & 
        ACT-ENERGY=145697.5341 <kJ/kmol> T-REF=298.15 <K>  
    RATE-CON 17 PRE-EXP=1873.6 ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 18 PRE-EXP=71086000. ACT-ENERGY=68331.06251 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 19 PRE-EXP=445440. ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 20 PRE-EXP=0.016851 ACT-ENERGY=133875.5201 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 21 PRE-EXP=452940. ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 22 PRE-EXP=3.6862 ACT-ENERGY=88740.14267 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 23 PRE-EXP=310540. ACT-ENERGY=35020. <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 24 PRE-EXP=0.059532 ACT-ENERGY=126503.5254 <kJ/kmol>  & 
        T-REF=298.15 <K>  

    RATE-CON 1 PRE-EXP=17529. ACT-ENERGY=45600.27545 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 2 PRE-EXP=2.8933E-005  & 
        ACT-ENERGY=113844.2621 <kJ/kmol> T-REF=298.15 <K>  
    RATE-CON 4 PRE-EXP=4.9935E-006 ACT-ENERGY=125056.905 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 5 PRE-EXP=24.632 ACT-ENERGY=47980.094 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 3 PRE-EXP=24.632 ACT-ENERGY=47980.094 <kJ/kmol>  & 
        T-REF=298.15 <K>  
    RATE-CON 6 PRE-EXP=2.5305E-005  & 
        ACT-ENERGY=117684.9103 <kJ/kmol> T-REF=298.15 <K>  
    STOIC 7 PZ -1. / CO2 -1. / H2O -1. / PZCOO- 1. /  & 
        H3O+ 1.  
    STOIC 8 PZCOO- -1. / H3O+ -1. / PZ 1. / CO2 1. /  & 
        H2O 1.  
    STOIC 9 PZ -1. / CO2 -1. / PZCOO- 0. / HPZCOO 1.  
    STOIC 10 HPZCOO -1. / PZCOO- 0. / PZ 1. / CO2 1.  
    STOIC 11 PZ -2. / CO2 -1. / PZCOO- 1. / PZH+ 1.  
    STOIC 12 PZCOO- -1. / PZH+ -1. / PZ 2. / CO2 1.  
    STOIC 13 PZ -1. / CO2 -1. / CO3--2 -1. / PZCOO- 1. /  & 
        HCO3- 1.  
    STOIC 14 PZCOO- -1. / HCO3- -1. / PZ 1. / CO2 1. /  & 
        CO3--2 1.  
    STOIC 15 PZ -1. / CO2 -1. / OH- -1. / PZCOO- 1. /  & 
        H2O 1.  
    STOIC 16 PZCOO- -1. / H2O -1. / PZ 1. / CO2 1. /  & 
        OH- 1.  
    STOIC 17 PZCOO- -1. / CO2 -1. / H2O -1. / PZCOO-2 1. / & 
        H3O+ 1.  
    STOIC 18 PZCOO-2 -1. / H3O+ -1. / PZCOO- 1. / CO2 1. / & 
        H2O 1.  
    STOIC 19 PZCOO- -1. / CO2 -1. / PZ -1. / PZCOO-2 1. /  & 
        PZH+ 1.  
    STOIC 20 PZCOO-2 -1. / PZH+ -1. / PZCOO- 1. / CO2 1. / & 
        PZ 1.  
    STOIC 21 PZCOO- -1. / CO2 -1. / CO3--2 -1. / PZCOO-2  & 
        1. / HCO3- 1.  
    STOIC 22 PZCOO-2 -1. / HCO3- -1. / PZCOO- 1. / CO2 1. / & 
        CO3--2 1.  
    STOIC 23 PZCOO- -2. / CO2 -1. / PZCOO-2 1. / HPZCOO  & 
        1.  
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    STOIC 24 PZCOO-2 -1. / HPZCOO -1. / PZCOO- 2. / CO2  & 
        1.  
    STOIC 1 CO2 -1. / OH- -1. / HCO3- 1.  
    STOIC 2 HCO3- -1. / CO2 1. / OH- 1.  
    STOIC 4 PZH+ -1. / HCO3- -1. / PZ 1. / CO2 1. / H2O  & 
        1.  
    STOIC 5 PZCOO- -1. / CO2 -1. / H2O -1. / HPZCOO 1. /  & 
        HCO3- 1.  
    STOIC 3 PZ -1. / CO2 -1. / H2O -1. / PZH+ 1. /  & 
        HCO3- 1.  
    STOIC 6 HPZCOO -1. / HCO3- -1. / PZCOO- 1. / CO2 1. /  & 
        H2O 1.  
    STOIC 25 H2O -2. / H3O+ 1. / OH- 1.  
    STOIC 27 PZH+ -1. / H2O -1. / PZ 1. / H3O+ 1.  
    STOIC 28 HPZCOO -1. / PZ -1. / PZCOO- 1. / PZH+ 1.  
    STOIC 29 HCO3- -1. / H2O -1. / H3O+ 1. / CO3--2 1.  
    POWLAW-EXP 7 PZ 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 8 PZCOO- 1. / H3O+ 1.  
    POWLAW-EXP 9 PZ 1. / CO2 1. / PZCOO- 1.  
    POWLAW-EXP 10 HPZCOO 1. / PZCOO- 1.  
    POWLAW-EXP 11 PZ 2. / CO2 1.  
    POWLAW-EXP 12 PZCOO- 1. / PZH+ 1.  
    POWLAW-EXP 13 PZ 1. / CO2 1. / CO3--2 1.  
    POWLAW-EXP 14 PZCOO- 1. / HCO3- 1.  
    POWLAW-EXP 15 PZ 1. / CO2 1. / OH- 1.  
    POWLAW-EXP 16 PZCOO- 1. / H2O 1.  
    POWLAW-EXP 17 PZCOO- 1. / CO2 1. / H2O 1.  
    POWLAW-EXP 18 PZCOO-2 1. / H3O+ 1.  
    POWLAW-EXP 19 PZCOO- 1. / CO2 1. / PZ 1.  
    POWLAW-EXP 20 PZCOO-2 1. / PZH+ 1.  
    POWLAW-EXP 21 PZCOO- 1. / CO2 1. / CO3--2 1.  
    POWLAW-EXP 22 PZCOO-2 1. / HCO3- 1.  
    POWLAW-EXP 23 PZCOO- 2. / CO2 1.  
    POWLAW-EXP 24 PZCOO-2 1. / HPZCOO 1.  
    POWLAW-EXP 1 CO2 1. / OH- 1.  
    POWLAW-EXP 2 HCO3- 1.  
    POWLAW-EXP 4 PZH+ 1. / HCO3- 1.  
    POWLAW-EXP 5 PZCOO- 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 3 PZ 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 6 HPZCOO 1. / HCO3- 1.  
 
REACTIONS CONV-EQ REAC-DIST  

    REAC-DATA 1  
    REAC-DATA 3  
    REAC-DATA 4  
    REAC-DATA 7  
    REAC-DATA 2  
    REAC-DATA 5  
    REAC-DATA 6  
    K-STOIC 1 A=132.89888 B=-13445.9 C=-22.4773  
    K-STOIC 3 A=216.05043 B=-12431.7 C=-35.4819  
    K-STOIC 4 A=481.945 B=-33448.7 C=-69.7827  
    K-STOIC 7 A=-488.753 B=27752.8 C=69.7831  
    K-STOIC 2 A=98.566559 B=1353.8 C=-14.3043  
    K-STOIC 5 A=-378.503561 B=24419.6 C=50.2934  
    K-STOIC 6 A=-19.929561 B=1988.1  
    STOIC 1 H2O -2. / H3O+ 1. / OH- 1.  
    STOIC 3 HCO3- -1. / H2O -1. / H3O+ 1. / CO3--2 1.  
    STOIC 4 PZH+ -1. / H2O -1. / PZ 1. / H3O+ 1.  
    STOIC 7 HPZCOO -1. / PZ -1. / PZCOO- 1. / PZH+ 1.  
    STOIC 2 CO2 -1. / OH- -1. / HCO3- 1.  
    STOIC 5 PZ -1. / CO2 -1. / H2O -1. / PZCOO- 1. /  & 
        H3O+ 1.  
    STOIC 6 PZCOO- -1. / CO2 -1. / H2O -1. / PZCOO-2 1. /  & 
        H3O+ 1.  
 
REACTIONS EQUIL REAC-DIST  
    REAC-DATA 1  
    REAC-DATA 2  
    REAC-DATA 3  
    REAC-DATA 4  
    REAC-DATA 5  
    REAC-DATA 6  
    REAC-DATA 7  
    K-STOIC 1 A=132.89888 B=-13445.9 C=-22.4773  
    K-STOIC 2 A=231.465439 B=-12092.1 C=-36.7816  
    K-STOIC 3 A=216.05043 B=-12431.7 C=-35.4819  
    K-STOIC 4 A=481.945 B=-33448.7 C=-69.7827  
    K-STOIC 5 A=-609.969 B=36511.7 C=87.075  
    K-STOIC 6 A=-251.395 B=14080.2 C=36.7818  
    K-STOIC 7 A=-488.753 B=27752.8 C=69.7831  
    STOIC 1 H2O -2. / H3O+ 1. / OH- 1.  
    STOIC 2 CO2 -1. / H2O -2. / H3O+ 1. / HCO3- 1.  
    STOIC 3 HCO3- -1. / H2O -1. / H3O+ 1. / CO3--2 1.  
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    STOIC 4 PZH+ -1. / H2O -1. / PZ 1. / H3O+ 1.  
    STOIC 5 PZ -1. / HCO3- -1. / PZCOO- 1. / H2O 1.  
    STOIC 6 PZCOO- -1. / HCO3- -1. / PZCOO-2 1. / H2O 1.  
    STOIC 7 HPZCOO -1. / PZ -1. / PZCOO- 1. / PZH+ 1.  
 
REACTIONS KAX-H2O3 REAC-DIST  
    REAC-DATA 7 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 8 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 9 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 10 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 11 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 12 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 13 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 14 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 15 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 16 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 17 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 18 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 19 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 20 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 21 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 22 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 23 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 24 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 1 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 2 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 4 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 5 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 3 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 6 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 25 KBASIS=MOLE-GAMMA  
    REAC-DATA 27 KBASIS=MOLE-GAMMA  
    REAC-DATA 28  
    REAC-DATA 29 KBASIS=MOLE-GAMMA  
    K-STOIC 25 A=132.89888 B=-13445.9 C=-22.4773  
    K-STOIC 27 A=481.945 B=-33448.7 C=-69.7827  
    K-STOIC 28 A=-488.753 B=27752.8 C=69.7831  
    K-STOIC 29 A=216.05043 B=-12431.7 C=-35.4819  
    RATE-CON 7 PRE-EXP=8372000000. ACT-ENERGY=-17619. <kJ/kmol>  & 
        TEMP-EXPONEN=17.25 T-REF=298.15 <K>  
    RATE-CON 8 PRE-EXP=3484000000000. ACT-ENERGY=185406. <kJ/kmol>  & 
        TEMP-EXPONEN=-33.04 T-REF=298.15 <K>  

    RATE-CON 9 PRE-EXP=18650000000. ACT-ENERGY=-35394. <kJ/kmol>  & 
        TEMP-EXPONEN=25.7 T-REF=298.15 <K>  
    RATE-CON 10 PRE-EXP=2411. ACT-ENERGY=214987. <kJ/kmol>  & 
        TEMP-EXPONEN=-24.59 T-REF=298.15 <K>  
    RATE-CON 11 PRE-EXP=36200000000. ACT-ENERGY=-116263. <kJ/kmol>  & 
        TEMP-EXPONEN=44.43 T-REF=298.15 <K>  
    RATE-CON 12 PRE-EXP=681.6 ACT-ENERGY=364854. <kJ/kmol>  & 
        TEMP-EXPONEN=-75.65 T-REF=298.15 <K>  
    RATE-CON 13 PRE-EXP=393300000000. ACT-ENERGY=-54002. <kJ/kmol>  & 
        TEMP-EXPONEN=36.07 T-REF=298.15 <K>  
    RATE-CON 14 PRE-EXP=7623. ACT-ENERGY=252380. <kJ/kmol>  & 
        TEMP-EXPONEN=-49.7 T-REF=298.15 <K>  
    RATE-CON 15 PRE-EXP=467500000000. ACT-ENERGY=-31303. <kJ/kmol>  & 
        TEMP-EXPONEN=23.83 T-REF=298.15 <K>  
    RATE-CON 16 PRE-EXP=0.03521 ACT-ENERGY=283511. <kJ/kmol>  & 
        TEMP-EXPONEN=-48.94 T-REF=298.15 <K>  
    RATE-CON 17 PRE-EXP=4123000000. ACT-ENERGY=63251. <kJ/kmol>  & 
        TEMP-EXPONEN=-1.47 T-REF=298.15 <K>  
    RATE-CON 18 PRE-EXP=4.26E+013 ACT-ENERGY=79780. <kJ/kmol>  & 
        TEMP-EXPONEN=-1.47 T-REF=298.15 <K>  
    RATE-CON 19 PRE-EXP=36280000000. ACT-ENERGY=-35394. <kJ/kmol>  & 
        TEMP-EXPONEN=25.7 T-REF=298.15 <K>  
    RATE-CON 20 PRE-EXP=16960. ACT-ENERGY=259228. <kJ/kmol>  & 
        TEMP-EXPONEN=-44.08 T-REF=298.15 <K>  
    RATE-CON 21 PRE-EXP=193600000000. ACT-ENERGY=26868. <kJ/kmol>  & 
        TEMP-EXPONEN=17.35 T-REF=298.15 <K>  
    RATE-CON 22 PRE-EXP=93180. ACT-ENERGY=146755. <kJ/kmol>  & 
        TEMP-EXPONEN=-18.14 T-REF=298.15 <K>  
    RATE-CON 23 PRE-EXP=18680000000. ACT-ENERGY=45476. <kJ/kmol>  & 
        TEMP-EXPONEN=6.98 T-REF=298.15 <K>  
    RATE-CON 24 PRE-EXP=59950. ACT-ENERGY=109361. <kJ/kmol>  & 
        TEMP-EXPONEN=6.98 T-REF=298.15 <K>  
    RATE-CON 1 PRE-EXP=9298000. ACT-ENERGY=77495. <kJ/kmol>  & 
        TEMP-EXPONEN=-3.05 T-REF=298.15 <K>  
    RATE-CON 2 PRE-EXP=0.003842 ACT-ENERGY=88750. <kJ/kmol>  & 
        TEMP-EXPONEN=11.25 T-REF=298.15 <K>  
    RATE-CON 4 PRE-EXP=2.769 ACT-ENERGY=172473. <kJ/kmol>  & 
        TEMP-EXPONEN=-15.45 T-REF=298.15 <K>  
    RATE-CON 5 PRE-EXP=19800. ACT-ENERGY=75784. <kJ/kmol>  & 
        TEMP-EXPONEN=-1.18 T-REF=298.15 <K>  
    RATE-CON 3 PRE-EXP=26800. ACT-ENERGY=-5086. <kJ/kmol>  & 
        TEMP-EXPONEN=17.55 T-REF=298.15 <K>  
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    RATE-CON 6 PRE-EXP=14.04 ACT-ENERGY=22606. <kJ/kmol>  & 
        TEMP-EXPONEN=35.61 T-REF=298.15 <K>  
    STOIC 7 PZ -1. / CO2 -1. / H2O -1. / PZCOO- 1. /  & 
        H3O+ 1.  
    STOIC 8 PZCOO- -1. / H3O+ -1. / PZ 1. / CO2 1. /  & 
        H2O 1.  
    STOIC 9 PZ -1. / CO2 -1. / PZCOO- 0. / HPZCOO 1.  
    STOIC 10 HPZCOO -1. / PZCOO- 0. / PZ 1. / CO2 1.  
    STOIC 11 PZ -2. / CO2 -1. / PZCOO- 1. / PZH+ 1.  
    STOIC 12 PZCOO- -1. / PZH+ -1. / PZ 2. / CO2 1.  
    STOIC 13 PZ -1. / CO2 -1. / CO3--2 -1. / PZCOO- 1. /  & 
        HCO3- 1.  
    STOIC 14 PZCOO- -1. / HCO3- -1. / PZ 1. / CO2 1. /  & 
        CO3--2 1.  
    STOIC 15 PZ -1. / CO2 -1. / OH- -1. / PZCOO- 1. /  & 
        H2O 1.  
    STOIC 16 PZCOO- -1. / H2O -1. / PZ 1. / CO2 1. /  & 
        OH- 1.  
    STOIC 17 PZCOO- -1. / CO2 -1. / H2O -1. / PZCOO-2 1. / & 
        H3O+ 1.  
    STOIC 18 PZCOO-2 -1. / H3O+ -1. / PZCOO- 1. / CO2 1. / & 
        H2O 1.  
    STOIC 19 PZCOO- -1. / CO2 -1. / PZ -1. / PZCOO-2 1. /  & 
        PZH+ 1.  
    STOIC 20 PZCOO-2 -1. / PZH+ -1. / PZCOO- 1. / CO2 1. / & 
        PZ 1.  
    STOIC 21 PZCOO- -1. / CO2 -1. / CO3--2 -1. / PZCOO-2  & 
        1. / HCO3- 1.  
    STOIC 22 PZCOO-2 -1. / HCO3- -1. / PZCOO- 1. / CO2 1. / & 
        CO3--2 1.  
    STOIC 23 PZCOO- -2. / CO2 -1. / PZCOO-2 1. / HPZCOO  & 
        1.  
    STOIC 24 PZCOO-2 -1. / HPZCOO -1. / PZCOO- 2. / CO2  & 
        1.  
    STOIC 1 CO2 -1. / OH- -1. / HCO3- 1.  
    STOIC 2 HCO3- -1. / CO2 1. / OH- 1.  
    STOIC 4 PZH+ -1. / HCO3- -1. / PZ 1. / CO2 1. / H2O  & 
        1.  
    STOIC 5 PZCOO- -1. / CO2 -1. / H2O -1. / HPZCOO 1. /  & 
        HCO3- 1.  
    STOIC 3 PZ -1. / CO2 -1. / H2O -1. / PZH+ 1. /  & 
        HCO3- 1.  

    STOIC 6 HPZCOO -1. / HCO3- -1. / PZCOO- 1. / CO2 1. /  & 
        H2O 1.  
    STOIC 25 H2O -2. / H3O+ 1. / OH- 1.  
    STOIC 27 PZH+ -1. / H2O -1. / PZ 1. / H3O+ 1.  
    STOIC 28 HPZCOO -1. / PZ -1. / PZCOO- 1. / PZH+ 1.  
    STOIC 29 HCO3- -1. / H2O -1. / H3O+ 1. / CO3--2 1.  
    POWLAW-EXP 7 PZ 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 8 PZCOO- 1. / H3O+ 1.  
    POWLAW-EXP 9 PZ 1. / CO2 1. / PZCOO- 1.  
    POWLAW-EXP 10 HPZCOO 1. / PZCOO- 1.  
    POWLAW-EXP 11 PZ 2. / CO2 1.  
    POWLAW-EXP 12 PZCOO- 1. / PZH+ 1.  
    POWLAW-EXP 13 PZ 1. / CO2 1. / CO3--2 1.  
    POWLAW-EXP 14 PZCOO- 1. / HCO3- 1.  
    POWLAW-EXP 15 PZ 1. / CO2 1. / OH- 1.  
    POWLAW-EXP 16 PZCOO- 1. / H2O 1.  
    POWLAW-EXP 17 PZCOO- 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 18 PZCOO-2 1. / H3O+ 1.  
    POWLAW-EXP 19 PZCOO- 1. / CO2 1. / PZ 1.  
    POWLAW-EXP 20 PZCOO-2 1. / PZH+ 1.  
    POWLAW-EXP 21 PZCOO- 1. / CO2 1. / CO3--2 1.  
    POWLAW-EXP 22 PZCOO-2 1. / HCO3- 1.  
    POWLAW-EXP 23 PZCOO- 2. / CO2 1.  
    POWLAW-EXP 24 PZCOO-2 1. / HPZCOO 1.  
    POWLAW-EXP 1 CO2 1. / OH- 1.  
    POWLAW-EXP 2 HCO3- 1.  
    POWLAW-EXP 4 PZH+ 1. / HCO3- 1.  
    POWLAW-EXP 5 PZCOO- 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 3 PZ 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 6 HPZCOO 1. / HCO3- 1.  
 
PROP-TABLE 525 FLASHCURVE  
    MOLE-FLOW H2O 55.5 / K2CO3 2.5 / PZ 2.5 / CO2 2.5  
    STATE PRES=14.696  
    VARY TEMP  
    RANGE LOWER=20. UPPER=70. INCR=5.  
    TABULATE PROPERTIES=RHOMX MUMX  
 
PROP-TABLE 6416 FLASHCURVE  
    MOLE-FLOW H2O 55.5 / K2CO3 3.2 / PZ 1.6 / CO2 2.58  
    STATE PRES=14.696  
    VARY TEMP  
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    RANGE LOWER=25. UPPER=70. INCR=5.  
    TABULATE PROPERTIES=RHOMX MUMX  
 
DISABLE  
    BLOCK ABS-FILM STGFL2  
; 
; 
; 
; 
; 
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Appendix Q: FORTRAN Interfacial Area Subroutine 

 
     SUBROUTINE AREA(KSTG,   NCOMPS, IDX,    NBOPST, KPDIAG, 
     1                    XCOMPB, FRATEL, YCOMPB, FRATEV, PRESS, 
     2                    TLIQ,   TVAP,   AVMWLI, AVMWVA, VISCML, 
     3                    DENMXL, SIGMAL, VISCMV, DENMXV, AREAIF, 
     4                    COLTYP, USRCOR, TWRARA, COLDIA, HTPACK, 
     5                    PACSIZ, SPAREA, CSIGMA, PFACT,  PKPRMS, 
     6                    VOIDFR, IPAKAR, IPTYPE, IVENDR, IPMAT,  
     7                    IPSIZE, WEIRHT, DCAREA, ARAACT, FLOPTH,  
     8                    NPASS,  WEIRL,  IFMETH, SYSFAC, HOLEAR,  
     9                    ITTYPE, TRASPC, PITCH,  NINT,   INT,     
     A                    NREAL,  REAL) 
      IMPLICIT NONE 
      INTEGER KSTG, NCOMPS, IDX(NCOMPS), NBOPST(6), KPDIAG, 
     +        COLTYP, USRCOR, IPAKAR, IPTYPE, IVENDR, IPMAT,  IPSIZE,  
     +        NPASS, IFMETH, ITTYPE, NINT, INT(NINT), NREAL 
      REAL*8  XCOMPB(NCOMPS), FRATEL, YCOMPB(NCOMPS), FRATEV, 
     +        PRESS, TLIQ, TVAP, AVMWLI, AVMWVA, VISCML, DENMXL, 
     +        SIGMAL, VISCMV, DENMXV, AREAIF, TWRARA, COLDIA, 
     +        HTPACK, PACSIZ, SPAREA, CSIGMA, PFACT, PKPRMS(20), 
     +        VOIDFR, WEIRHT, DCAREA, ARAACT, FLOPTH, WEIRL, 
     +        SYSFAC, HOLEAR, TRASPC, PITCH, REAL(NREAL) 
C*********************************************************************** 
C  LICENSED MATERIAL.  PROPERTY OF ASPEN TECHNOLOGY, INC.  TO 
BE       * 
C  TREATED AS ASPEN TECH PROPRIETARY INFORMATION UNDER THE 
TERMS       * 
C  OF THE ASPEN PLUS SUBSCRIPTION AGREEMENT.                           * 
C*********************************************************************** 
C----------------------------------------------------------------------- 
C         COPYRIGHT (C) 2004 
C          ASPEN TECHNOLOGY, INC. 
C          CAMBRIDGE, MA 
C----------------------------------------------------------------------- 
C 
C     DESCRIPTION: User provided RateSep routine to calculate the 
C                  specific interface area AREAIF (see NOTE-1). 

C 
C     VARIABLES IN ARGUMENT LIST 
C 
C     VARIABLE I/O  TYPE   DIMENSION   DESCRIPTION AND RANGE 
C     -------- ---  ----   ---------   --------------------------------- 
C     KSTG      I    I         -       SEGMENT NUMBER 
C     NCOMPS    I    I         -       NUMBER OF COMPONENTS 
C     IDX       I    I       NCOMPS    COMPONENT INDEX VECTOR 
C     NBOPST    I    I         6       PHYSICAL PROPERTY OPTION 
C                                      SET BEAD POINTER 
C     KPDIAG    I    I         -       PHYSICAL PROPERTY 
C                                      DIAGOSTIC CODE 
C     XCOMPB    I    R       NCOMPS    BULK LIQUID MOLE FRACTION 
C     FRATEL    I    R         -       FLOW OF LIQUID (KMOL/SEC) 
C     YCOMPB    I    R       NCOMPS    BULK VAPOR MOLE FRACTION 
C     FRATEV    I    R         -       FLOW OF VAPOR (KMOL/SEC) 
C     PRESS     I    R         -       PRESSURE (N/SQ.M) 
C     TLIQ      I    R         -       LIQUID TEMPERATURE (K) 
C     TVAP      I    R         -       VAPOR TEMPERATURE (K) 
C     AVMWLI    I    R         -       AVERAGE MOLECULAR WEIGHT 
C                                      OF LIQUID MIXTURE 
C                                      (KG/KMOL) 
C     AVMWVA    I    R         -       AVERAGE MOLECULAR WEIGHT 
C                                      OF VAPOR MIXTURE (KG/KMOL) 
C     VISCML    I    R         -       VISCOSITY OF LIQUID 
C                                      (N-SEC/SQ.M) 
C     DENMXL    I    R         -       DENSITY OF LIQUID MIXTURE 
C                                      (KMOL/CU.M) 
C     SIGMAL    I    R         -       SURFACE TENSION OF LIQUID 
C                                      (N/M) 
C     VISCMV    I    R         -       VISCOSITY OF VAPOR MIXTURE 
C                                      (N-SEC/SQ.M) 
C     DENMXV    I    R         -       DENSITY OF VAPOR MIXTURE 
C                                      (KMOL/CU.M) 
C     AREAIF    O    R         -       INTERFACIAL AREA 
C                                      (SEE NOTE-1 BELOW) 
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C     COLTYP    I    I         -       TYPE OF COLUMN 
C                                      1 = PACKED 
C                                      2 = TRAY 
C     USRCOR    I    I         -       CALCULATION METHOD (I.E. 
C                                      CHOICE OF USER CORRELATION) 
C                                        1 = USER1 
C                                        2 = USER2 
C                                        3 = USER3 
C                                        4 = USER4 
C     TWRARA    I    R         -       CROSS-SECTIONAL AREA OF 
C                                      TOWER (SQ.M) 
C     COLDIA    I    R         -       COLUMN DIAMETER (M) 
C     HTPACK    I    R         -       HEIGHT OF PACKING IN THE 
C                                      SEGMENT (M) 
C     PACSIZ    I    R         -       SIZE OF PACKING (M) 
C     SPAREA    I    R         -       SPECIFIC SURFACE AREA OF 
C                                      PACKING (SQ.M/CU.M) 
C     CSIGMA    I    R         -       CRITICAL SURFACE TENSION 
C                                      OF PACKING MATERIAL (N/M) 
C     PFACT     I    R         -       PACKING FACTOR (1/M) 
C     PKPRMS    I    R        20       PACKING PARAMETERS 
C                                      PKPRMS(1) = STICHLMAIR CONSTANT C1 
C                                      PKPRMS(2) = STICHLMAIR CONSTANT C2 
C                                      PKPRMS(3) = STICHLMAIR CONSTANT C3 
C                                      PKPRMS(4) = CL IN BILLET 93 
C                                      PKPRMS(5) = CV IN BILLET 93 
C                                      PKPRMS(6) = B IN BRF 85 
C                                      PKPRMS(7) = S IN BRF 85 
C                                      PKPRMS(8) = H IN BRF 85 
C                                      PKPRMS(9) = Fse IN BRF 92 
C                                      PKPRMS(10) = CE IN BRF 92 
C                                      PKPRMS(11) = THETA IN BRF 92 
C     VOIDFR    I    R         -       VOID FRACTION OF PACKING 
C     IPAKAR    I    I         -       PACKING ARRANGEMENT 
C                                        1 = RANDOM 
C                                        2 = STRUCTURED 
C     IPTYPE    I    I         -       PACKING TYPE 
C                                      See IPTYPE in packsr.f 
C     IVENDR    I    I         -       PACKING VENDOR CODE 
C     IPMAT     I    I         -       PACKING MATERIAL CODE 
C     IPSIZE    I    I         -       PACKING SIZE CODE 
C     WEIRHT    I    R         -       AVERAGE WEIR HEIGHT (M) 

C     DCAREA    I    R         -       TOTAL AREA OF DOWNCOMER 
C                                      ON TRAY (SQ.M) 
C     ARAACT    I    R         -       TOTAL ACTIVE AREA AVAILABLE 
C                                      ON TRAY (SQ.M) 
C     FLOPTH    I    R         -       AVERAGE FLOWPATH LENGTH (M) 
C     NPASS     I    I         -       NUMBER OF TRAY PASSES 
C     WEIRL     I    R         -       AVERAGE WEIRH LENGTH (M) 
C     IFMETH    I    I         -       FLOODING CALCULATION 
C                                      METHOD; REQUIRED FOR SIEVE 
C                                      TRAY 
C     SYSFAC    I    R         -       SYSTEM FACTOR; REQUIRED FOR 
C                                      SIEVE TRAY 
C     HOLEAR    I    R         -       HOLE AREA/ACTIVE AREA; REQUIRED 
C                                      FOR SIEVE TRAY 
C     ITTYPE    I    I         -       TRAY TYPE 
C                                        1 - BUBBLE CAPS 
C                                        2 - SIEVE 
C                                        3 - GLITSCH BALLAST 
C                                        4 - KOCH FLEXITRAY 
C                                        5 - NUTTER FLOAT VALVE 
C     TRASPC    I    R         -       TRAY SPACING (M) 
C     PITCH     I    R         -       SIEVE TRAY HOLE PITCH (M) 
C     NINT      I    I         -       Size of INT 
C     INT      I/O   I       NINT      User correlation INT array 
C     NREAL     I    I         -       Size of REAL 
C     REAL     I/O   I       NREAL     User correlation REAL array 
C 
C     NOTE-1: 
C           SPECIFIC INTERFACIAL AREA "AREAIF" HAS THE FOLLOWING 
UNITS. 
C            FOR PACKED COLUMNS, THE UNITS IS "SQ.M/CU.M OF PACKING" 
C            FOR TRAY COLUMNS, THE UNITS IS "SQ.M/SQ.M ACTIVE TRAY 
AREA" 
C 
C*********************************************************************** 
C     Declare local variables used in the user correlations 
C 
      REAL*8 WeL,   dTemp,  uV,    rhoVms, 
     +       uL,    rhoLms, ReL,   FrL,    uL2, 
     +       ReV,    d,     Wprime, 
     +       AREAE, At, hp, Ft, Fse, ap, 
     +       S, cosg, pi, theta, ULIQ 
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C 
C     Compute specific interface area as described above 
C     Check COLTYP/USRCOR if providing multiple area correlations 
C 
      IF (COLTYP .EQ. 1) THEN 
C 
C**** PACKED COLUMN 
C 
         IF (USRCOR .EQ. 1) THEN 
C           user subroutine example for packed column: Onda 68 
C 
C           Onda, K., Takeuchi, H. and Okumoto, Y., "Mass Transfer 
C             Coefficients between Gas and Liquid Phases in Packed 
C             Columns", J. Chem. Eng. Jap., 1, (1968) p. 56 
C 
            rhoLms = DENMXL * AVMWLI 
            uL = FRATEL / TWRARA / DENMXL 
            uL2 = uL * uL 
            ReL = rhoLms * uL / VISCML / SPAREA 
            FrL = SPAREA * uL2 / 9.81D0 
C           WHERE 9.81D0 IS GRAVITY CONSTANT IN M/S**2 
            WeL    = rhoLms * uL2 / SIGMAL / SPAREA 
            dTemp = -1.45D0*((CSIGMA/SIGMAL)**0.75D0) 
     +                     *(ReL**0.1D0)*(FrL**(-0.05D0)) 
     +                     *(WeL**0.2D0) 
            dTemp = 1.D0 - DEXP(dTemp) 
 
            AREAIF = SPAREA*dTemp 
 
C           Uses specific area of the packing for both random and structured 
 
         ELSEIF (USRCOR .EQ. 2) THEN 
 
            AREAIF = SPAREA  !(sq.m/cu.m) 
 
C           Uses the Rocha-Bravo-Fair (1992) Model as defined in Aspen Plus  
 
         ELSEIF (USRCOR .EQ. 3) THEN 
          
            IF (SIGMAL .GE. 0.055) THEN 
                cosg = 5.211*(10**(-16.835 * SIGMAL)) 
            ELSE  

                cosg = 0.9 
            END IF  
             
            pi      = 3.141592654 
            theta   = PKPRMS(11)*pi/180 
             
            rhoLms  = DENMXL * AVMWLI 
            uL      = FRATEL / TWRARA / DENMXL 
            uL2     = uL * uL 
            S       = PKPRMS(7) 
             
            WeL     = uL2 * rhoLms * S / SIGMAL        
            FrL     = uL2 / (S * 9.81D0) 
            ReL     = uL * S * rhoLms / VISCML 
            Ft      = (29.12*((WeL*FrL)**0.15)*(S**0.359))/(ReL**0.2) 
     +                          /(VOIDFR**0.6)/(dsin(theta)**0.3) 
     +                          /(1-(0.93*cosg)) 
             
             
            Fse     = PKPRMS(9) !Surface enhancement factor 
            ap      = SPAREA  !Specific area of packing 
C           At      = TWRARA  (cross sectional area of column) 
C           hp      = HTPACK  (height of packing) 
           
            AREAIF  = Ft*Fse*ap 
 
            IF (IPSIZE .eq. 606 .AND. IPTYPE .eq. 701) THEN 
                AREAIF = AREAIF*1.147643+172.01 
            ELSE  
                AREAIF = AREAIF 
            END IF 
             
C           AREAIF = dsin(PKPRMS(11)*Pi)                          
C           WRITE (*,*) denmxl, avmwli, fratel, twrara, S          
                      
  ELSEIF (USRCOR .EQ. 4) THEN 
 
  ULIQ = (FRATEL*3600) / TWRARA / DENMXL 
   
  AREAIF = (0.5694 * ULIQ) + 204.57 
 
         END IF 
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C        END OF IF (USRCOR) 
C 
      ELSE IF (COLTYP .EQ. 2) THEN 
C 
C**** TRAY COLUMN 
C 
         IF (USRCOR .EQ. 1) THEN 
C           user subroutine example for tray column: Scheffe-Weiland 87 
C 
C           Scheffe, R.D. and Weiland, R.H., "Mass Transfer 
C           Characteristics of Valve Trays." Ind. Eng. Chem. Res. 
C           26, (1987) p. 228 
C 
C           The original paper only mentioned valve tray. 
C           It is also used for bubble-cap tray and sieve tray. 
C 
C           CHARACTERISTIC LENGTH IS ALWAYS 1 METER. 
            d = 1.0D0 
            rhoLms = DENMXL * AVMWLI 
            rhoVms = DENMXV * AVMWVA 
            uL = FRATEL / TWRARA / DENMXL 
            uV = FRATEV / TWRARA / DENMXV 
            ReL = rhoLms * uL * d / VISCML 
            ReV = rhoVms * uV * d / VISCMV 
            Wprime = WEIRHT / d 
            AREAIF = 0.27D0 * ReV**0.375D0 * ReL**0.247D0 
            AREAIF = AREAIF * Wprime**0.515 
         END IF    
C        END OF IF (USRCOR) 
C 
 END IF   
C     END OF IF (COLTYP) 
C 
      RETURN 
      END 
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ABSTRACT 
 
 

 This work explores the promise of aqueous solutions of blended 

monoethanolamine (MEA) and piperazine (PZ) as a cost-effective solvent for carbon 

dioxide (CO2) capture from industrial flue gas streams with respect to addressing 

corrosion, which is regarded as one of the most severe operational problems in typical 

CO2 capture plants. Two types of corrosion experiments were carried out in bench-scale 

setups, electrochemical tests for short-term exposure and weight loss tests for long-term 

exposure. The results show that the blended MEA/PZ solutions are more corrosive than 

the MEA solutions. The corrosion rate of carbon steel increases with concentration of PZ, 

total amine concentration, CO2 loading of solution, solution temperature, the presence of 

heat stable salts, and the presence of the proprietary oxidative degradation inhibitor 

(Inhibitor A provided by the University of Texas at Austin). Among the tested heat-stable 

salts, formate is the most corrosive salt, followed by acetate, oxalate, and thiosulfate in 

the absence of oxygen (O2), while acetate is the most corrosive salt followed by formate, 

oxalate, and thiosulfate in the presence of O2. Based on the level of corrosion rate found 

in the MEA/PZ system, corrosion control is required during plant operation to suppress 

the corrosion rate of carbon steel to below an acceptable level. Sodium metavanadate 

(NaVO3) and copper carbonate (CuCO3) was proven to be effective corrosion inhibitors 

with inhibition performance of up to 94 - 98%. Dissolved O2 is required in the solution to 

maintain active Cu2+ or V5+, which, thus, prevents the metallic copper (Cu) from plating 
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out or the formation of other oxidative states of vanadate. The performance of these two 

inhibitors can be deteriorated by the presence of heat-stable salts in the solutions.  
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NOMENCLATURE 

 

A Area of working electrode in cm2 

AEE 2-(2-Aminoethylamino) ethanol 

AMP 2-Amino-2-methyl-1-propanol 

AOAC Association of Official Analytical Chemists 

ASTM American Society for Testing and Materials 

ATP 2-Aminothiophenol 

aq Aqueous 

CB  Bulk concentration of chemical species 

CR Corrosion rate 

CS 1018 Carbon steel 1018 

D Density of the specimen in g/cm3 

DEA Diethanolamine 

DGA Diglycolamine 

DIPA Diisopropanol amine 

Dz Diffusivity of chemical species z 

E Electrode potential 

emf Electromotive force 

E.W.   Equivalent weight of specimen 

2108



 v

Ea Half-cell anodic potential 

Ec Half-cell cathodic potential 

Ecorr Corrosion potential 

Ecp Complete passivation potential 

Epp Primary passivation potential 

Erp Repassivation potential 

Etrans Transpassive potential 

E0 Standard electrode potential 

F  Faraday’s constant (96,500 coulombs/equivalent) 

GC/MS Gas Chromatography / Mass spectroscopy 

GHG Greenhouse gas 

HEDP (1-Hydroxyethylidene)bis (phosphonic acid) 

i Current density 

io Equilibrium current density 

ia Anodic current density 

ic Cathodic current density 

ic Critical current density 

iL Limiting current density 

ipass Passive current density 

icorr Corrosion current density 

Jz Flux of species z 

K A constant, 3.45 x 10 6 

kPa Kilo Pascals 
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 vi

MDEA Methyldiethanolamine 

MEA Monoethanolamine 

mmpy Millimetre per year 

mpy Mils per year 

n Number of equivalents exchanged 

oC Degree centigrade 

ppm Parts per million 

PTFE Polytetrafluoroethylene 

PZ Piperazine 

R Gas constant 

SCC Stress corrosion cracking 

SCE Saturated calomel electrode 

SS 430 Stainless steel 430 

T  Temperature 

TEA Triethanolamine 

W Mass loss in g 

 

Greek letters: 

α   CO2 loading (mol/mol) 

βa   Slope for anodic polarization(mv/decade of current density) 

βc   Slope for cathodic polarization(mv/decade of current density) 

η   Overvoltage or overpotential (V) 

ηact,a   Activation overpotential for anodic polarization (V)  
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 vii

ηact,c   Activation overpotential for cathodic polarization (V) 

ηconc   Concentration overpotential (V) 

ηt,c   Combined overpotential for cathodic branch (V) 

ηt,a   Combined overpotential for anodic branch (V) 

δ   Thickness of concentration gradient(μm) 

σ Conductivity (mS/cm) 

 

 

Subscripts: 

Zn/ Zn2+           For the reaction of Zn ↔ Zn2+ + 2e- 

H+ / H2             For the reaction of 2H+  + 2e- ↔ H2 
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1. INTRODUCTION AND SCOPE OF WORK 

 

1.1 Capture of carbon dioxide from gas stream  

Acid gas absorption processes have been used in industries for many decades for 

the removal of carbon dioxide (CO2) and hydrogen sulphide (H2S) from industrial gas 

streams. Its purposes are to enhance the quality of gas products and to prevent the 

operational difficulties that may occur in downstream processes. This process can also 

potentially be used for capturing CO2 from the flue gas emitted from industries to reduce 

the emissions of CO2, the leading greenhouse gas (GHG) contributing to global warming 

and climate change. The industries requiring such flue gas clean up are coal-fired power 

plants, natural gas processing, cement plants, steel plants, and hydrogen and ammonia 

manufacturing units. Among these, the coal-fired power plants are the primary target 

industry, since they typically emit approximately 30% of the total CO2 emissions (Aaron 

et al., 2005).  

Figure 1.1 shows a generalized process flow diagram of the CO2 absorption 

process. Typically, CO2 is removed from the feed gas stream during the counter-current 

contact with a stream of lean solution within the absorber operated at 40-60oC. The feed 

gas enters the absorber at the bottom, flows upward, and leaves the absorber at the top as 

a treated gas. The lean solution containing low acid gas content enters the absorber at the 

top, flows downward, and leaves the absorber at the bottom as a rich solution containing 

high acid gas content. If applicable, the rich amine solution is passed through a flash tank 

where the dissolved hydrocarbon compounds are stripped out due to a substantial 

pressure reduction, thereby preventing foaming. 
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Figure 1.1: Simplified process flow diagram of a typical acid gas absorption process. 
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Prior to entering the regenerator, the rich solution is preheated in a rich-lean heat 

exchanger to about 80oC by using heat from the hot lean solution. At the regenerator, the 

reversible nature of the absorption reaction leads to desorption of acid gases from the rich 

solution at an elevated temperature (100-120oC). The rich solution enters the regenerator 

at the top, flows downward, and contacts with the hot steam generated from a reboiler in 

a counter-current mode.  This creates a vapour mixture of acid gases, water, and solvent, 

which eventually passes out of the top of the regenerator.  The vapour mixture is then fed 

into an overhead condenser and a reflux accumulator, where the vapours of water and 

solvent are recovered and returned to the regenerator. In most cases, low-pressure booster 

pumps are used to feed the hot lean solution from the regenerator to the rich-lean heat 

exchanger and eventually the lean cooler to complete the process cycle. 

 

1.2 Absorption solvents 

 A wide variety of absorption solvents have been applied to the acid gas absorption 

process. Such solvents include aqueous solutions of alkanolamines, potassium carbonate 

(K2CO3), blended solvents and proprietary solvents. Examples of these solvents and their 

structural formulas are provided in Tables 1.1 and 1.2. The alkanolamines can be referred 

to as primary, secondary, and tertiary amines according to the number of carbon-

containing groups attached to the nitrogen atom. The alkanolamines with one carbon-

containing group attached to the nitrogen atom are primary alkanolamines, and those with 

two and three carbon-containing groups are secondary and tertiary alkanolamines, 

respectively. Monoethanolamine (MEA) and diglycolamine (DGA), with only one  
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Table 1.1: Summary of solvents used for acid gas absorption. 

 Solvent Reference 
 

Single solvents Monoethanolamine (MEA) 
Diethanolamine (DEA) 
Methyldiethanolamine (MDEA) 
2-Amino-2-methyl-1-propanol (AMP) 
Diglycolamine (DGA) 
Potassium carbonate (K2CO3) 
 

Kohl and Nielson (1997) 
Bonenfant et al. (2005) 
Sung Tan et al. (2006) 
Cadours et al. (2007) 

MDEA/ piperazine (PZ) Apple et al. (1982),  Xu et 
al. (1992) 

Triethanolamine (TE)/ propylene 
carbonate (PC) 

Phorecki et al. (1998) 

MEA/MDEA Liao et al. (2002) 
MEA/ PZ Dang et al. (2003) 
K2CO3/PZ 
 

Cullinane et al. (2003, 
2004), Chen et al. (2006) 

2-(2-Aminoethylamino) ethanol (AEE) / 
MDEA 

Bonenfant et al. (2005) 

AMP/MEA, 
DEA/MDEA 

Mandal et al. (2006) 

Blended 
solvents 

MEA/PZ, 
AMP/PZ, 
MDEA/PZ 
 

Sung Tan et al. (2006) 

GAS/SPEC (Dow chemical company) 
Amine guard, UCARSOL (Union 
Carbide Corp.) 
TEXTREAT (Huntsman Corporation) 

Proprietary 
solvents 

Activated MDEA (BASF) 
 

Kohl and Nielson (1997) 
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Table 1.2: Structural formulas of commonly used alkanolamines (Kohl and Nielsen, 

1997; Dang, 2000). 

Alkanolamine  Structural Formula 
   
Monoethanolamine MEA HO-CH2-CH2-NH2 
   
Diglycolamine DGA HO-CH2-CH2-O-CH2-CH2-NH2 
   
Diethanolamine DEA HO-CH2-CH2 
                                NH 
  HO-CH2-CH2 
   
Diisopropanolamine DIPA OH 
  CH3-CH-CH2 
                                NH 
  CH3-CH-CH2 
  OH 
   
Methyldiethanolamine MDEA HO-CH2-CH2 
                                      N-CH3 
  HO-CH2-CH2 
   
2-Amino-2-methyl-1-propanol AMP           CH3 
 HO-CH2-C-NH2 
            CH3 

Piperazine PZ 
 
 
 
 
 
 

 

2-(2-Aminoethylamino)  AEE H2N-CH2-CH2 
ethanol                                  NH 
  HO-CH2-CH2 

 
Triethanolamine TEA                      HO-CH2-CH2 
                                 N-CH2- CH2-OH 
                       HO-CH2-CH2 

 
 

HN NH
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carbon-containing group, are classified as primary alkanolamines, while diethanolamine 

(DEA) and diisopropanolamine (DIPA) fall into the category of secondary 

alkanolamines.  Methyldiethanolamine (MDEA) is one of the tertiary alkanolamines, 

having three carbon-containing groups. 2-Amino-2-methyl-1-propanol (AMP) is the most 

used sterically-hindered amine. Its structure is similar to those of alkanolamines, except 

that it has an amino group attached to a bulky alkyl group (Veawab et al., 1999). This 

bulky alkyl group provides steric hindrance and increases absorption capacity by 

favouring particular reactions. 

 Hot aqueous solutions of K2CO3 have been widely used for acid gas removal 

(Bartoo et al. 1984). This process was initially developed by the U.S. Bureau of Mines, at 

Bruceton, Pennsylvania, and improvements to this process were made by Benson and 

Field in the 1970s (Kohl and Nielson, 1997).  Since the reaction rate of CO2 and K2CO3 

is slow, kinetic activators (e.g. DEA) are typically added to the solution.  

 Currently, blended alkanolamines are gaining popularity in the gas separation 

industry. Various blends of alkanolamines have been in service for gas treating 

technology. These solutions often provide greater absorption performance or meet unique 

needs when compared to the aqueous solutions of single alkanolamines (White and 

Street, 1998).  

Many researchers have investigated piperazine-based blends. Their results 

indicated that PZ is an effective promoter in MEA, MDEA, and K2CO3 solutions 

(Bishnoi et al., 2002; Dang et al., 2003; Cullinane et al., 2004). PZ is a cyclic secondary 

alkanolamine with two amine groups. Its efficiency is attributed to its cyclic diamine 

structure that may favour rapid formation of carbamates with CO2. Also, the molecule 
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can theoretically absorb two moles of CO2 for every mole of amine (Cullinane et al., 

2004). It is also reported that the rate constant of PZ with CO2 is an order of magnitude 

higher than that of conventional MEA (Bishnoi et al., 2000).  

Among the PZ-based solutions, MEA/PZ blends have been proven to be efficient 

for capturing CO2. The absorption rate of CO2 at 40 and 60oC in aqueous MEA with 0.6-

0.2 kmol/m3 PZ is 1.5-2.5 times greater than that in MEA alone (Dang et al., 2003). The 

removal efficiency of CO2 from gases containing 10% CO2 by MEA/PZ solution was 

found to be superior to that of AMP/PZ, MDEA/PZ, and MEA (Tan et al., 2006). 

 

1.3 Corrosion problems and plant experiences 

 Corrosion is one of the most severe operational problems in the acid gas 

absorption process. It has been given the widest attention (Kohl, 1997) since it causes 

substantial expenditure in addition to process costs. According to CC Technologies & 

NACE International in 1998 (Koch, 2001), the plant expenditure due to corrosion in the 

United States was estimated at US$276 billions, out of which US$3.7 billion was for 

petroleum refining alone. Of this total, maintenance-related expenses are estimated at 

$1.8 billion, vessel turnaround expenses at $1.4 billion, and fouling costs are 

approximately $0.5 billion annually. This reflects the significant impact of corrosion 

problems in plant operations.  

 In addition to such extra expenditure, corrosion also has an adverse impact on the 

safety of plant personnel. Often raised as a well-known event in the acid gas absorption 

plant history, an incident caused by severe corrosion occurred on July 23, 1984 (Mogul, 

1999). A refinery at Romeoville, Illinois, owned and operated by the Union Oil Co. of 
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California, experienced a disastrous explosion and fire. An absorber pressure vessel 

ruptured and released large quantities of flammable gases and vapours. Seventeen lives 

were lost, seventeen individuals were hospitalized, and more than US$100 million was 

incurred in damages. All of these were caused by hydrogen-induced cracking and non-

stress relieved repair welds. Although no incidents as severe have been reported since, 

this incident is a serious indicator of the danger posed by corrosion in acid gas absorption 

plants.  

Table 1.3 gives a summary of plant experiences of corrosion problems. From this 

Table, it can be inferred that corrosion has been a major operating problem for over 40 

years. Typical types of corrosion found are general, pitting, erosion, and galvanic 

corrosion, while stress corrosion cracking is seen occasionally. The plant areas 

susceptible to corrosion are the bottoms of the absorbers, regenerators, reboiler bundles, 

pumps, and valves, where acid gas loading and temperatures are high (Dupart et al. 

1993). Corrosion is most significant in the hot bottom of the regenerator. It also occurs in 

the line connecting the absorber’s level control valve to the rich amine flash drum, in the 

lean/rich amine exchanger (rich solution side), and in the piping from the rich amine 

flash drum level control valve to the regenerator (Kohl et al., 1997).  

 

1.4 Research objectives and scope of research 

The aqueous solution of blended MEA and piperazine (PZ) has been 

demonstrated to be a promising solvent for CO2 capture from coal-fired power plant flue 

gas due to its capture performance and energy efficiency. Although there is extensive 

research data available on the kinetics and solubility of MEA/PZ blends, no research has 
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Table 1.3: Plant experiences on corrosion in acid gas absorption process. 

References Plant type Solvent Acid gas Corrosive area Corrosion type Reported causes 
Comeaux (1962) Gas treating 

unit 
MEA CO2+H2S Reboiler, 

Regenerator 
N/A N/A 

Dingman et al. 
(1966) 

Gas treating 
unit 

MEA CO2+H2S Rich-lean heat 
exchanger, 
regenerator 

Erosion Acid gas flashing,  
High solution velocity, 
Contamination with iron and 
scales.  

Banks et al. 
(1967) 

Ammonia 
Plant  

Hot K2CO3 CO2  304 Stainless steel 
pumps and valves 

Erosion  High solution velocity and 
turbulence 

Williams, et al. 
(1968) 

CO2 absorption 
unit in steel 
plant 

MEA CO2 Reboiler tubes General, 
Pitting 

Decomposition products of 
MEA and other impurities. 

Hawkes, et al. 
(1971) 

CO2 absorption 
unit 

MEA CO2 Heat exchanger General  N/A 

Smith (1972) Gas treating 
unit 

DEA CO2+H2S Heat exchanger, 
Regenerator,  
SS heat exchanger 
plates 

Erosion, 
Stress corrosion 
cracking 

High liquid flow, 
Solution contamination, 
Chloride ion evolution. 

Heisler et al. 
(1975) 

Gas treating 
unit 

MEA CO2+H2S Amine reclaimer Pitting, 
General 
corrosion 

N/A 

Asperger (1976) Amine plants MEA CO2+H2S Reboiler Uniform 
corrosion 

N/A 

Schmeal et al. 
(1978) 

Gas treating 
unit 

Sulfinol CO2+H2S Absorber Pitting Acid gas flashing 

Hall et al. (1981) Gas plant DEA N/A Reboiler bundle, 
Heat exchanger, 
cooler 

N/A N/A 

Kolff, (1986) Ammonia 
Plant  

Hot K2CO3 CO2 Vessel wall behind 
stainless steel linings 

Stress corrosion 
cracking 

Residual stresses 

Johnson et al. Oil and gas Hot K2CO3 CO2 + H2S Absorber,  Erosion Increasing H2S 
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(1987) producing unit  Process vessel Pitting 
 

concentrations in the feed 
gas decreased the inhibiting 
effect of vanadium pentoxide 
(V2O5), 
Galvanic attack 

Cheravu et al. 
(1989) 

Hydrogen plant  Hot K2CO3 CO2  + H2S Absorber tower, 
gas feed nozzle,  
Carbon steel 
circulating lines, 
Power Recovery 
turbine 

Localized 
corrosion, 
Grooving type 
corrosion, 
Intergranular 
cracking 

Increasing CO2 content in the 
feed gas, 
Decreasing strength of  
V2O5, 
Suspended solids. 

Ferguson et al. 
(1991) 

CO2  plant  Hot K2CO3 CO2  + H2S Absorber Localized 
corrosion, Pitting 

High H2S concentration 
 

DuPart (1993) Ammonia plant MEA CO2 Bottom of amine 
contactor 

General, 
Galvanic 
corrosion 

Penetration of passive iron 
carbonate film  

Lele et al. (1995) Ammonia plant  Hot K2CO3 CO2 Absorber General  N/A 
Nielsen et al. 
(1995) 

Refinery amine 
system 

MEA CO2+H2S Heat exchanger, 
Reboiler 

Erosion Turbulence 

Litschewski 
(1996) 

Refinery 
System 

MEA CO2+H2S Regenerator, 
Reboiler bundle, 
Non –stress relieved 
pipe weld 

Galvanic 
corrosion, 
Stress corrosion 
cracking 

Poor bundle                      
design, 
Galvanic action between SS 
trays and the regenerator CS 
walls. 

Patel et al. (1996) Ammonia plant  K2CO3 - 
arsenic oxide 
solution 

CO2 Absorber Deep grooves,  
Fine cracks 

Lack of passivation because 
of semi lean and lean 
solutions 

Cummings et al. 
(1998) 

Refinery plant Formulated 
MDEA 

CO2+H2S Regenerator, 
Heat exchanger, 
Reboiler 

N/A Solution contamination 

Bali et al. (1999) Ammonia plant  K2CO3 - 
arsenic oxide 
solution 

CO2 Regenerator,  
Vetrocoke absorber 

Erosion Increase in concentration of 
chemicals 
The V+5/V ratio was on the 
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lower side. 
DeHart et al. 
(1999) 

CO2 recovery 
plant 

30% MEA CO2+ O2 Stripper, 
Bottom of absorber 

Uniform, 
Galvanic 
corrosion 

Carbonic acid attack 
accelerated by O2, 
Reduction of copper ion to 
metal. 

Rodriguez et al. 
(1999) 

Gas plant DEA+MDEA CO2 Hot lean lines, 
Rich solvent lines, 
Heat exchanger 

N/A N/A 

Rampin, (2000) Refinery MEA CO2 Regenerator 
Amine exchanger 

Erosion 
General 
corrosion 

Presence of mixed phases 

Safruddin et al. 
(2000) 

Liquified 
natural gas unit 

MDEA CO2 Absorber, 
Regenerator 

Erosion N/A 

Schuda et al. 
(2000) 

Liquefied 
natural gas unit 

MDEA CO2 Heat exchanger General 
corrosion 

Abrasive nature of solvent 

Veldman (2000) Sulfinol unit Sufinol CO2 Heat exchanger, 
Filter 

N/A N/A 

Titz (2003) BASF 
corrosion lab 

35% MDEA 
+ 5% PZ  

CO2 N/A Localized 
corrosion 

N/A 

 

N/A = Not available
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been done to investigate the corrosiveness of this solvent. It is, therefore, worthwhile to 

investigate the corrosivity of the MEA/PZ system. This gives the motivation for this work 

to further explore the promise of this solvent in with respect to potential corrosion 

reduction.  

The objective of this project is to investigate corrosion of carbon steel in aqueous 

solutions of blended MEA/PZ in the presence and absence of solvent degradation 

products and chemical additives, including oxidative degradation inhibitor and corrosion 

inhibitors. The research involves comprehensive experimental evaluations in the 

following sequences: 

Task 1: Evaluation of corrosion in base solution 

The objective of this task was to examine corrosiveness of the aqueous solutions 

of blended MEA/PZ when carbon steel is used as the material of plant construction. The 

investigation was carried out by varying total amine concentration, MEA/PZ mixing 

ratio, CO2 loading, temperature and oxygen. The tests involved electrochemical 

experiments using various concentrations of MEA and MEA/PZ blends. Corrosion rates 

of MEA/PZ blends were compared against those of MEA.  Optimum total concentration 

and mixing ratio of MEA/PZ blend were determined on the basis of corrosion rate.  

 Task 2: Evaluation of corrosion in base solution containing degradation products  

 The objective of this task was to examine corrosive behaviour of carbon steel in 

the MEA/PZ solutions containing irreversible degradation products of amine (heat-stable 

salts). Four types of heat-stable salts selected in this work were acetate, formate, oxalate, 

and thiosulfate. Their effects on corrosion were examined in both the presence and 
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absence of oxygen (O2), and the most corrosive heat-stable salt was determined. This salt 

was used to represent heat-stable salts in further experiments. 

Task 3: Evaluation of corrosion in base solution containing degradation products and 

oxidative degradation inhibitor 

The objective of this task was to examine the corrosiveness of MEA/PZ solutions 

containing irreversible degradation products (heat-stable salts) and the proprietary 

oxidative degradation inhibitor (Inhibitor A provided by the University of Texas at 

Austin). Initially, the experiments were carried out using the MEA/PZ solutions 

containing three concentrations (1000, 10000, and 30000 ppm) of the oxidative 

degradation inhibitor to determine the most corrosive concentration. Then, the 

experiments were carried out in the presence of the most corrosive heat-stable salt 

identified in the previous section and the oxidative degradation inhibitor. The 

experiments were carried out in the presence and absence of O2.  

Task 4: Evaluation of inhibition performance of corrosion inhibitor 

The purpose of this task was to evaluate inhibition performance of corrosion 

inhibitor in MEA/PZ solution in the presence and absence of heat-stable salts and the 

proprietary oxidative degradation inhibitor (Inhibitor A). The two corrosion inhibitors 

chosen for this purpose were copper carbonate (CuCO3) and sodium metavanadate 

(NaVO3).  The experiments were carried out using the MEA/PZ solutions containing 

different concentrations of the corrosion inhibitors and in the presence and absence of O2. 

The optimum concentration of the corrosion inhibitor was determined and then the 

experiments were carried out in the presence of corrosion inhibitors and the degradation 

products and also with the oxidative degradation inhibitor.   
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Task 5: Weight loss corrosion tests for long-term exposure 

Weight loss experiments were performed to determine corrosion rates of liquid-

phase carbon steel coupons. The graphical method, ASTM standard G1-90 (Reapproved 

1999), was used for coupon cleaning after tests to minimize errors that might occur due to 

incomplete removal of corrosion products. The weight loss measurement not only 

provides reliable information on rate of uniform corrosion, but also allows for subsequent 

analysis of metal surface. The objective of this task is to investigate corrosion under long-

term exposure simulating actual plant operations. The investigation was carried out using 

2-liter corrosion cells under the identical test conditions to those in Tasks 1-4. The test 

durations varied from 7 to 28 days. Visual observation of specimens and solutions was 

made. 
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2. LITERATURE REVIEW AND FUNDAMENTALS 

 

2.1 Literature review 

2.1.1 Corrosion in hot-potassium carbonate based process 

The acid gas absorption process using aqueous solutions of hot-potassium 

carbonate (K2CO3) is subject to severe corrosion of materials, particularly carbon steel. 

Dissolved carbon dioxide (CO2) is the main contributor to such corrosion. Pure carbonate 

solutions without dissolved CO2 are not aggressive towards carbon steel. Major types of 

corrosion found are general, pitting, erosion, stress corrosion cracking, and grooving-type 

corrosion.  

In addition to plant experiences (previously discussed in Chapter 1), a number of 

research literature reported the severity of corrosion in the Benfield process using hot-

K2CO3 solution. Beinstock et al. in 1961 revealed that the 40 wt% K2CO3 solution 

saturated with CO2 corroded carbon steel at the rate of 340 mils per year (8.64 mmpy) 

and such corrosion rate was considerably reduced when hydrogen sulfide (H2S) was 

present. Parkins et al. (1986) studied stress corrosion cracking of carbon-manganese (C-

Mn) steel immersed in the 300 g/L K2CO3 containing CO2. Results from the slow strain 

rate tests on C-Mn steel showed that stress corrosion cracking readily occurred in this 

system, and the cracking domain was limited at the pH range of 8-11 and in the potential 

range of approximately -0.40 to -0.78 V (SCE). Another stress corrosion cracking study 

was conducted by Foroulis (1987) on carbon steel using hot K2CO3/ potassium 

bicarbonate (KHCO3) solutions. Results showed that the solution containing CO2 caused 

stress corrosion cracking of carbon steel in the presence of tensile stress. The stress 
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corrosion cracking was only observed in the potential range of -0.850 to -0.550 V. (SCE) 

and at the free corrosion potential, similar to the results of Parkins et al. (1986). The 

cracking was predominantly transgranular-type at lower potentials and tended to be 

intergranular at higher potentials. Similar results were also reported by Sutcliffe et al. 

(1972). Parkins et al. (1986) suggested that the stress corrosion cracking of carbon steel 

in carbonate solutions occurred by the dissolution process of metal at the crack tips. The 

dissolution rates at the crack tips were high enough to cause the crack walls to passivate, 

providing a large cathode inside the crack, coupled with a small anode at the crack tip 

where film rupture took place. Davies and Burstein et al. (1980) proposed the following 

reactions for iron dissolution in bicarbonate solutions:  

 

Fe + 2H2O  →  Fe(OH)2 + 2 H+   + 2e-  (2.1) 

          Fe + HCO3
-  →   Fe(CO3) + H+  +2e-   (2.2) 

Fe(OH)2 + HCO3
-  →  Fe(CO3)  + H2O  + OH-   (2.3) 

        FeCO3 + HCO3
-  →  Fe(CO3)2 

2-  + H+    (2.4) 

Corrosion in this carbonate system is affected by various factors, including 

concentration of carbonate and bicarbonate ion, ratio of carbonate and bicarbonate, 

temperature, and solution velocity. High carbonate concentration can induce corrosion 

damage to the system. Frolova et al. (1997) investigated the effect of bicarbonate ion 

concentration on corrosion rate of low and high strength steel in 1 N sodium carbonate 

solutions. They reported that the corrosion rate increased with increasing bicarbonate 

concentration. The corrosion rate began to increase at 1 mg/L HCO3
- and became twice 

as large at 100 mg/L. Banks et al. (1967) also revealed that the high corrosion rate due to 
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high bicarbonate concentration could not be easily reduced by introducing metavanadate 

corrosion inhibitor to the system. In addition to the total concentration of carbonates, 

ratio of K2CO3/KHCO3 plays a key role in corrosion rate. Lunarska et al. (1994) reported 

that a minimum corrosion rate would be expected to occur at the K2CO3/ KHCO3 ratio of 

about 0.1 – 0.2. 

Temperature has a significant impact on corrosion. Frolova et al. (1997) reported 

that upon an increase in temperature from 20 to 80oC, the corrosion rate increased twice 

in pure carbonate-bicarbonate solution, and by a factor of three to four in sulfide 

containing solutions. Increasing the solution temperature from 75 to 96oC led to increases 

in anodic current density of about an order of magnitude and a decrease in the extent of 

passive region.  

 Solution velocity also has a significant impact on corrosion. At high velocity, both 

erosion and velocity-dependent corrosion play an important role. A greater extent of 

erosion is obtained due to the increasing force or shear stress exerted by the increasing 

solution velocity, turbulence, and impingement of gas and solution on metal surfaces 

(Nielsen and Lewis, 1995). In case of the inhibited systems, a protective film is 

developed to cover the metal surface and suppress the excessive corrosion. However, this 

film can be removed or damaged by the shear force of the high velocity fluid stream. In 

the presence of solid contaminants such as iron carbonate, the solution velocity can cause 

even more severe erosion-corrosion (Meisen et al., 1996). In the system without a 

protective film, the corrosion rate is completely controlled by solution velocity (Videm 

and Dugstad, 1987). Raising the solution velocity reduces the thickness of mass transfer 

film, allowing corrosive chemicals to reach the metal surface at a higher rate. Thus, if 
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corrosion rate is controlled by the rate of mass convection through the film, corrosion is 

undoubtedly higher. This supports the report of Asperger (1994) that corrosion is a 

function of velocity and not caused by erosion due to solids or cavitation 

 

2.1.2 Corrosion in alkanolamine process 

Corrosion in the acid gas absorption process using aqueous solutions of 

alkanolamines is as severe as that in the process using hot K2CO3. It is essentially 

influenced by various factors, including operating temperature, acid gas loading in 

solution, process contaminants, solvent concentration, solvent type, and plant design 

(Kohl and Nielsen, 1997; Tanthapanichakoon, 2003). The influence of these factors, 

except process contaminants (particularly heat-stable salts), on corrosion is similar to that 

in the hot K2CO3 as previously described in Section 2.1.1. The following paragraphs 

provide knowledge on the effects of heat-stable salts on corrosion in the alkanolamine 

processes. 

Heat-stable salts are essentially the products of amine and carboxylic acid anions 

either produced within or entering the process with feed gas stream and make-up 

solution. Common heat-stable salts found in the process are formate, acetate, chloride, 

glycolate, malonate, oxalate, succinate, sulfite, sulfate, thiocyanate, and thiosulfate. 

Sulfate, thiosulfate, and thiocyanate are formed by the reactions between oxygen (O2) and 

H2S and by those between cyanic acid and H2S. Carbon monoxide (CO) reacts with H2S 

to form SO2, which in turn produces sulfate salt. Sexton et al. (2006) showed that formate, 

acetate, and oxalate were important degradation products from the oxidative degradation 
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of MEA, and acetate was the predominant degradation product when piperazine was 

used.  

The presence of heat-stable salts was reported to cause an increase in solution 

viscosity and a reduction in acid gas carrying capacity of amine solution, thereby 

increasing operating costs of the acid gas absorption process (Keller et al., 1992). It was 

also reported to make the solutions more corrosive, causing both uniform and localized 

corrosion (Rooney and DuPart, 2000). Recently, Rooney and his colleagues (1996, 1997, 

and 2000) revealed that, among nine heat-stable salts tested in weight loss experiments in 

50 wt% MDEA solutions containing no CO2 at 120oC, oxalate and bicine were the most 

corrosive. The corrosion rate could reach approximately 115 mpy (2.92 mmpy) and 175 

mpy (4.44 mmpy) in the presences of 10,000 ppm bicine and 5,000 ppm of oxalic acid, 

respectively. Malonate was reported to decompose presumably to CO2 at near its 135oC 

melting point, and thiosulfate broke down into SO2, thereby providing higher corrosivity. 

Hedges and McVeigh, (1999) reported that acetate ions increased corrosion rate 

depending upon the concentration and form of acetate ions. Case and Luciani (1998) 

postulated that heat-stable salts may be involved in the occurrence of stress corrosion 

cracking at temperatures over 55oC. DuPart et al. (1993) also suggested that chloride ions 

contribute greatly to crevice corrosion and stress corrosion cracking. Typical warning 

signs of corrosion problems caused by heat-stable salts are foaming, diminished filter 

runtime, solution color change, and iron sulfide (or other solids) suspended in the 

solution.  

 Corrosion mechanism in aqueous alkanolamine-CO2 systems is not well 

understood. Several mechanisms have been postulated to explain the corrosion 
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phenomena observed. Riesenfeld and Blohm (1950) were the first to recognize CO2 as a 

primary cause of corrosion. They suggested that corrosion was associated with an 

evolution of CO2 from the rich alkanolamine solution. The evolved CO2 then reacts 

directly with carbon steel to form iron carbonate (FeCO3), which offers a weak protective 

film on the metal surface, as shown below: 

 Evolution of CO2: 

RNH3
+ + HCO3

- ↔ RNH2 + H2O + CO2              (2.5) 

RNH3
+ + RNHCOO- ↔ 2RNH2 + CO2    (2.6) 

Iron carbonate formation:  

        Fe + CO2 + H2O → FeCO3 + H2     (2.7) 

where RNH3
+, RNH2, RNHCOO-, HCO3

-, and Fe denote alkanolamine protonated ion, 

alkanolamine, alkanolamine carbamate, bicarbonate, and iron, respectively. 

In most cases, the mechanisms of iron dissolution in a CO2-water system were 

used to represent the corrosion mechanism in this aqueous amine-CO2 system. Three 

different types of iron dissolution due to three different types of reduction of oxidizing 

agents have been suggested.  

1) Reduction of hydrogen ion (H+) (Comeaux, 1962; Martin et al., 1977; Nesic et al., 

1995) 

 Fe + 2H+ → Fe2+ + H2    (2.8) 

2) Reduction of bicarbonate ion (HCO3
-) (Parkins et al., 1988) 

   Fe + 2HCO3
- → FeCO3 + H2        (2.9) 

3) Reduction of un-dissociated carbonic acid (H2CO3) (DuPart et al., 1993; Tomoe et al., 

1996).   
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Fe + H2CO3 → FeCO3 + H2           (2.10) 

 Fe + 2H2CO3 → Fe2+ + 2HCO3
- + 2Ho      (2.11) 

 The produced atomic hydrogen (Ho) can be trapped inside the base metal and may 

lead to hydrogen blistering, hydrogen induced cracking, stress oriented hydrogen induced 

cracking, and sulfide stress cracking (Nielsen et al., 1995). HCO3
- ions increase the 

kinetics of anodic reaction in CO2, thereby increasing corrosion rate (Videm et al., 1992). 

 

2.1.3 Corrosion prevention and control 

Due to severe corrosion problems, corrosion prevention and control are necessary 

for acid gas absorption processes. Generally, corrosion problems can be minimized by a 

number of methods, including use of proper plant design, use of corrosion resistant 

materials instead of carbon steel, removal of solid contaminants from the absorption 

solution and use of corrosion inhibitors (Kohl, 1997). The use of corrosion inhibitor is 

desirable since it is economical and requires small or no process modifications. 

 

A) Corrosion resistant materials 

It is known that carbon steel is prone to corrosion, and stainless steel type 304 and 

316 is recommended for use in the plant locations subject to severe corrosion. According 

to the survey conducted in commercial plants, carbon steel is used generally for all 

equipment, except at points of high liquid turbulence, such as the letdown valve at the 

outlet of the absorber and the rotating elements of pumps. Straight carbon steel piping 

and gently curving elbows were suggested by Banks (1967). However, carbon steel 

equipment with passivation layers is being used successfully ahead of stainless steel for 
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handling corrosive solution containing CO2 at boiling temperatures (Bali et al., 1999). 

Beinstock and Field (1961) recommended 300 series of stainless steel such as 304 and 

347 as it suffered negligible attack in 40 wt% K2CO3 solution containing CO2 and H2S. 

Monel was also highly resistant to the attack in this solution. Its corrosion rate was 0.1 

mils per year (0.0025 mmpy). 

Corrosion problems in the hydrogen plant using hot K2CO3 solution was studied 

by Cheravu et al. (1989). The corrosion occurred in various places of process equipment, 

such as absorber gas feed nozzle, power recovery turbine, and carbon steel circulating 

lines. Change of carbon steel material to austenitic stainless steel 304L roll clad material 

for the gas nozzles was suggested to be a reliable long-term solution.  

Banks (1967) tested a variety of steels in hot K2CO3 solutions. The results of their 

laboratory tests and plant experience indicated that the properly hardened type 316 

stainless steel was neither corroded nor eroded even at high velocity, high temperature of 

127oC and CO2 pressure of 60 psig. Although type 304 stainless steel was not eroded by 

high velocity hot K2CO3 solution in laboratory tests, plant experience showed that it 

could fail when solution velocity and turbulence were high. Type 410 stainless steel was 

corroded by high velocity (100 ft/sec). Bienstock et al. (1961) reported that epoxy 

cladding materials prevented corrosion and held up satisfactorily in the lab corrosion 

tests with boiling solutions of K2CO3 solution saturated with CO2 and H2S. The material 

of cleats should be stainless steel (Bali, 1999). 

According to Sorell (1990), the licensors of Benfield process specifically 

recommended that the following process equipment be made of 300 series of stainless 

steel; solution circulating pumps, letdown hydraulic turbine, cladding and internals of 
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regenerator shell above top bed (including top head), all solution check valves, throttling 

valves and control valves, piping from rich solution letdown valve to regenerator, 

reboiler tubes, tube sheets, baffles and tie rods, coolers and piping, overhead condensers, 

reflux pump and piping, all demisters, and cladding of feed gas separator. In order to 

prevent the corrosion problems in process vessels, weld overlay with a continuously 

fused layer of stainless steel was reported to be the most attractive option in terms of cost 

and schedule. Because of the localized and high penetration rate of pitting corrosion, it is 

imperative that the finished stainless steel surface be free of any defects such as cracks or 

pinholes, which might allow contact of the process stream with underlying carbon-steel 

base metal (Ferguson et al., 1991, 1992). New stainless steel (clad) columns or alternate 

processes were thought to be the most reliable, long-term solutions to the corrosion 

problems. 

 

B) Corrosion inhibitor 

A number of corrosion inhibitors have been developed, patented, and used in gas- 

treating industries. The inhibitors are often classified as organic and inorganic inhibitors. 

The patented organic inhibitors include thiourea and salicylic acid and the inorganic 

inhibitors are vanadium, antimony, copper, cobalt, tin and sulfur compounds (Veawab, 

2001). Inorganic inhibitors are preferred over the organic inhibitors because of their 

superior inhibition performance. Vanadium compounds are most extensively and 

successfully used in acid gas absorption plants (Veawab, 2001). However the vanadium 

compounds are highly toxic and are considered to be unfriendly to the environment. 
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Table 2.1 gives the summary of various corrosion inhibitors used in the acid gas 

absorption process. 

Various inorganic chemicals were tested as potential corrosion inhibitors in 

boiling solutions of K2CO3 saturated with acid gases (Bienstock and Field, 1961). 

Potassium chromate at 0.2% was very effective and could completely inhibit the 

corrosion of mild carbon steel and even galvanic couples of stainless steel and carbon 

steel in carbonate solution saturated with CO2. In the presence of H2S, either with or 

without CO2, the chromate ion was reduced, thereby destroying its effectiveness as an 

inhibitor. Potassium dichromate (0.25-0.30 wt %) has been used as a corrosion inhibitor 

in a K2CO3 plant in petroleum refinery (Nikitina et al., 1984). Sodium metavanadate 

(0.1-0.2 wt%) suppressed corrosion of the steel disks in a 40 wt% solution of carbonate 

solution saturated with CO2. N-alkyl trimethylene diamines at 0.02 – 0.50 wt% gave 

moderate protection, reducing the corrosion rate from 12 to 5-9 mils per year (0.305 to 

0.127-0.223 mmpy). These compounds were, however, effective only in the presence of 

H2S.  

Vanadium has been widely used for corrosion inhibition in the Benfield process. 

In spite of maintaining V+5 and V2O5 in the solution at required levels, the vanadation 

process begins only when the carbonate concentration is above 18-20 wt% (Lele et 

al.,1995). Proper vanadation can be recognized by a steady increase of V+4 in the 

solution at constant vanadium pentoxide levels. The vanadation is accelerated if a small 

amount of process gas is introduced to the system after the required carbonate levels are 

achieved.  The inhibition reaction proposed by Lele et al.(1995) is given below: 

V+5 + Fe +2  →  V+4 + Fe +3    (2.12) 
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Table 2.1: Corrosion inhibitors used in CO2 absorption process. 

References Solvent Corrosion inhibitor 
Bienstock et al. (1961) Potassium carbonate Potassium dichromate (0.2 wt %)  

Sodium metavanadate (0.2 wt %) 
Vanadium pentoxide(V2O5) (0.15wt%) 
N-alkyl trimethylene diamines (0.02-
0.5wt %) 

Perin,Yu. I., et al. 
(1968) 

MEA Sodium metavanadate 

Johnson et al. (1987) Potassium carbonate KVO3 (1.4 wt %) 
V2O5 (1.0 wt %) 

Sekine et al. (1990) Potassium carbonate HEDP (200ppm) 
Sekine et al. (1992) Potassium carbonate 2-Aminothiophenol (ATP) 

Mixed solutions of  
ATP (50ppm)/HEDP (100ppm) 
ATP/HEDP/DEA (3%) 

Lunarska et al. (1994) Potassium carbonate Potassium vanadate (10 g/L) 
Patel et al. (1996) Potassium carbonate Combination of antimony oxide (0.15%) 

and ferric ion (0.03%) 
Veawab et al. (1997) AMP Sodium metavandate, sodium sulfite and 

2-aminothiophenol(ATP) 
Bali et al.(1999) Potassium carbonate V2O5 (0.5 wt %) 
Veawab et al. (2001) MEA Amines, carboxylic acids and sulfoxide 
Tanthapanichakoon, W., 
et al. (2005) 

MEA Copper carbonate, sodium metavandate 

Soosaiprakasam, I.R., et 
al. (2007 ) 

MEA Copper carbonate 

US Patent 3808140 MEA Combination of  sodium metavandate and 
potassium antimonyl tartrate mixture 

US Patent 3951844 Potassium carbonate Combination of  vanadium, antimony 
compounds and tartaric acid (chelating 
agent) mixture 

US Patent 4143119 Potassium carbonate 
and/or alkanolamines 

Copper salts 

US Patent 4271132 Potassium carbonate, 
potassium borate and 
diethanolamine 

Vanadium ions 

US Patent 4372873 MEA Combination of vanadium compound and 
an amine co-inhibitor 

US Patent 4405584 Potassium carbonate and 
a sterically hindered 
amine 

Combination of antimony and 
molybdenum salts  

US Patent 4431563 Aqueous alkanolamine Combination of Ammonium thiocyanate 
and cobalt or nickel   

US Patent 4446119 Aqueous or organic 
solution of alkanolamine 

Combination of thiocyanate compound, 
trivalent bismuth and divalent cobalt or 
nickel compounds 

US Patent 4502979 MEA Combination of  vanadium compound and 
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p-nitrobenzoic acid  
US Patent 4595723 MEA Combination of thiourea-

aminopiperazine-formaldehyde polymer, 
nickel (II) salts and nickel (II) complexes  

US Patent 4596849 MEA Combination of thiourea-
aminoethylpiperazine-formaldehyde and 
copper carbonate or cupric acetate 
monohydrate  

US Patent 4959177 Mixture of sulfolane, 
diisopropanol amine, 
methyldiethanol amine, 
monoethanol amine or 
diethanol amine and 
water. 

water-soluble thiosulfate 

US Patent 6689332 2-methyl-1-
propanol(AMP) or 2-
(methylamino)-ethanol or 
2-(diethylamino)- ethanol 

Cupric carbonate 
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In a gas plant in Texas (Johnson, 1987), the total vanadium was maintained above 1.4 

wt% (as KVO3) to maintain passivation, and pentavalent vanadium was maintained 

above 1.0 wt% (as V2O5). No measurable corrosion was observed with 1000 ppm 

vanadium (Chen, 2006). 

Johnson (1987) stated that the inhibiting effect of vanadium pentoxide could be 

reduced by changing process conditions, including reduced circulation rates, changes in 

suppliers of vanadium, high column temperatures, and contaminants.  Increasing 

quantities of H2S in the feed gas appeared to be the primary cause. Ferguson et al. (1991) 

reported that vanadium pentoxide could be used successfully as an inhibitor in the 

presence of low levels of H2S. However, when the concentration of H2S in the feed gas 

approached higher levels (100 – 1000 ppm, for example), the tendency of the H2S to 

form an iron sulfide-iron pyrite scale competed with and effectively negated the 

protective scale forming abilities of the vanadium pentoxide inhibitor. The sulphide 

scales formed by the presence of H2S were substantially less protective than the oxide 

scale and, therefore, subject the entire carbon-steel process system to pitting corrosive 

attacking areas where a premium scale could not be established.  

The Giammarco–Vetrocoke (GV) process in an ammonia plant in India also uses 

vanadium as a corrosion inhibitor. The hot K2CO3 solution process inhibited by 

vanadium can be operated safely. To maintain the electrochemical potential required for 

passivation layer on metallic surfaces, it is necessary to keep 30 to 40% of the total 

vanadium in the pentavalent form, and it can never be lower than 20% (Bali et al., 1999).  

Patel et al (1996) carried out an electrochemical evaluation of antimony corrosion 

inhibitor in GV solution on carbon steel. The results showed that the open circuit 
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potential of carbon steel in the semi-lean solution in the presence of 0.15% antimony 

oxide and 0.03% ferric ions shifted towards more noble values and stayed in the passive 

zone with an inhibition efficiency of 98.8%.  

Corrosion inhibition of mild steel and stainless steel (type 304) by organic 

inhibitors including 2-Aminothiophenol (ATP) and (1-Hydroxyethylidene)bis 

(phosphonic acid) (HEDP) in the CO2 absorption process was investigated by Sekine et 

al. (1990, 1992). The results suggested that 50 ppm ATP provided a good inhibition 

efficiency of 90% for mild steel. Mixed solutions containing ATP-HEDP and ATP-

HEDP-diethanolamine (DEA) exerted a cooperative effect for inhibition. The highest 

efficiency was 92% in the solution containing 10 ppm ATP, 100 ppm HEDP, and 3% 

DEA. For stainless steel type 304, the inhibition efficiency of the solution containing 

ATP under high pressure and temperature conditions was 95%. The inhibition efficiency 

of corrosion for mild steel in the test solution containing 200 ppm of HEDP under the 

atmospheric conditions was 80%. For stainless steel type 304, the inhibition performance 

of solution containing HEDP under high pressure and temperature conditions were 80 to 

90%. HEDP also inhibited scale formation. The inhibition mechanism for the organic 

inhibitors relied on adsorption. ATP molecule absorbed on the cathodic areas of the 

metal surface by creating a five-membered ring complex with metal. HEDP ion formed a 

six-membered ring complex with metal and absorbed on the anodic areas of the metal 

surface.  When both ATP and HEDP were used, ATP and HEDP complementarily 

absorbed on the metal surface, formed a resistance film, and cooperatively inhibited the 

corrosion of metal. 
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2.2 Principles of corrosion 

2.2.1 Electrode potential  

Corrosion is defined as the electrochemical reactions, which result in deterioration 

of material. The electrochemical reactions consist of two half-cell reactions, namely 

anodic and cathodic reactions. The anodic reactions are oxidation reactions occurring at 

the anodic site where electrons are discharged from the reacting atoms or ions. The 

cathodic reactions are reduction reactions where electrons combine with the reacting 

atoms or ions. An example of these electrochemical reactions is the corrosion of an iron 

surface immersed in a deaerated acid solution, as illustrated in Figure 2.1. Here, the 

anodic reaction is iron dissolution (Reaction 2.13), while the cathodic reaction is 

reduction of hydrogen ion (Reaction 2.14) (Roberge, 2006) 

Anodic reaction:    Fe ↔ Fe2+ + 2e-                                 (2.13)  

Cathodic reaction:     2H+ + 2e- ↔  H2                     (2.14) 

Each corrosion half-cell, either anodic or cathodic, has an individual electrical 

potential, namely half-cell potential or electromotive force (emf). The half-cell potential 

is a value relative to the hydrogen half-cell, which is the standard or the reference state 

assigned to a value of zero volts. The algebraic sum of the two half-cell potentials of an 

electrode pair (anode and cathode) is defined as electrode potential (E) as expressed 

below (Jones, 1992).  

E = Ea + Ec      (2.15) 

where  Ea and Ec are half-cell anodic and cathodic potentials, respectively.  
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Figure 2.1: Electrochemical reactions occurring in a local cell on an iron surface 

(Redrawn from Roberge, 2006).  
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2.2.2 Polarization 

When potential is applied to an equilibrium system, it causes the potential to shift 

and deviate from the equilibrium potential (Ecorr) to E. The potential deviation is known 

as “polarization” and quantified as overvoltage (η) as shown below (Jones, 1992).  

                              η = E - Ecorr                                                    (2.16) 

The value of η can be either positive or negative, giving two different types of 

phenomena, anodic and cathodic polarization. When η is positive, the metal surface is 

driven toward the anodic side of reactions and loses its electrons. This phenomenon is 

termed “anodic polarization.” On the contrary, when η is negative, “cathodic 

polarization” occurs, causing an accumulation of electrons on the metal surface.  

The polarization can also be classified as activation, concentration, and combined 

polarization. Their details are given below. 

 

2.2.2.1 Single half cell reactions 

 A) Activation polarization 

Activation polarization takes place when the rate of charge transfer in corrosion 

process is governed by a particular step of half-cell reactions at the interface. The 

characteristics can be represented by hydrogen evolution, as shown in Figure 2.2. As 

polarization is applied to either anodic or cathodic direction, the current density (i), which 

implies rate of electron transfer, deviates from the equilibrium current density value 

(io,H2/H+) in a linear manner. The variation in current density due to activation polarization 

can be expressed by the following relationships (Jones, 1992): 
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Figure 2.2: Activation polarization characteristics (Redrawn from Jones, 1992). 
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Anodic polarization:     ηact,a = βa log ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

o

a

i
i

      (2.17) 

Cathodic polarization:      ηact,c = βc log ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

o

c

i
i

                  (2.18) 

where βa and βc are slopes for anodic and cathodic polarization, respectively; ia 

and ic are anodic and cathodic current density, respectively; and io is equilibrium current 

density. In actual situations, if corrosion reactions are activation controlled then stirring 

of solution will have no effect on the corrosion rate (Roberge, 2006). 

 

B) Concentration polarization 

Concentration polarization refers to the polarization that occurs when a corrosion 

process is controlled by the transport of chemical species to or from the metal surface. It 

predominates when the concentration of the active species is low. When the chemical 

species participating in a corrosion process is in short supply, the mass transport of that 

species to the corroding surface can be rate controlling step. The mass transport is 

governed by three forces, convection, diffusion, and migration. The migration term is 

negligible in the absence of an electric field, and the convection term is negligible in 

stagnant conditions. 

For diffusion controlled mass transport, the flux of a species z from the bulk to the 

surface is defined by Ficks law as expressed below (Roberge, 2006): 

                                                    Jz = -Dz ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

x
Cz                                                  (2.19) 

where  Jz   = flux of species 

Dz = diffusivity of chemical species z 
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δCz = concentration gradient of species z across the interface between metallic 

surface and the bulk environment 

δx = thickness of the interface 

The region near the metallic surface where the concentration gradient occurs is called 

diffuse layer (δ). The concentration gradient (δCz/δx) is greatest where the surface 

concentration of species z is completely depleted at the surface (i.e. Cz = 0), and in that 

condition, the cathodic current is limited. This is expressed as limiting current density as 

given by the following equation, and the corrosion rate is, thus, controlled by the limiting 

current density (iL) (Jones, 1992). 

iL = - 
δ

Bz nFCD       (2.20)  

 where Dz = diffusivity of chemical species z 

 n = number of equivalents exchanged 

 F = Faraday’s constant (96,500 coulombs/equivalent)  

δ = thickness of concentration gradient 

       CB = bulk concentration of chemical species 

The concentration overpotential (ηconc) can be defined as (Roberge, 2006).  

ηconc = ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

L

c

i
i

nF
RT 1log303.2       (2.21) 

where  R, T and I denote gas constant, temperature and current density, respectively.  

The basic characteristics of concentration polarization can be illustrated in Figure 

2.3. The concentration polarization does not become apparent until the net current density 

approaches the limiting current density. If corrosion is controlled by concentration 

polarization, then any change that increases the diffusion rate of the active species (e.g.  
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Figure 2.3: Concentration cathodic polarization characteristics. (Redrawn from Jones, 

1992). 
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oxygen) will increase the corrosion rate. In such a system, it would, therefore, be 

expected that agitating or stirring solution would tend to increase the corrosion rate of the 

metal. 

 

C) Combined polarization 
 

The combined polarization is a sum of activation and concentration polarization. 

Therefore, total polarization can be expressed as follows (Jones, 1992): 

ηt = ηact
 + ηconc       (2.22) 

For the cathodic branch, the equation is: 

 ηt,c = βc log ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

o

c

i
i

 +  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

L

c

i
i

nF
RT 1log303.2      (2.23) 

The characteristics of the cathodic side can be illustrated in Figure 2.4. On the contrary, 

for the anodic branch, the equation for a corrosion process is:  

ηt,a = βa log ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

o

a

i
i

      (2.24) 

The second term for the anodic side is omitted because there is an abundance of metal 

atoms at the surface. Thus, concentration polarization cannot possibly occur. 

 

2.2.2.2 Multiple half-cell reactions 

When two or more half-reactions occur simultaneously on the metal surface, 

mixed potential theory must be utilized to create polarization curves. The theory states 

that, at equilibrium, the net oxidation rate must be equal to the net reduction rate: 
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Log current density (A/cm2) 

Σia = Σic      (2.25) 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2.4: Characteristics of the combined cathodic polarization. (Redrawn from Jones, 

1992). 
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The potential resulting from the half–cell reactions is called mixed potential. As an 

example, two-half cell reactions governed by activation polarization are considered: 

Zn ↔ Zn2+ + 2e-     (2.26) 

2H+ + 2e- ↔ H2     (2.27) 

These two reactions (Figure 2.5) have their own values of potential (EZn/Zn2+ and 

EH+/H2) and exchange current density (io,Zn/Zn2+ and io,H+/H2). It is impossible for both 

reactions to take place separately on the same conducting surface. Each must undergo 

polarization to shift the potential to a common value known as corrosion potential (Ecorr). 

As the two reactions polarize on the conductive surface, the half-cell electrode potentials 

change according to the following relationships (Jones, 1992):  

+2/ ZnZn
η  = +2/ ZnZn

β  log ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+

+

2/,

2/

ZnZno

ZnZn

i
i

            (2.28) 

                          
2/ HH +η

2/ HH += β  log 
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

+

+

2

2

/,

/

HHo

HH

i

i
                          (2.29) 

 

2.2.3 Potential-pH diagram (Pourbaix diagram) 

Potential-pH diagrams, also known as predominance or Pourbaix diagrams, 

summarize many of the basic variables underlying a corrosion situation (Roberge, 2006). 

These diagrams are typically plotted for various equilibria on normal Cartesian 

coordinates with potential (E) as the ordinate (Y axis) and pH as the abscissa (X axis) 

(Pourbaix, 1974). Pourbaix diagrams are named after their inventor, Marcel Pourbaix. 

These diagrams map out the possible thermodynamic stable species of an aqueous 

electrochemical system as a function of potential and pH. The major uses of these  
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Figure 2.5: Activation polarization for two half-cell reactions (Redrawn from Jones, 

1992). 
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diagrams are: 1) predicting whether or not corrosion can occur, 2) estimating the 

composition of the corrosion products formed, and 3) predicting environmental changes 

that will prevent or reduce corrosion attack (Roberge, 2006). The potential is calculated 

by Nernst equation (Roberge, 2006) 

[ ]
[ ]oxidation
reduction

n
EE log0591.00 +=       (2.30) 

and pH is given by the following expression. 

 pH = - log[H+]     (2.31)  

 Figure 2.6 illustrates an example of the Pourbaix diagram for iron-water system. 

Pourbaix described three possible states of a metallic material, immunity, passivation and 

corrosion regions (Pourbaix, 1974). In the immunity region, a metal would be totally 

immune from corrosion attack and safe to use. Elemental iron is stable and will not 

corrode over all pH ranges, as long as the potential does not exceed approximately -0.6 V 

(SHE).  In the passive region, the metal tends to be coated with an oxide or hydroxide 

film, either as a nonporous film practically preventing all direct contact between the 

metal itself and the environment or as a porous deposit that only partially prevents 

contact between the metal and the environment. As shown in Figure 2.6, two precipitates 

are formed, magnetite (Fe3O4) and goethite (FeOOH). In the corrosion region, the metal 

is stable as an ionic soluble product and, therefore, susceptible to corrosion attack.  

The lines ‘a’ and ‘b’ represents the water reduction and oxidation lines, 

respectively. Below line ‘a,’ water is reduced to H2 and OH-. Above line ‘b’, water is 

oxidized to O2. Water is stable between the lines ‘a’ and ‘b.’ The respective reactions are: 

H2O + 2e- → ½ H2 + OH-
       (2.32) 

H2O → ½ O2 + 2H+ + 2e-       (2.33) 
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Figure 2.6: The Pourbaix diagram for Iron at 25oC (Created using Corrosion analyzer, 

OLI systems software, version 2.0.30, 2005). 
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3. CORROSION EXPERIMENTS  
  

This chapter provides details of the corrosion experiments conducted, including 

specimen and solution preparations, solution analysis, experimental setup, experimental 

procedure, and data analysis. Two methods of corrosion tests were employed, 

electrochemical and weight loss methods. The electrochemical method was used for 

determining corrosion rate of material under a short-term exposure and revealing 

corrosion behaviour at the mechanistic level. This method involved changing the 

potential of the test specimen and monitoring the current that was produced as a function 

of time or potential (Roberge, 2006). An external power source was used to apply a range 

of voltages, both in the anodic (more positive) and cathodic (more negative) directions to 

force an imbalance between the number of anodic and cathodic sites, thereby causing the 

electrons to flow in an attempt to re-establish charge neutrality. The electrons flowing to 

or from the electrode were electronically counted at each applied voltage level, yielding a 

data set consisting of a voltage and its corresponding electric current, and corrosion rate 

(Tait, 1994).  

The weight loss method is the simplest form of corrosion monitoring and 

predominantly designed to investigate general corrosion. It was used for determining 

corrosion rates and behaviour under long-term exposure of material to the tested 

environment. Weighed test specimens were exposed to the test environment for a specific 

period of time and subsequently removed for determining weight loss of the specimen 

and ultimately corrosion rate.    

 

3.1 Specimen preparation 
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Two types of specimens were used in this work, stainless steel 430 (SS 430) and 

carbon steel 1018 (CS 1018). SS 430 was regularly used for standardizing the 

experimental procedures and instrumentation for electrochemical tests, whereas CS 1018 

was used for all actual electrochemical and weight loss tests. Compositions of both types 

of specimens are given in Table 3.1.  

Figure 3.1 shows sketches of specimens used for electrochemical and weight loss 

experiments. The specimens used for electrochemical experiments were cylindrical in 

shape with length, outside diameter, and hole diameter of 0.500 inch (1.270 cm), 0.375 

inch (0.952 cm), and 0.210 inch (0.533 cm), respectively. Prior to experiments, the 

specimens were prepared by wet grinding with 600 grit silicon carbide papers using 

deionized water in accordance with the ASTM standard G1-90 (1999). They were then 

degreased with high purity methanol and dried with hot air. The specimen used for 

weight loss experiments were flat and square shaped with a dimension of 1 inch x 1 inch 

x 1/8 inch. The specimens were 600 grit surface finished. Both types of specimens were 

kept in a desiccator until used. 

 

3.2 Solution preparation 
 

An aqueous solution of blended monoethanolamine (MEA) and piperazine (PZ) 

of a desired concentration was prepared from a 99% MEA reagent, 99% PZ and 

deionized water. The solution was loaded with a desired loading of carbon dioxide (CO2) 

by passing the gas through the solution. The prepared MEA/PZ blended solution was 

subsequently added with various heat-stable salts, corrosion inhibitors and oxidative 

degradation inhibitors to examine the corrosion behaviour. The purities of all the  
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Table 3.1: Composition of specimens. 

Types of specimen Chemical composition (%) 

Carbon steel - 1018 C - 0.175 

Fe - balance 

Mn - 0.750 

Stainless Steel - 430 Al - 0.014 

C - 0.046 

Co - 0.030 

Cr -16.280 

Cu - 0.120 

Fe - balance 

Mn - 0.410 

Mo - 0.020 

N  - 0.037 

Nb - 0.010 

Ni – 0.140 

P - 0.023 

S - 0.05 

Si – 0.420 

Sn – 0.020 

V – 0.050 
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Figure 3.1: Shape and dimension of specimen; (a) electrochemical specimen, (b) weight 

loss specimen. 
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chemicals used in this work are summarized in Table 3.2. The heat-stable salt anions, 

including acetate, formate, and oxalate, were made up by dissolving the respective acid 

forms of the anions in the aqueous MEA/PZ blended solution. The solution of thiosulfate 

anion was prepared by dissolving its respective salt form in the aqueous MEA/PZ 

blended solution because of the unavailability of its acid form.  

 

3.2.1 Methods for solution analysis 
 

Two methods were used for solution analysis, volumetric titration and Gas 

Chromatography / Mass spectroscopy. These methods are explained below. 

 

A) Volumetric Titration 

CO2 loading in amine solution was determined by a standard method given by the 

Association of Official Analytical Chemists (AOAC), namely, the official method of 

determining CO2 (Horowitz, 1975). The apparatus used for the analysis is illustrated in 

Figure 3.2. The procedure involved an apparatus consisting of a conical flask (A) 

connected to a glass T-tube (B) provided with stopcock (C), graduated gas measuring 

tube (D), and connected with levelling bulb (E) filled with a displacement solution.  

The solution samples for which CO2 loading was to be measured were taken in a 

wide-mouth conical flask and tightened with a 2 - hole rubber stopper. Through one hole, 

the extended tip of a 50 ml Burette (F) was passed and the other hole fitted the glass T-

tube(B) to connect the conical flask (A) with the T-tube(B). The amine concentration was 

measured by titration with 1 kmol/m3 hydrochloric acid (HCl), using methyl orange 

indicator. The levelling bulb was lowered while adding the HCl solution to reduce the  
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Table 3.2: Summary of chemical reagents used in experiments. 

 

 

 

 

Chemicals Supplier Purity 

Acetic acid 

Ammonium thiosulfate 

Antimony trioxide 

Copper carbonate 

Formic acid 

Hydrochloric acid 

Hydrochloric acid 

Methanol 

Methyl orange 

Monoethanolamine 

Oxalic acid 

Piperazine 

Sodium metavanadate 

Stannous chloride 

Sulfuric acid 

Sigma –Aldrich 

Sigma - Aldrich 

Fisher Scientific 
 

Sigma - Aldrich 
 

Sigma- Aldrich 
 

EMD 
 

Fisher Scientific 
 

EMD 
 

Sigma – Aldrich 
 

Sigma - Aldrich 
 

Sigma - Aldrich 
 

Sigma - Aldrich 
 

Sigma - Aldrich 
 

Fisher Scientific 
 

BDH 

99.7% 

99% 

99% 

98% 

95-97% 

36.5-38% 

1 + 0.005 kmol/m3 

99.9% 

0.1 % 

99% 

98% 

99% 

99.9% 

99% 

95-98% 
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Figure 3.2: A sketch of CO2 loading measuring apparatus. 
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pressure within the apparatus (Note: at all times during the titration, the displacement 

solution should be kept at a lower level in the levelling bulb than that in the gas 

measuring tube). To ensure that all the CO2 was liberated from the solution, double the 

amount of HCl was allowed with vigorous stirring. The system was allowed to stand for 5 

minutes to reach equilibrium and the pressure in the measuring tube was equalized as 

shown in Figure 3.2, by using the levelling bulb. A change in volume of gas in the gas 

measuring tube was recorded.  This gave the volume of CO2, which was used to calculate 

the CO2 loading of the amine solution. 

 

B) Gas chromatography/mass spectroscopy 

Gas Chromatography/ Mass Spectroscopy (GC/MS) was used for analyzing the 

blended solution of MEA/PZ. The GC used in this work was an HP 6890 with an HP 

7673 autoinjector. The injection volume was 0.2 μL and injected into a split/splitless 

inlet, with an inlet temperature set at 250oC. The split/splitless injection was used for 

diluting the sample further for better analysis. Helium was used as the carrier gas with a 

flow rate of the 44 cm/sec. The split ratio was 10:1; with a split flow of 15 mL/min. 

The capillary column was HP-5 (model number-19091J-413), which was of 

length 30 m and inner diameter 320 μm. It had a coating with 5% phenyl methyl siloxane 

of thickness 0.25μm. The temperature program used for this column started at 40oC held 

for 3 minutes. The temperature ramped at 20oC/min to a final temperature of 140oC. The 

system then held this final temperature for 4 minutes.   

The detector used was HP-5973 mass selective detector. The scan parameters for 

MS were low mass: 10, high mass: 550 and a solvent delay of 1.5 min. The system was 
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computer automated with Agilent Chemstation software, which fully controlled the 

injection and detection process. 

 

3.3 Electrochemical experiment 

3.3.1 Setup 
 

Figure 3.3 is a schematic diagram of experimental setup for electrochemical 

corrosion tests. The setup consisted of a corrosion cell, a potentiostat, a water bath 

equipped with a temperature controller, a gas supply set, a condenser, a data acquisition 

system, a pH meter, and a conductivity meter. The corrosion cell was a standard three-

electrode cell approved by the ASTM (model K47 from EG&G instruments corporation, 

Princeton Applied Research, NJ, USA). It was a fully equipped glass vessel used for 

simulating corrosive environment. The corrosion cell shown in Figure 3.4 consisted of:  

1. A one-litre flask with a flat bottom to prevent tipping; 

2. A leak proof assembly for mounting working electrode (test specimen) at the center 

of the cell. Its assembly included stainless steel threaded rod, spacer, electrode holder, 

mounting rod and PTFE gasket; 

3. Twin high-density, non-permeable counter or auxiliary electrodes; 

4. A salt bridge connection; 

5. A calomel reference electrode (SCE) (Hg/HgCl2/ saturated KCl);  

6. A gas inlet and outlet for transferring gas to and from the cell.    

The potentiostat was an electronic device capable of supplying and controlling the 

potentials of working electrodes (specimen) and also measuring the currents produced 

from the corrosion cell. A model 273A potentiostat (EG& G Instruments Corporation,  
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Figure 3.3:  Experimental setup for electrochemical corrosion tests. 

2174



 52

 

 
 
 
 
 

 
 
 
 
 

Figure 3.4: The ASTM corrosion cell assembly and test electrode (Jones, 1992). 
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Princeton Applied Research, NJ, USA) providing an accuracy of + 0.2% of the potential 

and current readings, was used.  To ensure its performance, the 273A potentiostat was 

calibrated regularly by using a built in calibration function mode (Function 21). 

The water bath was equipped with a temperature controller to maintain a constant 

water temperature within + 0.1oC throughout the experiment. To minimize heat loss (or 

gain) to or from the surroundings, the water surface was covered with hollow balls. The 

gas supply set consisted of gas cylinders of CO2, oxygen (O2) and nitrogen (N2). These 

gases were introduced into the corrosion cell for simulating the test environment, through 

a series of gas flow meters that measured the gas flow rate within + 2% accuracy. 

The Allihn condenser (jacket length of 300 mm and a height of 445 mm) was 

connected to the cell to prevent any change in solution concentrations due to evaporation. 

The data acquisition system, model 352 SoftCorr III (EG& G Instruments Corporation, 

Princeton Applied Research, NJ, USA), was installed into a Pentium IBM compatible 

computer in order to control the potentiostat and also to record and analyze the produced 

corrosion data. 

The pH meter, model pH 11 series (Oakton, USA), was used for measuring the 

pH value of the test solution with an accuracy of +0.01. The conductivity meter model 

YSI 3200 was used to measure the conductivity of the test solution with an accuracy of + 

0.10%. Both meters were calibrated regularly with standard solutions.   

 

3.3.2 Experimental procedure 

1. Prepare 1 liter of blended MEA/PZ solution with desired composition and CO2 

loading. 
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2. Measure and transfer 900 mL of the prepared test solution to a corrosion cell and 

transfer the remaining solution to a salt bridge. 

3. Place the corrosion cell in a water bath to control the solution temperature at 80+ 

0.10oC. 

4. Connect the corrosion cell to the condenser and purge, through the gas purger, an 

appropriate mixture of N2 and CO2 to maintain a desired CO2 loading of solution. The 

gas was typically purged for 30 minutes to stabilize the cell’s environment. 

5. Prepare the specimen to be tested by wet grinding using 600-grit silicon carbide 

papers. Degrease it with 99.90% methanol, dry it, and mount it on a specimen holder. 

6. Assemble the working (specimen) electrode, the auxiliary electrode and the salt 

bridge with a Luggin capillary in the corrosion cell. Adjust the tip of the salt bridge to 

be about 2 mm away from the specimen. Place the reference electrode in the salt 

bridge. 

7. Connect the corrosion cell to the potentiostat equipped with the data acquisition 

software, and specify types and settings of corrosion measuring technique in the 

software.  

8. Start the polarization scan when the potential of specimen reached equilibrium, or 

was constant with time.  

9. Measure pH and conductivity of the solution before and after each experiment. 

10. Sample the solution before and after each experiment for titration to determine the 

concentrations of amine and CO2 loading. 

11. Replicate the experiment to ensure data reproducibility.  
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3.3.3 Electrochemical techniques for corrosion measurement 

Three electrochemical techniques, Tafel plot, potentiodynamic polarization and 

cyclic polarization were used for corrosion measurements. These techniques are 

explained below. 

 

A) Tafel plot 

Tafel plot is a widely used and accepted method for determining corrosion rate. It 

is a plot between the change in potential and the log of current density of the test 

specimen. This technique involves polarizing a specimen in both anodic and cathodic 

directions in the potential range of ± 200 mV from equilibrium corrosion potential (Ecorr) 

and generating an anodic/ cathodic polarization curve of the specimen A typical Tafel 

plot is illustrated in Figure 3.5. From this plot, the anodic (βa) and cathodic (βc) Tafel 

slopes are obtained and the point of intersection of these slopes at the Ecorr, give the 

corrosion current density (icorr), used to calculate the corrosion rate of the specimen by 

using the following equation: 

                                           

    
( )

DA
WEi

CR corr

×
××

=
..13.0

       (3.1) 

where CR is corrosion rate in mils (thousandths of an inch) per year (mpy), corri  is 

corrosion current density in µA/cm2, E.W.  is equivalent weight of specimen, A is area of 

specimen in cm2, and D is density of the specimen in g/cm3. 
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Figure 3.5: A typical Tafel plot. 
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B) Potentiodynamic polarization 

This technique is an extension of Tafel plot. In this technique, the potential of a working 

electrode is varied over a relatively large potential domain at a selected rate. Figure 3.6 

illustrates a typical potentiodynamic polarization curve of a specimen under a given 

environment. The curve consists of two branches, cathodic and anodic branches. The 

cathodic branch represents the reduction reaction of oxidizing agent and the anodic 

branch indicates the oxidation reaction involved in the specimen. The portion of the curve 

below the corrosion potential (Ecorr) is called the cathodic curve, whereas the anodic 

curve is the region above the corrosion potential. The anodic curve can be divided into 

three regions, namely active, passive, and transpassive. The active region is the region in 

which the metal undergoes the corrosion reaction, which is indicated by the rapid 

increase in current density with increasing potential from Ecorr in the positive direction. 

The current density starts decreasing after reaching a particular potential, which indicates 

the initiation of film formation. The potential at which the film begins to form on the 

metal surface is called primary passivation potential (Epp). At Epp, the current density is 

referred to as the critical anodic current density (ic). The current density becomes 

constant at a particular potential (Ecp), which indicates the completion of film formation. 

Then the current density increases rapidly at a potential, which is called transpassive 

potential (Etrans). The region between the primary passivation potential and transpassive 

potential is called passivation region, where the current density remains constant. This is 

because the film formation generally retards the corrosion by forming a barrier between 

the metal and solution. The region beyond the transpassive potential where the corrosion 

rate increases,  
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Figure 3.6:  A typical potentiodynamic polarization curve. 
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rapidly is called transpassive region. This indicates that the film formed is broken and 

further corrosion takes place. General corrosion and sometimes pitting occurs in the 

active region. Little or no corrosion occurs in the passive region, and pitting corrosion 

can occur in the transpassive region (Tait, 1994). 

 

C) Cyclic polarization 

 Cyclic polarization is a variant of potentiodynamic polarization. This test is often 

used to identify the presence of pitting corrosion and the ability of the metal to repair 

after the pits occur. This technique involves scanning the potential in the positive 

(anodic) direction until a predetermined value of current or potential is reached (forward 

scan); then, the scan is reversed toward more negative (cathodic) values until the original 

value of potential is reached (reverse scan). A typical cyclic polarization curve is 

illustrated in Figure 3.7. The presence of hysteresis between the currents measured in the 

forward and the reverse scans is believed to indicate pitting, whereas the size of the 

hysteresis loop itself is often related to the amount of pitting (Roberge, 2006). The 

presence of positive hysteresis would typically suggest that localized corrosion such as 

pitting is likely to occur. Pits tend to initiate, and any damage to the passive film cannot 

be self repaired. Also, if the repassivation potential (Erp) is greater than Ecorr, pits will 

continue to grow.  If the reverse scan shows a negative hysteresis, then pitting corrosion 

is unlikely to occur.  
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 (a) Negative Hysteresis 

  

 
 

 
 
 

(b) Positive hysteresis 
 

Figure 3.7: Typical cyclic polarization curve 
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3.3.4 Validation of experimental results 

The validation of experimental results was carried out according to the ASTM 

standard G5-94 (1999). The procedure involved anodic polarization of a SS 430 

specimen in 1N sulfuric acid (H2SO4) solution at 30oC. The corrosion cell was purged 

with N2 at a flow rate of 150 cm3/min for 30 minutes, before the experiment. The SS 430 

specimen (working electrode) was prepared by wet polishing with 600 grit silicone 

carbide papers. The obtained polarization curves were then compared with the reference 

current densities cited in the ASTM standard G5-94, which were generated from other 

laboratories that followed this standard procedure. Figure 3.8 demonstrates that the 

obtained curve falls within the reference band, thereby validating the experimental 

instrumentation and procedures. 

 

3.4. Weight loss experiments 

3.4.1 Experimental Set up 

Figure 3.9 is a schematic representation of the corrosion experimental setup used in the 

weight loss method. The setup consisted of 4 jacketed cylindrical glass cells covered with 

metal lids, a water bath equipped with a temperature controller, a set of N2, O2 and CO2 

gas cylinders, and pH and conductivity meters. Each glass cell was equipped with a gas 

dispenser, a thermometer, a condenser, and a glass specimen hook. The four cells can 

hold up to 2 litres of test solution. The test environment was maintained at the desired 

temperature by means of the temperature controller and water bath, which circulated the 

hot water through the jacketed cells. The temperature in each cell was checked by using 

the thermometers placed in each individual cell. Continuous supply of gases was  
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Figure 3.8:  Experimental validation using the standard procedure of ASTM G5 (1999). 
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Figure 3.9: Experimental set up of weight loss test. 
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provided to the cells through the gas dispensers, by the gas supply set and gas flow 

meters.  

 

3.4.2 Experiment Procedure 

1. Prepare 6 litres of test solution with a desired composition and CO2 loading, and 

transfer 1.5 litres to each of the corrosion cell. 

2. Weigh specimens using a microbalance with accuracy of ±0.1mg. 

3. Place a thermometer and a specimen hook in each corrosion cell and connect all the 

inlets and outlets of the corrosion cells. 

4. Fill water bath with water, fix its temperature at 80oC, and circulate the water to the 

outer jackets of corrosion cells. 

5. Purge the gas into corrosion cells for approximately one hour. 

6. Once the temperature of the corrosion cell reaches 80oC, place the weighed 

specimens in glass hooks of the corrosion cells. 

7. Regularly measure concentration, CO2 loading, temperature, pH, and conductivity of 

the solution throughout the experiments. 

8. Replenish the solution to maintain the concentration and CO2 loading. 

9. Remove specimens at specific time intervals to determine the weight loss 

10. Determine the corrosion rate using the weight loss obtained. 

 
3.4.3 Method of Cleaning Specimens after test 

Cleaning the specimens after the experiment was a vital step in the corrosion test 

procedure. It was carried out according to the ASTM standard G1-90 (Reapproved 1999). 

This procedure was designed to remove corrosion products without significant removal 
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of base metal, which allowed accurate determination of the mass loss of the test 

specimen. This method consisted of both mechanical and chemical cleaning.  

The mechanical cleaning included washing the specimen under running-tap water, 

scrubbing and brushing lightly using a non metallic bristle brush to remove loose, bulky 

corrosion products. Care should be taken to avoid the removal of sound metal. The 

specimen was then dried with air and weighed. In some cases, corroded specimens were 

covered with tenacious corrosion products and such mechanical cleaning alone was not 

sufficient. In such cases, sequential mechanical and chemical cleanings were carried out.  

The chemical cleaning involved repeated immersions of the corroded specimens 

in a specific cleaning solution recommended for removing the corrosion products with 

minimal dissolution of any base metal. From the ASTM standard, the recommended 

cleaning solution for iron and steel was a mixture of 1000 mL hydrochloric acid, 20 g 

antimony trioxide, and 50 g stannous chloride. The immersion time was 1 minute for 

each cycle. The cleaning cycles were repeated on specimens several times, and the mass 

loss of the specimen after each cleaning cycle was determined. The mass loss was then 

plotted against the number of cleaning cycles as shown in Figure 3.10 (as an example). 

Two lines, AB and BC, were obtained and Point B, an intersection of lines AB and BC, 

represented the mass loss due to corrosion.  
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Figure 3.10:  Mass loss of corroded specimens resulting from repetitive cleaning cycles. 
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3.4.4 Corrosion rate calculation 

Corrosion rate was calculated from the weight loss obtained from the experiments 

using the following equation: 

Corrosion rate (mpy) = (K x W)/ (A x T x D)                            (3.2) 

where  K is a constant, 3.45 x 10 6 

W = mass loss in g, (corrected for any loss during cleaning) 

A = area in cm2  

T = time of exposure in hours 

D = density in g/cm3.  

This calculation was based on the assumption that the obtained mass loss was due to 

uniform corrosion, not localized corrosion, such as pitting or intergranular corrosion. 
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4. RESULTS AND DISCUSSION 

 

4.1 Overview of experiments  

 This chapter provides experimental results and discussion on the corrosion of 

carbon steel in the carbon dioxide (CO2) absorption process using aqueous solutions of 

blended monoethanolamine (MEA) and piperazine (PZ). The objectives of these 

experiments were to determine level of corrosion rate and understand corrosion 

behaviour and mechanisms under service conditions of this new blended MEA/PZ 

process before the process is to be applied for CO2 capture from industrial flue gas. To 

achieve such objectives, two types of corrosion experiments were carried out in bench-

scale setups; electrochemical and weight loss tests. The electrochemical tests were 

intended for corrosion evaluation under short-term exposure, whereas the weight loss 

tests were for evaluation under long-term duration. Results from the weight loss tests 

were also used to confirm the results from the electrochemical tests. 

 A large number of electrochemical corrosion experiments were carried out in a 

well-designed, three-electrode cell under a variety of tested conditions. At the outset, 

corrosion of carbon steel in aqueous solutions of MEA/PZ blends with various mixing 

ratios was examined against the conventional MEA solutions. A comprehensive 

parametric study was then performed to investigate effects of process parameters on 

corrosion. These parameters were CO2 loading of solution, solution temperature, oxygen 

(O2) content in gas stream, and irreversible degradation products of MEA/PZ solution 

(heat-stable salts) including acetate, formate, oxalate, and thiosulfate. Based on the level 

of corrosion rate found in this MEA/PZ system, the need for corrosion control is 
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apparent. Therefore, inhibition performance of two corrosion inhibitors, sodium 

metavanadate (NaVO3) and copper carbonate (CuCO3) was evaluated to provide choices 

of inhibitors for the aqueous solutions of MEA/PZ. NaVO3 represents the conventional 

corrosion inhibitor which is a toxic heavy-metal, while CuCO3 represents the lower-toxic 

inhibitor, which will potentially replace of the conventional toxic inhibitors. The 

corrosion experiments were finally carried out to evaluate corrosiveness of a proprietary 

oxidative degradation inhibitor (Inhibitor A) provided by the University of Texas at 

Austin. The Inhibitor A is expected to be used in the CO2 absorption plants to prevent 

oxidative degradation of MEA/PZ solutions during plant operation. The low-toxic 

corrosion inhibitor, CuCO3 was also tested to determine its inhibition performance when 

the MEA/PZ solutions contain Inhibitor A.  

 In addition to the electrochemical tests, a series of weight loss tests were carried 

out in four corrosion cells for up to 28 days. These tests were specifically designed to 

evaluate corrosion of carbon steel in aqueous solutions of blended MEA/PZ under the 

most severe conditions where the solutions contained heat-stable salts and oxidative 

degradation Inhibitor A. The inhibition performance of the low-toxic corrosion inhibitor, 

CuCO3, was also evaluated to ensure its effectiveness shown in the previous 

electrochemical tests. All tested parameters and conditions for both electrochemical and 

weight loss tests are summarized in Table 4.1. It should be noted that all experiments 

were carefully duplicated to ensure the reproducibility of the obtained data. Examples of 

the duplicated runs are shown in Figure 4.1. Results of electrochemical tests are 

summarized in Table 4.2. 
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Table 4.1: Tested parameters and conditions for corrosion experiments. 

Parameter Condition 

 Electrochemical experiment Weight loss experiment 

Total amine concentration (kmol/m3) 5.0, 6.2, 7.0, 8.7 6.2 

CO2 loading of solution (mol CO2/mol amine)  0.20, 0.40, 0.58, 0.63 0.20 

Solution temperature (°C) 40, 80 80 

Partial pressure of O2 (kPa) 0.00, 5.07, 10.13 10.13 

Mixing ratio of MEA and PZ (mol MEA: mol PZ) 

(Total amine concentration = 6.2 kmol/m3) 

1:0, 1:1, 2:1, 4:1 4:1 

Heat stable salt (1.00 wt%) acetate, formate, oxalate, thiosulfate acetate 

Concentration of corrosion inhibitor: 

• Sodium metavanadate (NaVO3) 

• Copper carbonate (CuCO3) 

 

50, 100, 250 

50, 100, 250 

 

- 

250 

Concentration of oxidative degradation Inhibitor A (ppm) 1,000, 10,000, 30,000 1,000 
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Figure 4.1: Reproducibility of electrochemical data. 
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Table 4.2: Summary of pH, conductivity and electrochemical parameters of MEA/PZ- CO2 system 
 

Experimental condition 
 

 
pH 

 
σ 

(mS/cm) 
Ecorr  

(mV.SCE.) 
icorr  
(μA) 

βa 
(mV/decade) 

βc 
(mV/decade) 

Epp  
(mV.SCE.) 

ic  
(A/cm²) 

ipass 
(A/cm²) 

Etrans 
(mV.SCE.) 

Corrosion rate 
 

  
  

              (mpy)  (mmpy) 

MEA-5.0kmol/m3  
 
9.16±0.04 

 
26.02±0.11 -916.00±3.00 

1.80E+02±
4.25E+00 66.55±1.79 118.00±5.80 -754.00±1.00 

1.89E-03± 
3.50E-02 

7.19E-06± 
1.45E-02 429.00±5.00 16.44±0.24 0.42±0.01 

MEA-6.2kmol/m3 
 
9.18 

 
25.16±0.05 -939.00±8.25 

2.11E+02±
2.57E+01 71.07±1.58 137.95±0.45 -743.00 

2.40E-03± 
4.00E-02 

1.40E00± 
5.03E+00 361.00±3.00 19.23±2.19 0.49±0.06 

MEA-7.0kmol/m3 
 
9.22±0.04 

 
24.62±0.05 -973.00±1.65 

2.39E+02±
2.70E+00 92.14±3.62 120.75±3.95 -740.00±4.00 

2.96E-03± 
1.00E-02 

1.25E-05± 
3.45E-02 327.00 22.01±0.25 0.56±0.01 

0.00 kPa 
O2,  80oC, 
α=0.2 
 
 
 
 MEA-8.7kmol/m3 

 
 
9.35±0.03 

 
 
20.79±0.21 -972.00±9.40 

 
2.66E+02±
2.00E+01 89.58±6.13 133.25±13.65 -743.00±1.00 2.83E-03 

1.22E-05± 
8.50E-02 344.00±17.00 24.54±1.85 0.62±0.05 

MEA/PZ -5.0/1.2 
kmol/m3 

 
 
9.35±0.04 

 
 
20.35±0.23 -948.00±8.00 

2.37E+02±
4.05E+00 85.79±5.85 109.35±1.05 -777.00±3.00 

1.55E-03± 
6.00E-02 

8.06E-06± 
1.45E-02 291.00±3.00 21.79±0.37 0.55±0.01 

                     
0.00 kPa 
O2, 80oC, 
α=0.2 
  

MEA/PZ -7.0/1.7 
kmol/m3 

 
 
9.57±0.01 

 
 
14.31±0.15 -961.00±2.50 

4.04E+02±
2.21E+01 99.78±8.82 136.85±1.35 -761.00 

1.87E-03± 
2.00E-02 

1.09E-05± 
4.5E-02 302.00±25.00 37.25±2.03 0.95±0.05 

α=0.63,  
MEA/PZ-5.0/1.2 
kmol/m3 

 
 
7.94 

 
 
33.03 -854.00±0.10 6.54E+02 103.90±3.05 147.50±2.05 -618.00 4.58E-03 2.40E-05 440.00±35.00 60.20±0.40 1.53±0.01 

 
0.00 kPa 
O2, 80oC 
 
 

α=0.58,  
MEA/PZ-7.0/1.7 
kmol/m3 

 
 
8.02±0.01 

 
 
15.09±0.27 -834.00±11.20 

1.44E+03±
3.75E+01 180.25±2.05 181.70±8.50 -593.00±15.00 

2.76E-03± 
1.30E-01 

1.35E-05± 
6.00E-02 526.00±7.00 132.75±3.45 3.37±0.09 

5.07 kPa 
O2, 80oC 

α=0.20, MEA/PZ-
5.0/1.2 kmol/m3 

 
 
9.37±0.04 

 
 
19.57±0.03 -940.00±0.10 

3.07E+02±
4.71E+01 88.14±5.49 118.40±1.50 -778.00±5.00 

1.66E-03± 
2.00E-02 

1.59E-06± 
9.06E-02 374.00±2.00 28.36±4.33 0.72±0.11 

*MEA/PZ-2:1 
mole ratio 

 
9.16±0.02 

 
18.01±0.01 -921.00±3.65 

6.50E+02±
6.37E+01 170.35±5.65 150.45±10.05 -773.00±5.00 

1.06E-03± 
5.00E-03 

5.70E-06± 
5.50E-02 376.00±6.00 84.17±18.44 2.14±0.47 

0.00 kPa 
O2, 80oC, 
α=0.20  
 

*MEA/PZ-1:1 
mole ratio 

 
9.31±0.03 

 
14.30±0.10 -916.00±0.55 

1.97E+03±
7.35E+01 1.52E+22 176.10±4.30 -795.00±1.00 

6.62E-04± 
1.00E-02 

5.32E-06± 
5.00E-03 359.00±6.00 181.10±6.80 4.60±0.17 

10.13 kPa 
O2, 40oC 

α=0.20, MEA/PZ-
7.0/1.7 kmol/m3 

 
 
10.49±0.01 

 
 
8.19±0.01   -919.00 

3.61E+02±
1.39E+01 18.95±2.74 143.85±19.45 -748.00±2.00 2.19E-04 

3.77E-06± 
6.50E-02 481.00±5.00 33.28±1.29 0.85±0.03 

10.13 kPa 
O2, 80oC 

α=0.20, MEA/PZ-
7.0/1.7 kmol/m3 

 
 
9.37±0.06 

 
 
14.57±0.09 -948.35 

6.84E+02± 
2.42E+01 108.55±2.75 163.2±0.90 -755.00±4.00 

1.59E-03± 
1.08E-04 

5.18E-06± 
5.95E-07 300.00±2.00 63.01±2.24 1.60±0.07 

0.00 kPa O2,  
1.00 wt% 
oxalate 

 
 
9.24±0.02 

 
 
23.04±0.02 -935.00±1.60 

7.64E+02±
3.23E+01 98.41±0.30 153.95±0.65 -741.00±2.00 

2.83E-
03±2.00E-
02 

1.80E-05± 
1.50E-02 327.00 70.32±2.98 1.79±0.08 

10.13 kPa O2,  
1.00 wt% 
oxalate  

 
 
9.23±0.01 

 
 
23.06±0.11 -932.00±2.90 

7.06E+02±
8.21E+01 93.81±2.36 163.15±4.25 -736.00±2.00 

2.76E-03± 
1.00E-02 

6.47E-06± 
6.00E-02 334.00±23.00 65.04±7.56 1.65±0.19 

80oC, 
α=0.20, 
MEA/ 
PZ-5.0/1.2 
kmol/m3 

                                

0.00 kPa O2,  
1.00 wt% 
acetate 

 
9.26±0.02 

 
21.97±0.03 

-912.00±0.55 
1.83E+03±
4.20E+01 208.95±27.45 175.70±3.60 -766.00±3.00 

1.42E-03± 
3.00E-02 

7.26E-06± 
3.00E-02 322.00±21.00 168.60±3.90 4.28±0.10 
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Experimental condition 
 

 
pH 

 
σ 

(mS/cm) 
Ecorr  

(mV.SCE.) 
icorr  
(μA) 

βa 
(mV/decade) 

βc 
(mV/decade) 

Epp  
(mV.SCE.) 

ic  
(A/cm²) 

ipass 
(A/cm²) 

Etrans 
(mV.SCE.) 

Corrosion rate 
 

  
  

              (mpy)  (mmpy) 
10.13 kPa O2  
1.00 wt% 
acetate 

 
 
9.38±0.02 

 
 
22.50±0.06 -905.00±0.90 

1.37E+03±
4.70E+02 176.80±41.20 197.20±45.20 -741.00±24.00 

1.42E-03± 
1.00E-02 

3.95E-06± 
1.50E-02 350.00±15.00 171.35±1.95 4.35±0.05 

0.00 kPa O2,  
1.00 wt% 
formate 

 
 
9.47±0.08 

 
 
24.30±0.04 -907.00±0.50 

2.16E+03±
3.28E+02 353.40±50.30 178.35±3.55 -763.00±1.00 

1.40E-03± 
2.50E-02 

7.96E-06± 
2.00E-02 370.00±6.00 198.75±30.25 5.05±0.77 

10.13 kPa O2,  
1.00 wt% 
formate 

 
 
9.41±0.03 

 
 
24.39±0.03 -903.00±1.00 

1.21E+03±
2.15E+01 138.50±4.90 161.65±1.35 -760.00±3.00 

1.47E-03± 
3.50E-02 

3.99E-06± 
1.00E-02 350.00±18.00 111.25±1.95 2.83±0.05 

0.00 kPa O2 , 
1.00 wt% 
thiosulfate 

 
 
9.93±0.03 

 
 
21.58±0.01 -951.00±0.50 

4.14E+02±
4.29E+01 87.45±3.77 138.60±14.80 -342.00±3.00 

3.95E-04± 
1.50E-02 

5.34E-01± 
7.00E-03 361.00±23.00 34.59±0.36 0.88±0.01 

                     
80oC, 
α=0.20, 
MEA/ 
PZ-5.0/1.2 
kmol/m3    

 

 

 

                       

10.13 kPa O2, 
1.00 wt% 
thiosulfate  

 
 
9.90±0.12 

 
 
21.12±0.01 -944.00±0.50 

3.71E+02±
6.05E+00 87.07±8.67 150.65±10.75 -334.00±4.00 

3.64± 
1.00E-02 5.68E-01 392.00±8.00 34.19±0.56 0.87±0.01 

 
where σ = Conductivity, βa = Anodic Tafel slope, βc = Cathodic Tafel slope, Ecorr = Corrosion potential, icorr = Corrosion current density,  
EPP = Primary passivation potential, ic = Critical current density, ipass = Passivation current density, Etrans = Transpassive potential, α = CO2 loading (mol/mol) 
*- total amine concentration 6.2 kmol/ m3 
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4.2 Results and discussion of electrochemical tests 

4.2.1 Polarization behaviour of carbon steel in blended MEA/PZ system 

Figure 4.2 illustrates typical cyclic polarization behaviour of carbon steel 1018 

immersed in aqueous solutions of MEA and blended MEA/PZ containing 0.20 mol/mol 

CO2 loading at 80oC. It is apparent that the polarization behaviour of blended MEA/PZ is 

similar to that of MEA. That is, the carbon steel exhibits active, passive, and transpassive 

states, depending on the system’s potential. Under the tested condition at the corrosion 

potential (Ecorr) of -0.948 V.SCE., the carbon steel is in the active state where corrosion 

takes place on the metal surface, which is free of passive film, through iron dissolution 

producing ferrous ion (Fe2+) (Reaction 4.1) and reduction of oxidizing agents (mainly 

bicarbonate (HCO3
-) (Reaction 4.2). These two electrochemical reactions lead to the 

formation of ferrous carbonate (FeCO3) as corrosion products (Reactions 4.3). The 

existence of these FeCO3 are evidenced in Pourbaix diagram in Figure 4.3 at Ecorr = -

0.948 V.SCE. and pH = 9.35).  

Iron dissolution: (McIntire et al., 1990)   Fe → Fe2+ + 2e-            (4.1) 

Reduction of bicarbonate ion: 2HCO3
- + 2e- ↔ 2CO3

2- + H2 (g)                        (4.2)

Overall reaction:   Fe2+ + HCO3
-  ↔ FeCO3 + H+                            (4.3) 

 In addition to the above information, Figure 4.2 also provides information on 

corrosion prevention and control. That is, if the corrosion inhibition is to be applied to 

this system to reduce corrosion rate by raising the system’s potential to passive region, 

the metal surface will be covered by passive film, thereby reducing the current density 

substantially to the passive current density (ipass) and in turn reducing corrosion rate. The 

passive film is postulated to be ferrous oxide (Fe2O3) according to the Pourbaix diagram  
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Figure 4.2: Cyclic polarization curves of carbon steel 1018 in aqueous solutions of (a) 

MEA (5.0 kmol/m3) and (b) blended MEA/PZ (5.0/1.2 kmol/m3) containing 0.20 

mol/mol CO2 loading at 80oC. 
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Figure 4.3: Pourbaix diagram of carbon steel in an aqueous solution of blended MEA/PZ 

(5.0/1.2 kmol/m3) containing 0.20 mol/mol CO2 loading at 80oC (constructed by using 

OLI Analyzer software). 
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in Figure 4.2 (at E = -0.777 to 0.291 V.SCE. and pH = 9.35). The film formation reaction 

is shown below (Frovola, 1997). 

2 FeCO3 + 4OH- → Fe2O3 + 2HCO3
- +H2O +2 e-                    (4.4) 

It should be noted in Table 4.2 that the transpassive potential (Etrans) decreases from 0.361 

to 0.291 V.SCE. in the presence of piperazine. This suggests that the protective film 

formed in the piperazine blend is not as stable as that of MEA. In addition, the cyclic 

polarization curve shows negative hysteresis of reverse scan, thereby showing no pitting 

tendency. 

 

4.2.2 Comparison of corrosion rate in MEA and blended MEA/PZ systems 

The blended MEA/PZ solution was found to be more corrosive than the MEA 

solution when the corrosion comparison was made at the identical total concentration of 

amine. As shown in Figure 4.4 (at 80oC and 0.20 mol/mol CO2 loading), the corrosion 

rate of carbon steel in the blended MEA/PZ (5.0/1.2 kmol/m3) is 0.55 mmpy (21.79 

mpy), while that in the 6.2 kmol/m3 MEA is 0.49 mmpy (19.23 mpy). The superior 

corrosion rate in the blended MEA/PZ solution is more pronounced when the total amine 

concentration is increased to 8.7 kmol/m3. This may be due to changes in reduction of 

oxidizing agent when PZ is present in the solution. Based on the principle of metal 

complexation, the iron dissolution (Reaction 4.1) occurs to produce Fe2+ which then 

combines with protonated ions of MEA and PZ. It is possible that the equilibrium 

potential of metal complexation with PZ may be greater than that with MEA, reflecting a 

greater corrosion rate in a PZ system. Such alteration in oxidizing agents in blended 

MEA/PZ is evidenced by changes in anodic and cathodic Tafel slopes (Table 4.2). 
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Figure 4.4: Comparison of corrosion rates of carbon steel in MEA and blended MEA/PZ 

solutions containing 0.20 mol/mol CO2 loading at 80oC (A= MEA-5.0 kmol/m3; B= 

MEA-6.2 kmol/m3; C= MEA-7.0 kmol/m3; D=MEA-8.7 kmol/m3; E=MEA/PZ-5.0/1.2 

kmol/m3; F= MEA/PZ-7.0/1.7 kmol/m3). 
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4.2.3 Effect of mixing ratio of blended MEA/PZ on corrosion 

 Further experiments were carried out to examine the effect of mixing ratio of 

blended MEA/PZ solutions at a given total amine concentration. Results in Figure 4.5 

show that as concentration of PZ increases, corrosion rate increases. For example, at the 

total amine concentration of 6.2 kmol/m3, the corrosion rate is the highest at the mixing 

ratio of 1:1, followed by the mixing ratio of 2:1, 4:1, and 1:0, respectively. The increasing 

corrosion rate is due to the increasing amount of PZ as oxidizing agent, which results in a 

greater rate of oxidizer reduction. This is evidenced by the increases in cathodic current 

densities in Figure 4.5-b. This essentially confirms the findings in the previous section in 

that PZ is more corrosive than MEA and governs the corrosion effect in the blended 

MEA/PZ solution. 

 

4.2.4 Effect of total concentration of blended MEA/PZ solution on corrosion 

Amine concentration has an apparent effect on corrosion. As seen from Figure 

4.4, increasing amine concentration makes MEA/PZ systems more corrosive, and, thus, 

accelerates the corrosion rates of carbon steel. A similar effect was also observed in the 

MEA system. Such increase in corrosion rate is due to the fact that the higher total amine 

concentration leads to a greater amount of the oxidizing agents including dissolved CO2 

(HCO3
-) and protonated ions of amines, inducing a greater rate of iron dissolution.  

 

4.2.5 Effect of CO2 loading on corrosion 

The blended MEA/PZ solutions containing 0.20 mol/mol CO2 loading and CO2 

saturation were used for examining the effect of CO2 loading on corrosion. The results in  
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Figure 4.5: Effect of mixing ratio of blended MEA/PZ solution on (a) corrosion rate and 

(b) polarization behaviour of carbon steel. (Total amine concentration = 6.2 kmol/m3; 

CO2 loading = 0.20 mol/mol;  solution temperature = 80oC; in the absence of O2)   
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Figure 4.6 show that the CO2 loading has a significant effect on corrosion rate of carbon 

steel. A higher CO2 loading causes the solution to be more corrosive. For instance, in 

blended MEA/PZ (5.0/1.2 kmol/m3) solution at 80oC, the corrosion rate of carbon steel 

increases from 0.55 to 1.53 mmpy (21.79 mpy to 60.20 mpy) when the CO2 loading is 

increased from 0.20 to 0.63 mol/mol (saturation). Such CO2 loading effect was found to 

be more pronounced at a higher amine concentration. For the blended MEA/PZ solution 

(7.0/1.7 kmol/m3), the corrosion rate increases from 0.95 to 3.37 mmpy (37.25 to 132.75 

mpy). Such increase in corrosion rate is due to the increase in dissolved CO2 (HCO3
-), 

which induces more iron dissolution. This is evidenced by greater cathodic current 

densities in Figure 4.7. This could also be seen by the decrease in pH values of the 

system with higher CO2 loading and the increase in conductivity values (Table 4.2). 

 

4.2.6 Effect of solution temperature on corrosion 

The effect of solution temperature was studied at 40 and 80ºC in the presence of 

O2. Results in Figure 4.8 show that the solution temperature has a considerable effect on 

corrosion rate. The corrosion rate increases from 0.85 to 1.60 mmpy (33.28 to 63.01 

mpy) as the temperature is increased from 40 to 80oC. This can be explained by the 

dependence of reaction kinetics on temperature. It is well known that the reaction rate 

increases with temperature. Therefore, the increase in temperature increases rates of 

metal dissolution and oxidizer reduction, thereby accelerating the corrosion process. This 

is shown by the shifts of both anodic and cathodic current densities towards greater 

values (Figure 4.8-b).  It should also be noted that the increase in temperature leads to the 

decreasing pH from 10.49 to 9.37 and increasing conductivity from 8.19 to 14.57. 
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Figure 4.6: Comparison of corrosion rates of carbon steel in blended MEA/PZ solution 

containing different CO2 loadings at 80oC (A= MEA/PZ-5.0/1.2 kmol/m3-0.2 mol/mol 

CO2 loading; B= MEA/PZ-5.0/1.2 kmol/m3-0.63 mol/mol CO2 loading; C= MEA/PZ-

7.0/1.7 kmol/m3-0.2 mol/mol CO2 loading; D= MEA/PZ-7.0/1.7 kmol/m3-0.58 mol/mol 

CO2 loading). 
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(b) 

Figure 4.7: Effect of CO2 loading on polarization behaviour of carbon steel in blended 

MEA/PZ solution with the blended concentration of (a) 5.0/1.2 kmol/m3 and (b) 7.0/1.7 

kmol/m3 at 80oC.  
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Figure 4.8: Effect of solution temperature on (a) corrosion rate and (b) polarization 

behaviour of carbon steel in the blended MEA/PZ (7.0/1.7 kmol/m3) solution containing 

0.20 mol/mol CO2 loading under 10.13 kPa O2.  
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4.2.7 Effect of O2 on corrosion 

 The effect of O2 on corrosion was studied using an aqueous solution of blended 

MEA/PZ (5.0/1.2 kmol/m3) containing 0.20 mol/mol CO2 loading under 5.07 kPa O2 (5% 

in gas) at 80oC.  Results in Figure 4.9 show that the polarization behaviour of carbon steel 

in the presence of O2 is similar to that in the absence of O2 (Figure 4.2-b). That is, the 

carbon steel manifests active, passive, and transpassive behaviour and shows negative 

hysteresis indicating no pitting tendency.  

Under the tested condition, the carbon steel is in an active state and corroded with 

the rate of 0.72 mmpy (28.36 mpy) (Table 4.2), which is higher than the rate in the 

absence of O2 (0.55 mmpy or 21.79 mpy).  The increase in corrosion rate in the presence 

of O2 is attributed to the change in oxidizer reduction reactions as demonstrated by an 

increase in βc value from 109.35 to 118.40 mV/decade (Table 4.2). As O2 is dissolved in 

the aqueous solution of MEA/PZ, it becomes an additional oxidizing agent which reacts 

with undissociated water (H2O) to form hydroxyl ion (OH-) as shown below  (Roberge, 

2006).  

Reduction of dissolved O2:  O2 + 2H2O + 4e- → 4OH-      (4.5) 

This additional reduction consequently induces a greater rate of corrosion. Moreover, the 

dissolved O2 is a cathodic depolarizer that reacts with and removes the corrosion products 

from the cathode, thereby permitting the attack to continue (Roberge, 2006). This means 

that the cathodic reaction can be accelerated in the presence of O2, thereby increasing the 

corrosion rate.  

 From Figure 4.10-a, it is interesting to note that in the passive region (-0.778 to 

0.374 V.SCE.), the passive current density of the system containing dissolved O2 is  
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Figure 4.9: Cyclic polarization curves of carbon steel in an aqueous solution of blended 

MEA/PZ (5.0/1.2 kmol/m3) containing 0.20 mol/mol CO2 loading under 5.07 kPa O2 at 

80oC.  
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(b) 

Figure 4.10: Effect of O2 partial pressure on (a) polarization behaviour and (b) corrosion 

rates of carbon steel in aqueous solutions of blended MEA/PZ (5.0/1.2 kmol/m3) 

containing 0.20 mol/mol CO2 loading at 80oC. 
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generally lower than that containing no O2. This implies that if the carbon steel is to be 

protected from corrosion by raising the system’s potential to the passive region, the 

presence of dissolved O2 is beneficial to the formation of passive film and helps reduce 

the corrosion rate to a greater extent compared to the system without O2. Such passive 

film is speculated to be hematite (Fe2O3) according to the Pourbaix diagram in Figure 

4.11. 

4.2.8 Effect of heat-stable salts on corrosion 

 Heat-stable salts are irreversible degradation products of amine solution. The 

presence of heat stable salts affects the corrosion behaviour significantly. The corrosion 

behaviour of carbon steel immersed in the aqueous solution of blended MEA/PZ 

containing four types of heat-stable salts, acetate, formate, oxalate, and thiosulfate, was 

investigated. Results in Figure 4.12 show that the presence of heat stable salts increases 

the corrosion rate of the system in the presence and absence of O2. Formate is the most 

corrosive salt, followed by acetate, oxalate and thiosulfate in the absence of O2. Note that 

the differences in corrosion rate between formate and acetate are very small. Pitting 

tendency was observed in the presence of oxalate. In the presence of O2, a different trend 

of corrosion is exhibited. Acetate is the most corrosive salt followed by formate, oxalate, 

and thiosulfate.  The increase in corrosion rate can be explained by considering 

polarization behaviour. It is apparent from Figure 4.13 and Table 4.2 that anodic and 

cathodic Tafel slopes change when heat-stable salts were added to the solutions. This 

indicates that the heat-stable salts alter corrosion mechanism on both anode and cathode 

sites (i.e. iron dissolution and reduction of oxidizing agent, respectively). The presence of 

heat-stable  
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Figure 4.11: Pourbaix diagram of carbon steel in an aqueous solution of blended 

MEA/PZ (5.0/1.2 kmol/m3) containing 0.20 mol/mol CO2 loading under 5.07  kPa O2 at 

80oC (constructed by using OLI Analyzer software). 
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(b) 

Figure 4.12: Comparison of corrosion rates of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading, 1 wt% heat stable salts under 

(a) 0.00 kPa O2 and (b) 10.13 kPa O2 at 80 °C.  
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Figure 4.13: Effect of heat-stable salts on polarization behaviour of carbon steel in 

blended MEA/PZ (5.0/1.2 kmol/m3) solutions containing 0.20 mol/mol CO2 loading, 1 

wt% heat-stable salts at 80 °C under (a) 0.00 kPa O2 and (b) 10.13 kPa O2. 
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salts essentially introduces an additional oxidizing agent, heat-stable salt anions, to the 

corrosion process. This induces higher rates of iron dissolution and oxidizer reduction as 

evidenced by the increasing anodic and cathodic current densities. The presence of heat-

stable salts also increases the conductivity of solution (Table 4.2), indicating greater 

corrosion rates. 

 

4.2.9 Inhibition performance of copper carbonate (CuCO3) 

 Figure 4.14 illustrates typical polarization curves of carbon steel immersed in the 

blended MEA/PZ (5.0/1.2 kmol/m3) solution containing 0.20 mol/mol CO2 loading at 

80oC solutions inhibited by CuCO3. It is apparent that CuCO3 is an anodic corrosion 

inhibitor inhibiting corrosion by shifting the corrosion potential (Ecorr) of metal from 

active to passive state, wherein a passive film is formed on the metal surface. The passive 

film acts as a separator between the metal surface and the solution, which, thus, retards 

the diffusion of Fe2+ and electrons from the metal surface to the bulk solution and the 

diffusion of oxidizing agents from the bulk solution to the metal surface. As a result, the 

corrosion reactions proceed at a slower rate. 
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Figure 4.14: Cyclic polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading and 250 ppm CuCO3 under (a) 

0.00 kPa O2 and (b) 10.13 kPa O2 at 80 °C.  
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(a) Effect of O2 

 The presence of dissolved O2 plays an important role in the inhibition 

performance of CuCO3. It shifts the corrosion potential (Ecorr) of the de-aerated system to 

a nobler value. For instance (Table 4.3), the Ecorr of MEA/PZ system inhibited by 250 

ppm CuCO3 shifts from -0.255 V.SCE in the absence of O2 to -0.149 V.SCE under 10.13 

kPa O2. As a result, the corrosion rate of carbon steel is reduced from 0.52 to 0.04 mmpy 

(20.49 to 1.59 mpy), which is within an acceptable corrosion level (0.25 mmpy or 10 

mpy) (Figure 4.15). This suggests that CuCO3 performs more effectively in the presence 

of dissolved oxygen. Such superior performance in the presence of O2 could be due to the 

nature of passive film formed on the metal surface. According to Pourbaix diagram 

(Figure 4.16), it is thermodynamically possible that the passive film is hematite (γ-

Fe2O3). The film formation reactions are shown below (Pourbaix, 1974): 

3Fe + 4H2O  → Fe3O4 + 4H2    (4.6) 

2Fe3O4 + H2O → 3Fe2O3 + H2   (4.7) 

where Fe3O4 is magnetite. 

The presence of dissolved O2 is required for the MEA/PZ solutions inhibited by 

CuCO3 because it helps maintain active Cu2+ in the solution, thereby preventing the 

metallic copper (Cu) from plating out. Let us consider the following reactions (Cringle et 

al, 1987): 

Copper reduction to Cu+:   Cu2+ + e- → Cu+        (4.8) 

Copper plating reaction:  2Cu+ → Cu2+ + Cu        (4.9) 

 

2217



 95

Table 4.3: Summary of pH, conductivity and electrochemical parameters of carbon steel in the inhibited MEA/PZ-CO2 system 

 
Experimental conditions 

 

 
pH 

 
σ 

(mS/cm) 
Ecorr 

(mV.SCE.) 
ipass 

(A/cm²) 
Etrans 

(mV.SCE.) 
Corrosion rate 

 
        (mpy)  (mmpy) 

CuCO3 -50ppm 
 

9.62 
 

20.22±0.03 -893.00±4.00 3.11E-05±2.89E-06 380.00±15.00 30.06±0.38 
 

0.76±0.01 

CuCO3-250ppm 
 

9.80±0.02 
 

20.06 -255.00±8.00 3.08E-05±1.40E-06 389.00±5.00 20.49±2.41 
 

0.52±0.06 

MEA/PZ-5.0/1.2 kmol/m3,  
80 °C,  
α=0.20, 

0.00 kPa O2 
 CuCO3-500ppm 

 
9.72 

 
19.92±0.22 -253.00±3.00 8.96E-05±8.21E-06 401.00±9.00 41.02±4.69 

 
1.04±0.12 

CuCO3-50ppm 
 

9.62 
 

20.58 -195.00±1.00 2.38E-06±1.05E-07 378.00±7.00 1.76±0.129 
 

0.04 

CuCO3-250ppm 
 

9.85 
 

20.00±0.05 -149.00±1.00 2.30E-06±9.05E-08 379.00±3.00 1.59±0.05 
 

0.04 

 
MEA/PZ-5.0/1.2 kmol/m3,  

80 °C,  
α=0.20, 

10.13 kPa O2 

 CuCO3-500ppm 
 

9.72 
 

19.51±0.20 -141.00±1.00 2.83E-06±1.95E-07 391.00±3.00 2.07±0.08 
 

0.05 
 

CuCO3-250ppm,  
0.00 kPa O2 

 
 

9.12 

 
 

22.37 -240.00±6.00 3.24E-05±5.11E-06 393.00 54.25±3.66 

 
 

1.38±0.09 MEA/PZ-5.0/1.2 kmol/m3,  
1wt% acetic 

80 °C, α=0.20 
 

CuCO3-250ppm,  
 10.13 kPa O2 

 
 

9.2 

 
 

21.92 -153.00±1.00 2.57E-06±2.93E-08 385.00±2.00 2.06±0.33 

 
 

0.05±0.01 

NaVO3-50ppm 
 

9.42±0.05 
 

20.29 -529.00±1.00 1.30E-05±1.49E-06 421.00±11.00 5.75 
 

0.15 

NaVO3-250ppm 
 

9.52±0.03 
 

20.35±0.02 -499.00±1.00 3.00E-05±3.52E-06 417.00±12.00 16.32±1.87 
 

0.41±0.05 

MEA/PZ-5.0/1.2 kmol/m3,  
80 °C,  
α=0.20, 

0.00 kPa O2 
 NaVO3-500ppm 

 
9.43 

 
20.05 -483.00±3.00 5.16E-05±4.74E-06 479.00±1.00 27.96±0.87 

 
0.71±0.02 

NaVO3-50ppm 
 

9.47±0.04 
 

20.38 -418.00±2.20 2.20E-06±6.33E-07 404.00±3.00 1.04±0.13 
 

0.03 

NaVO3-250ppm 
 

9.52 
 

20.19±0.08 -364.00±10.00 1.54E-06±5.35E-07 402.00±4.00 0.60±0.15 
 

0.02 

MEA/PZ-5.0/1.2 kmol/m3,  
80 °C,  
α=0.20, 

10.13 kPa O2 
 NaVO3-500ppm 

 
9.43 

 
20.10±0.09 -351.00±4.00 1.35E-06±5.68E-08 395.00 0.50±0.02 

 
0.01 

where σ = Conductivity, Ecorr = Corrosion potential, ipass = Passivation current density, Etrans = Transpassive potential, α = CO2 loading (mol/mol) 
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Figure 4.15: Comparison of corrosion rates of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 CO2 loading and CuCO3 at 80 °C. 
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(a) 

 

      (b) 

Figure 4.16: Pourbaix diagram of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solution containing 0.20 mol/mol CO2 loading, 250 ppm CuCO3 under (a) 0.00 kPa O2 

and (b) 10.13 kPa O2 at 80oC(constructed by using OLI Analyzer software). 
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 As CuCO3 (or Cu2+) is introduced to the solution, it tends to be reduced and form 

Cu+ (Reaction 4.8), which in turn is further reduced to Cu (Reaction 4.9). In this case, the 

active Cu2+ is reduced and becomes inadequate for corrosion inhibition. However, 

thisproblem can be solved by ensuring the presence of dissolved O2. The dissolved O2 

can oxidize the Cu+ to form Cu2+, as shown below (Cringle et al., 1987): 

4Cu+ + O2 + 2H2O → 4Cu2+ + 4OH-      (4.10) 

From Figure 4.14, the cyclic polarization curves containing CuCO3 in the absence of O2 

exhibited positive hysteresis, indicating that CuCO3 tends to induce pitting on carbon 

steel. However, in the presence of O2, the cyclic polarization curves did not exhibit a 

clear positive hysteresis, indicating no pitting. 

 

(b) Effect of CuCO3 concentration  

 The inhibition performance of CuCO3 was examined in the aqueous blended 

MEA/PZ solutions containing three different concentrations of CuCO3 (i.e. 50, 250, and 

500 ppm). Results in Figure 4.17 show no correlation between CuCO3 concentration and 

corrosion rate in both deaerated and aerated systems. In the deaerated systems, the 

corrosion rates cannot be reduced by CuCO3. This is because the active Cu2+ is reduced 

to Cu+ and, eventually, Cu, as describing previously in Reactions (4.8) and (4.9), 

resulting in no inhibition. Note that the CuCO3 with the concentration of 50 ppm in the 

absence of O2 is not sufficient to induce the passive film on the carbon steel. As shown in 

Figure 4.17 and Table 4.3, the corrosion potential (Ecorr) of this system shifts only from    

-0.948 (uninhibited) to -0.889 V.SCE., which is still in the active region, whereas those in 

the systems containing 250 and 500 ppm CuCO3 shift to -0.255 and -0.253 V.SCE,  
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(b) 

Figure 4.17: Polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solution containing 0.20 CO2 loading and various CuCO3 concentrations, under (a) 0.00 

kPa O2 and (b) 10.13 kPa O2 at 80°C. 
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respectively, which are in the passive region. This suggests that the system containing 

higher concentration of CuCO3 is nobler. 

 On the contrary, in the aerated system, the corrosion rates are reduced 

significantly, to below the acceptable level (<10 mpy), with an the inhibition efficiency 

of at least 91.40%, regardless CuCO3 concentration. The transpassive potential (Etrans) 

values (Table 4.3) of the system with CuCO3 are higher than that of the uninhibited 

(Table 4.2) system. This indicates that the passive film in the system with CuCO3 has a 

tendency to break down in a more aggressive environment than in the uninhibited system. 

 

(c) Effect of heat-stable salt 

The inhibition performance of CuCO3 was further evaluated in the presence of 

heat-stable salt. Acetic acid was chosen to represent the heat-stable salt anion, since it is 

the most corrosive salt in the uninhibited aqueous solution of blended MEA/PZ (5.0.0/1.2 

kmol/m3) according to our previous results (Section 4.2.8). Results in Table 4.3 show that 

the presence of acetic acid decreases the performance of CuCO3.  In the absence of O2, 

the corrosion rate of the system with 250 ppm CuCO3 and 1% acetic acid is 1.38 mmpy 

(54.25 mpy), while that without acetic acid is 0.52 mmpy (20.49 mpy). However, in the 

presence of O2, the performance of CuCO3 is only slightly decreased in the presence of 

acetic acid. The corrosion rate of the inhibited system with acetic acid is 0.05 mmpy 

(2.06 mpy), while that without acetic acid is 0.04 mmpy (1.59 mpy). The deterioration of 

the inhibition performance of CuCO3 due to acetic acid can be observed from the ipass 

values (Table 4.3 and Figure 4.18). In addition, the cyclic polarization curves in the 

presence of acetic acid exhibit a similar performance to the system without acetic acid.  
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Figure 4.18: Polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solution containing 0.20 mol/mol CO2 loading, 0 &1 wt % acetic acid and 250 ppm 

CuCO3 under (a) 0.00 kPa O2 and (b)10.13 kPa O2 at 80 °C. 
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 The system with acetic acid exhibited a positive hysteresis in the absence of O2 

indicating pitting (Figures 4.19). However, in the presence of O2, there is no clear 

positive hysteresis. 

 

4.2.10 Inhibition performance of sodium metavanadate (NaVO3)  

Figure 4.20 illustrates typical polarization curves of carbon steel immersed in the 

blended MEA/PZ (5.0/1.2 kmol/m3) solution containing 0.20 mol/mol CO2 loading at 

80oC solutions inhibited by NaVO3. It is apparent that NaVO3 is an anodic corrosion 

inhibitor inhibiting corrosion by shifting the corrosion potential (Ecorr) of metal from 

active to passive state in which a passive film is formed on the metal surface, which is 

similar to CuCO3. For instance, in the system containing 50 ppm NaVO3, the Ecorr 

potential changes from -0.948 (uninhibited) to -0.529 V.SCE. The passive film acts as a 

separator between the metal surface and the solution, which, thus, retards the diffusion of 

Fe2+ and electrons from the metal surface to the bulk solution and the diffusion of 

oxidizing agents from the bulk solution to the metal surface. As a result, the corrosion 

reactions proceed at a slower rate. 

 

(a) Effect of oxygen  

 The presence of dissolved O2 plays an important role in the inhibition 

performance of NaVO3. It shifts the corrosion potential (Ecorr) of the de-aerated system to 

a nobler value. For instance (Table 4.3), the Ecorr of MEA/PZ system inhibited by 250 

ppm NaVO3 shifts from -0.499 V.SCE in the absence of O2 to -0.364 V.SCE under 10.13 

kPa O2. As a result, the corrosion rate of carbon steel is reduced from 0.41 to 0.02 mmpy  
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Figure 4.19: Cyclic polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading, 1 wt % acetic acid and 250 ppm 

CuCO3 under (a) 0.00 kPa O2 and (b)10.13 kPa O2 at 80°C.  
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Figure 4.20: Cyclic polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading, and  250 ppm NaVO3 under (a) 

0.00 kPa O2 and (b)10.13 kPa O2 at 80 °C.  
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(16.32 to 0.60 mpy), which is within an acceptable corrosion level (Figure 4.21). This 

suggests that NaVO3 performs more effectively in the presence of dissolved oxygen. 

Such superior performance in the presence of O2 could be due to the nature of passive 

film formed on the metal surface. According to Pourbaix diagram (Figures 4.22), it is 

thermodynamically possible that the passive film is hematite (Fe2O3). 

The presence of dissolved O2 is required for the MEA/PZ solutions inhibited by 

NaVO3 because it may help in maintaining V+5 which was reported to be responsible for 

corrosion resistance and film formation (Cheravu et al., 1989). It is also worth 

mentioning that the colour of the solution of the inhibited system with O2 remained 

yellow throughout the experiment, which was reported to be the colour of V+5 (Lele et al., 

1992). However, in the absence of O2, the colour of the solution changed to brown after 

the experiment. This could mean that, in the absence of O2, the V+5 is not maintained in 

the solution, and, thus, the inhibition efficiency is lowered.  

From Figures 4.20, the cyclic polarization curves containing NaVO3 in the 

absence of O2 exhibited positive hysteresis, indicating that NaVO3 tends to induce pitting 

on carbon steel. However, those containing 50 ppm of NaVO3 in the presence of O2 

exhibit negative hysteresis, indicating no pitting. 

 

(b) Effect of NaVO3 concentration  

 The inhibition performance of NaVO3 was examined in the aqueous blended 

MEA/PZ solutions containing three different concentrations of NaVO3 (i.e. 50, 250, and 

500 ppm).  The results in Figure 4.23 show the dependence of corrosion on NaVO3 

concentration. In the absence of O2, the inhibition performance of NaVO3 decreases as  
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Figure 4.21: Comparison of corrosion rates of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solutions containing 0.20 mol/mol CO2 loading, NaVO3 with 0.00 and 10.13 

kPa O2 at 80 °C.  
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(a) 

 

(b) 

Figure 4.22: Pourbaix diagrams of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solutions containing 0.20 mol/mol CO2 loading and 50ppm NaVO3 under (a) 0.00 kPa O2 

and (b) 10.13 kPa O2 at 80oC (constructed by using OLI Analyzer software). 
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Figure 4.23: Polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solution containing 0.20 mol/mol CO2 loading, NaVO3 under (a) 0.00 kPa O2 and (b) 

10.13 kPa O2 at 80 °C. 
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the concentration of NaVO3 increases from 50 to 500 ppm. This can be seen by the 

increase in passive current density (ipass) in Table 4.3. However, in the presence of O2, the 

opposite trend is exhibited. Increasing NaVO3 concentration from 50 to 500 ppm 

decreases the corrosion rate, thereby increasing inhibition performance. This is evidenced 

by the decrease in ipass.   

 

4.2.11 Comparison of inhibition performance of CuCO3 and NaVO3 

  Generally, NaVO3 yields superior inhibition performance over CuCO3. This is 

evidenced by the lower corrosion rates in the system inhibited by NaVO3 compared to 

those in the system inhibited by CuCO3. This is true for both deaerated and aerated 

systems (Figures 4.24, 4.25). The maximum inhibition efficiency that the CuCO3 system 

could exhibit in the absence of O2 is 5.97%, while that of the NaVO3 system is 73.61%. 

In the presence of O2, the CuCO3 system exhibits 93.39% inhibition, while the NaVO3 

system inhibits 97.92%.  

The superior performance of NaVO3 could be mainly due to the effectiveness of 

the passive film formed on the metal surface. As seen in Table 4.3, the system with 

NaVO3 yields lower values of passive current densities (ipass) than the CuCO3 system 

does. This suggests that the passive film in the NaVO3 system offers greater resistance to 

corrosion. Note that the NaVO3 shifts the corrosion potential (Ecorr) of uninhibited system 

to a less noble value than the CuCO3. 
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(b)  

Figure 4.24: Comparison of corrosion rates of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading and corrosion inhibitors (a) 

under 0.00 kPa O2 and (b)10.13 kPa O2 at 80 °C.  

 0.04  0.04  0.05 
 0.03  0.02  0.01 

 0.61 

2233



 111

-1.0

-0.6

-0.2

0.2

0.6

1.0

-8.0 -7.0 -6.0 -5.0 -4.0 -3.0 -2.0

Log current density (A/cm²)

P
ot

en
tia

l (
V 

vs
 S

C
E)

250 ppm CuCO3
250 ppm NaVO3

 

(a) 

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

-9.0 -8.0 -7.0 -6.0 -5.0 -4.0 -3.0 -2.0

Log current density (A/cm²)

Po
te

nt
ia

l (
V

 v
s 

SC
E)

250 ppm CuCO3
250 ppn NaVO3

 

(b) 

Figure 4.25: Polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solution containing 0.20 mol/mol CO2 loading and corrosion inhibitors (a) under 0.00 kPa 

O2 and (b)10.13 kPa O2 at 80 °C.  
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4.2.12 Corrosion due to oxidative degradation Inhibitor A  

A series of electrochemical corrosion tests was carried out using blended 

MEA/PZ (5.0/1.2 kmol/m3) solution containing 0.20 mol/mol CO2 loading, 1 wt% acetic 

acid, and various concentrations of oxidative degradation Inhibitor A to investigate the 

corrosiveness of oxidative degradation Inhibitor A. Results in Figure 4.26 show that the 

corrosion behaviour of carbon steel in the aqueous solution MEA/PZ containing Inhibitor 

A is similar to that in the solution containing no Inhibitor A. That is, the carbon steel 

typically exhibits active, passive, and transpassive states depending on the system’s 

potential. However, under the tested conditions, the carbon steel is in the active state, 

wherein corrosion takes place on the free-film metal surface. No pitting tendency is 

observed, as the cyclic polarization curve exhibits negative hysteresis (i.e. the reverse 

polarization curve is on the left of the forward curve). 

In addition to the above general corrosion behaviour, the presence of Inhibitor A 

appears to make the blended MEA/PZ solution more corrosive. As shown in Figure 4.27, 

the addition of Inhibitor A shifts the polarization curve of carbon steel to the right, where 

both anodic and cathodic corrosion reactions are expedited. The increase in corrosion rate 

is attributed to mechanism changes of iron dissolution and reduction of oxidizing agents. 

From the electrochemical kinetic data obtained, such a mechanism is predominant at the 

anode site where the iron dissolution takes place. This is evidenced by a more 

pronounced variation in the anodic Tafel slope (Table 4.4).  
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Figure 4.26: Cyclic polarization curve of an aqueous solution of MEA/PZ (5.0/1.2 

kmol/m2) containing the oxidative degradation Inhibitor A and 0.20 mol/mol CO2 loading 

at 80oC under 10.13 kPa O2. 
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Figure 4.27: Polarization curves of carbon steel in aqueous solutions of MEA/PZ 

(5.0/1.2 kmol/m3) containing the oxidative degradation Inhibitor A with the 

concentrations of 0, 1,000, 10,000 and 30,000 ppm, 0.20 mol/mol CO2 loading, 1 wt% 

acetic acid at 80oC under (a) 0.00 kPa O2 and (b) 10.13 kPa O2. 
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Table 4.4: Summary of pH, conductivity and electrochemical parameters of MEA/PZ/oxidative Inhibitor A-CO2 system 

Experimental 
conditions 

 
 

pH 
 

 
 
σ 

(mS/cm) 
Ecorr 

(mV.SCE.) 
icorr 
(μA) 

βa 
(mV/decade) 

βc 
(mV/decade) 

Epp 
(mV.SCE.) 

ic 
(A/cm²) 

ipass 
(A/cm²) 

Etrans 
(mV.SCE.) 

Ecp 
(mV.SCE.) 

 
Corrosion rate 

 

 
  

          (mpy) (mmpy) 
Inhibitor 

A- 
1000 
ppm, 

0.00 kPa 
O2 

 
 
 
 
 

9.09 

 
 
 
 
 

22.75 -909.75 
5.97E+03± 
2.08E+02 

5.86E+00± 
2.64E+00 256.60±27 -761.00±0.001 

1.18E-03± 
1.05E-02 

6.39E-06± 
1.10E-01 393.00 -515.00 549.45±19.15 13.96±0.49 

Inhibitor 
A- 

30000 
ppm , 

0.00 kPa 
O2 

 
 
 
 
 

9.13±0.03 

 
 
 
 
 

28.30±0.01 -910.00±0.01 
3.99E+03± 
3.50E+00 

1.09E+02± 
7.50E-01 235.90±4.60 -755.00±0.001 

1.11E-03± 
5.95E-02 

5.72E-06± 
1.50E-02 392.00 -452.00 367.85±0.35 9.34±0.01 

Inhibitor 
A- 

1000 
ppm, 
10.13 

kPa O2 

 
 
 
 
 

9.10±0.03 

 
 
 
 
 

22.86±0.01 -906.80 
4.06E+03± 
7.60E+02 

7.50E+02± 
1.89E+02 199.00±5.10 -763.00 0.00113 

5.22E-06± 
1.50E-02 396.00 -520.00±0.06 438.05±6.05 11.13±0.15 

Inhibitor 
A- 

10000 
ppm, 
10.13 

kPa O2 

 
 
 
 
 

9.09±0.03 

 
 
 
 
 

24.56±0.09 -906.50 
4.24E+03± 
1.90E+02 2.92E+30 193.35±4.55 -765.00 

9.91E-04± 
5.00E-03 

4.09E-06± 
9.55E-03 397.00 -523.40±0.05 390.90±17.40 9.93±0.44 

 
 
 
 
 
 
 
 
 
 
 

MEA/PZ-
5.0/1.2 

kmol/m3, 
1 wt % 
acetic, 
80°C, 
α = 0.02 

 
 
 
 
 
 
 
 
 

 
  
  
  

Inhibitor 
A- 

10000 
ppm, 
10.13 

kPa O2 

 
 
 
 
 
 

9.04±0.09 

 
 
 
 
 
 

28.34±0.12 -914.5 
3.88E+03± 
3.85E+01 1.66E+31 195.25±0.450 -762.00±0.004 

1.00E-03± 
1.96E-02 

2.68E-06± 
3.50E-02 377.00±0.01 -470.00±0.01 356.85±3.55 9.06±0.09 

 
where σ = Conductivity, βa = Anodic Tafel slope, βc = Cathodic Tafel slope, Ecorr = Corrosion potential, icorr = Corrosion current density,  
EPP = Primary passivation potential, ic = Critical current density, ipass = Passivation current density, Etrans = Transpassive potential, α = CO2 loading (mol/mol) 
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(a) Effect of Inhibitor A concentration 

The effect of Inhibitor A concentration was studied in the corrosion experiments 

using aqueous solutions of blended MEA/PZ (5.0/1.2 kmol/m3) containing 0.20 mol/mol 

CO2 loading, 1 wt% acetic acid and the Inhibitor A with various concentrations in the 

presence and absence of oxygen. The acetic acid was chosen to represent the anions of 

heat-stable salt in the blended MEA/PZ solution, since it is the most corrosive salt 

according to our previous results. Results in Figure 4.28 show that the corrosion rate of 

carbon steel decreases with the increasing concentration of Inhibitor A, as illustrated by 

the shifts of polarization curves to left where the anodic and cathodic current densities are 

reduced (Figure 4.27). Such decrease is attributed to changes in the mechanisms of iron 

dissolution as evidenced by the increasing anodic Tafel slope of the system. Note that 

since the cathodic Tafel slope does not change much with the concentration of Inhibitor 

A, the reduction mechanism of oxidizing agents on the cathode site is speculated to 

remain unchanged (Table 4.4). 

 

(b) Effect of oxygen  

 The effect of oxygen on corrosion was examined using aqueous solutions of 

blended MEA/PZ (5.0/1.2 kmol/m3) containing 0.20 mol/mol CO2 loading, 1 wt% acetic 

acid and the oxidative degradation Inhibitor A. Results in Figure 4.28 show that the 

corrosion rates of carbon steel in the aerated solutions are less than those in the de-

aerated solutions in the presence of Inhibitor A. This could be attributed to changes in the 

mechanisms of iron dissolution. From the electrochemical kinetic data obtained, the  
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Figure 4.28: Comparison of corrosion rates of carbon steel in aqueous solutions of 

blended MEA/PZ (5.0/1.2 kmol/m3) containing 0.20 mol/mol CO2 loading, 1 wt% acetic 

acid and various concentrations of Inhibitor A at 80°C.  
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anodic Tafel slopes of the aerated system are far greater than those in the de-aerated 

system (Table 4.4). The cathodic Tafel slopes vary slightly indicating no significant 

changes in the cathodic reactions. 

 

(c) Effect of solution temperature  

The effect of solution temperature was studied using blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading, 1 wt% acetic acid and 1000 

ppm Inhibitor A at 40 and 80°C. Results in Figure 4.29 show that the presence of 

Inhibitor A does not alter the effect of solution temperature on the corrosion rate of 

carbon steel. The trend of corrosion rate is similar to that in the system without Inhibitor 

A (i.e. the corrosion rate increases with the solution temperature). This behaviour is 

attributed to the dependence on the solution temperature of the kinetics of both iron 

dissolution and reduction of oxidizing agents, as illustrated from the shifts of anodic and 

cathodic polarization curves to greater values of current densities (Figure 4.30).   

 

(d) Inhibition performance of copper carbonate in the presence of Inhibitor A  

The performance of corrosion inhibitor, namely copper carbonate (CuCO3), was 

evaluated using the aqueous solutions of blended MEA/PZ (5.0/1.2 kmol/m3) containing 

0.20 mol/mol CO2 loading, 1 wt% acetic acid, the oxidative degradation Inhibitor A, and 

250 ppm CuCO3 in the presence and absence of O2. It is apparent from Figure 4.31 that 

Inhibitor A has no effect on the inhibition mechanism of CuCO3. The CuCO3 functions as 

an anodic corrosion inhibitor shifting the corrosion potential of the metal from active to 

passive state where a passive film is developed on the metal surface. The passive film  
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Figure 4.29: Comparison of corrosion rates of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading, 1 wt% acetic acid and 1000ppm 

Inhibitor A at 40, 80 °C. 
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Figure 4.30: Polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solution containing 0.20 mol/mol CO2 loading, 1 wt% acetic acid and 1000 ppm Inhibitor 

A at 40, 80 °C.  
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Figure 4.31: Polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solutions containing 0.20 mol/mol CO2 loading, 1 wt% acetic acid, the oxidative 

degradation Inhibitor A with concentrations of 0, 1,000, 10,000 and 30,000 ppm, and 

CuCO3 with concentrations of 0 and 250 ppm at 80oC under (a) 0.00 kPa O2 and (b) 10.13 

kPa O2. 
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acts as a separator between the metal surface and solution, thereby retarding the diffusion 

of ferrous ion (Fe2+) and electrons from the metal surface to the bulk solution and at the 

same time retarding the diffusion of oxidizing agents from the bulk solution to the metal 

surface, which, thus, slows down the corrosion rate. The performance of CuCO3 is not 

greatly affected by Inhibitor A, solution temperature, and CO2 loading of solution. 

Inhibitor A has an insignificant impact on the inhibition performance of CuCO3. 

 As shown in Figures 4.31-4.32, the CuCO3 reduces the corrosion rates of carbon 

steel significantly, regardless of Inhibitor A concentration. The inhibition performance of 

CuCO3 is reduced slightly as the solution temperature increases (Figures 4.33-4.34). This 

could be because of the fact that the increase in temperature accelerates both anodic and 

cathodic reactions, thereby increasing the corrosion rate. The CuCO3 inhibits well even 

under high CO2 loading of solution. From Figures 4.35-4.36, the corrosion rate of the 

inhibited system containing 0.20 mol/mol CO2 loading is 0.04 mmpy, while that 

containing 0.40 mol/mol CO2 loading is 0.06 mmpy. 

 The performance of CuCO3 is, however, greatly affected by the presence of 

dissolved O2. The CuCO3 was found to perform well under all aerated conditions, but not 

necessarily in the de-aerated conditions. The corrosion rates of carbon steel were 

successfully reduced by CuCO3 under aerated conditions to below an acceptable level (10 

mpy or 0.25 mmpy). No pitting tendency was observed from the cyclic polarization 

curves. The presence of O2 is required in the inhibited system with CuCO3 to prevent 

Cu2+ from plating out to be Cu. From the Table 4.5, it could be seen that the Ecorr potential 

of the inhibited system shifts to a more noble potential in the presence of O2 than in the  
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Figure 4.32: Comparison of corrosion rates of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading, 1 wt% acetic acid and various 

concentrations of Inhibitor A and CuCO3, at 80 °C (a) 0.00 kPa O2 and (b) 10.13 kPa O2. 
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Figure 4.33: Polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solutions containing 0.20 mol/mol CO2 loading, 1 wt% acetic acid, 1000ppm Inhibitor A, 

and CuCO3 with concentrations of 0 and 250 ppm at 40 and 80oC in the absence of O2. 
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Figure 4.34: Comparison of corrosion rates of carbon steel in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading, 1 wt% acetic acid, 1000ppm 

Inhibitor A and CuCO3 with concentrations of 0 and 250 ppm, at 40 and 80 °C in the 

absence of O2. 
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Figure 4.35: Polarization curves of carbon steel in blended MEA/PZ (5.0/1.2 kmol/m3) 

solutions containing 1 wt% acetic acid, 1000ppm Inhibitor A and 0 and 250 ppm CuCO3  

under 10.13 kPa O2 and CO2 loadings of 0.20 and 0.40 mol/mol at 80°C. 
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Figure 4.36: Effect of CO2 loading on corrosion rate of carbon steel in blended MEA/PZ 

(5/1.2 kmol/m3) solutions containing 1 wt% acetic acid, 1000ppm Inhibitor A, CuCO3 

with 0 and 250 ppm under 10.13 kPa O2 at 80 °C. 
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Table 4.5: Summary of pH, conductivity and electrochemical parameters of MEA/PZ/Oxidative Inhibitor A/CuCO3- CO2 system. 

 
Experimental conditions 

 

 
pH 

 
σ 

(mS/cm) 
Ecorr 

(mV.SCE.) 
ipass 

(A/cm²) 
Ecp 

(mV.SCE.) 
Corrosion rate 

 

  
  

     (mpy)  (mmpy) 
 

Inhibitor A- 1000 ppm 
 

9.10±0.04 
 

22.86±0.01 -290.00±0.01 4.15E-05±3.38E-06 -178.00 35.73±0.67 0.91±0.02 
MEA/PZ-5.0/1.2 kmol/m3,  

1 wt% acetic,  
250 ppm CuCO3 
80°C, α=0.20,  
 0.00 kPa O2 

Inhibitor A - 30000 
ppm 

 
 

9.15±0.04 

 
 

28.32±0.01 -238.00 2.37E-05±4.58E-06 -178.00±0.01 13.29±1.16 0.34±0.03 

Inhibitor A - 1000 ppm 
 

9.09±0.01 
 

22.84±0.03 -152.10 2.32E-06±8.03E-08 -63.00±0.01 1.72±0.14 0.04 
Inhibitor A - 10000 

ppm 
 

9.09±0.03 
 

24.18±0.13 -144.75 1.95E-06 -63.00±0.01 1.52±0.01 0.04 

MEA/PZ-5.0/1.2 kmol/m3,  
1 wt% acetic, 

250 ppm CuCO3,   
80°C, α=0.20,  
10.13 kPa O2 

 
Inhibitor A - 30000 

ppm 
 

9.13 
 

28.13 -140.00 1.54E-06±5.30E-08 -64.00 0.94±0.04 0.02 
 
Inhibitor A - 1000 ppm 

 
8.38±0.05 

 
32.11±0.10 -871.55 6.13E-06±3.53E-07 -423.00±0.01 228.80±18.30 5.81±0.46 

 
MEA/PZ-5.0/1.2 kmol/m3,  

1 wt% acetic, 
80°C, α=0.40,  
10.13 kPa O2 

 

 
 
Inhibitor A - 1000 ppm, 

250 ppm CuCO3 

 
 
 

8.36 

 
 
 

32.39±0.17 -119.00 2.33E-06±6.28E-07 -47.00±0.02 2.30±0.14 0.06 

Inhibitor A - 1000 ppm 
 

10.06±0.06 
 

15.62±0.20 -906.00 5.52E-06±2.60E-07 -525.00±0.03 41.24±2.09 1.05±0.05 
 

MEA/PZ-5.0/1.2 kmol/m3,  
1 wt% acetic, 
40°C, α=0.20,  
0.00 kPa O2 

 
Inhibitor A - 1000 ppm, 

250 ppm CuCO3 

 
 
 

10.03±0.02 

 
 
 

15.61±0.04 -315.00±0.02 1.28E-05±1.34E-07 -186.00 7.625±0.10 0.19 
where σ = Conductivity,  Ecorr = Corrosion potential, ipass = Passivation current density, Ecp = Complete passivation  potential, α = CO2 loading (mol/mol) 
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absence of O2. For instance, the Ecorr potential of the inhibited system with 1000 ppm 

Inhibitor A shifts to -0.152 V as opposed to -0.290 V in the absence of O2. 

 

4.3 Weight loss test 

In the previous section, the electrochemical corrosion tests were performed to 

obtain understanding of corrosion in the aqueous solutions of blended MEA/PZ 

containing dissolved O2, heat stable salts, corrosion inhibitor, and oxidative degradation 

Inhibitor A. It was concluded that the presence of heat-stable salts and oxidative inhibitor 

affect the corrosivity of amine-CO2 system, and the CuCO3 corrosion inhibitor was found 

to perform well to inhibit the corrosion. However the electrochemical tests were carried 

out under short-term duration. It was, therefore, also of interest to expand the test 

program to cover long-term corrosion tests using the weight loss technique. The weight 

loss tests were also carried out to confirm the results obtained from electrochemical 

experiments.  

   In weight loss tests, carbon steel specimens (1018) were immersed in aqueous 

blended solutions of MEA/PZ (5.0/1.2 kmol/m3) containing 0.20 mol/mol CO2 loading, 

10.13 kPa O2, under atmospheric pressure at 80oC. Acetate was used to represent heat 

stable salt. Values of 1,000 and 250 ppm were chosen as representative concentrations of 

Inhibitor A and CuCO3. Each experiment was carried out for the test durations of 7, 14, 

21, and 28 days. The reproducibility of the weight loss data obtained here was ensured by 

conducting duplicated runs, and keeping the corrosion rates of the duplicated runs within 

+ 10 % of the average value. 
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4.3.1 Absence of CuCO3 

Table 4.6 summarizes the corrosion rates of carbon steel obtained from weight 

loss tests. It is apparent that, for all the systems, the corrosion rate changes with time. In 

the absence of CuCO3, the corrosion rate of the base system (5.0/1.2 kmol/m3 MEA/PZ, 

0.20 mol/mol CO2 loading, under 10.13 kPa O2 at 80°C) continues to increase as time 

progresses. However, in the other two systems, the corrosion rate increases until it 

reaches 14 days and decreases as time progresses to 21 days, and, then, it increases 

slightly. For instance, the corrosion rate in the case of the system with 5.0/1.2 kmol/m3 

MEA/PZ, 0.20 mol/mol CO2 loading, 1 wt% acetic acid, under 10.13 kPa O2 at 80°C, 

after 7 days of exposure, is 0.31 mmpy (12.04 mpy) and after 14 days is 0.36 mmpy 

(14.21 mpy), after 21 days is 0.27 mmpy (10.47 mpy), and after 28 days is 0.31 mpy 

(12.03 mpy).   

It can also be seen from Table 4.6 that the corrosion rate increases as the heat 

stable salts (acetic acid) and oxidative degradation inhibitor (Inhibitor A) are added to the 

base system, which confirms the findings of the electrochemical experiments. For 

example, the corrosion rate of the base system after 7 days of exposure is 0.17, while that 

of the system with acetic acid is 0.31 mmpy (12.04 mpy) and that of the system with 

1000 ppm Inhibitor A is 0.34 mmpy (13.57 mpy). The increase in corrosion rate is in the 

following order: Base < Base+Acetic < Base+Acetic+Oxidative inhibitor. The weight 

loss tests in the absence of corrosion inhibitor, follow the same trend as that of the 

electrochemical experiments for all the test durations (7, 21, 28 days) except for 14 days, 

where the corrosion rate follows the order Base< Base+Acetic+Oxidative inhibitor< 

Base+Acetic. The corrosion rate of the base system obtained from electrochemical 
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Table 4.6: Results of weight loss experiments 

Corrosion rate 

 

Inhibition efficiency 

(%) 

7 days 14 days 21 days 28 days 

Experimental 

conditions 

(mpy) (mmpy) (mpy) (mmpy) (mpy) (mmpy) (mpy) (mmpy) 

7 days 14 days 21 days 28 days 

0 ppm 

CuCO3 

6.83±1.28 0.17±0.03 8.44±1.48 0.21±0.04 10.10±1.18 0.26±0.03 10.29±0.84 0.26±0.02  
MEA/PZ-

5.0/1.2 kmol/m3,  
 80°C, α=0.20,  
10.13 kPa O2 250 ppm 

CuCO3 

1.74E-02± 

1.14E-04 

4.41E-04 ±  

2.90E-06 

9.35E-03 2.37E-04  0.00 0.00 0.00 0.00 

99.75± 

1.67E-03 

99.89 100 100 

0 ppm 

CuCO3 

12.04±1.06 0.31±0.03 14.21±0.79 0.36±0.02 10.47±0.71 0.27±0.02 12.03 0.31  
MEA/PZ-

5.0/1.2 kmol/m3,  
1.0 wt% acetic 
 80°C, α=0.20,  
10.13 kPa O2 

250 ppm 

CuCO3 

1.74E-02± 

3.00E-05 

4.42E-04± 

7.62E-07 

1.74E-02± 

4.20E-05 

4.42E-04± 

1.07E-06 

2.32E-02± 

4.20E-05 

5.89E-04± 

1.07E-06 

3.03E-02 7.70E-04 

99.86± 

2.49E-04 

99.88± 

2.96E-04 

99.79± 

4.01E-04 

99.75 

0 ppm 

CuCO3 

13.57±0.11 0.34±0.01 13.63±1.66 0.35±0.04 11.92±0.59 0.30±0.02 13.45±0.95 0.34±0.02  
MEA/PZ-

5.0/1.2 kmol/m3, 
1.0 wt% acetic, 

1000 ppm 
Inhibitor A, 

80°C, α=0.20, 
10.13 kPa O2 

250 ppm 

CuCO3 

7.07E-02± 

4.00E-05 

1.80E-03± 

1.02E-06 

2.64E-02± 

3.00E-06 

6.71E-04± 

7.62E-08 

1.15E-02± 

3.00E-05 

2.92E-04± 

7.62E-07 

8.70E-03 2.21E-04 

99.48± 

2.49E-04 

99.81± 

2.20E-05 

99.90± 

2.52E-04 

99.94 

α = CO2 loading (mol/mol)
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experiments is 0.61 mmpy (24.06 mpy), that of system in the presence of acetic acid is 

4.35 mmpy (171.35 mpy), and that of the system in the presence of oxidative degradation 

inhibitor is 11.13 mmpy (438.05 mpy). The electrochemical experiments did not exhibit 

pitting tendencies in the above three systems. However the weight loss tests exhibited 

pitting in the system with oxidative degradation inhibitor when observed under the 

microscope (Figure 4.37) 

The high initial corrosion rate can, perhaps, be explained by the way in which the 

corrosion and film formation on the metal surface proceed over the time. When a metal 

with a clean (film-free) surface is exposed to the amine aqueous solution, iron dissolution 

proceeds to produce ferrous ions and electrons (Reaction 4.11), while the reduction of 

water takes place to produce hydrogen (Reaction 4.12) and, eventually, ferrous hydroxide 

((FeOH)2) is formed (Reaction 4.13).  These two redox reactions cause corrosion of metal 

at the beginning of the weight loss test. In addition, the presence of dissolved CO2 also 

allows Reaction 4.14 to occur and form ferrous carbonate (FeCO3) as corrosion products. 

This type of corrosion product is present in the system in the form of loose black slime 

either on the metal surface or in the solution and is not capable of protecting the metal 

from corrosion. Hence, the corrosion rate increases until it reaches 14 days. As time 

progresses, a thin film of magnetite (Fe3O4) may form on the metal surface (Reaction 

4.15). This film acts as a separator between the metal surface and water, which, thus, 

retards the diffusion of Fe2+ and electrons from the metal surface to the solution. As a 

result, the corrosion reactions may proceed at a slower rate, which is evidenced by the 

decrease in corrosion rate after 21 days. However, this thin film of magnetite might be  
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(a) 

 

(b) 

Figure 4.37: Micrographs of carbon steel (a) before immersion and (b) after immersion 

in MEA/PZ (5.0/1.2 kmol/m3) solution containing 1 wt% acetic acid, 1000 ppm Inhibitor 

A and 0.20 mol/mol CO2 loading under 10.13 kPa O2 at 80oC for 28 days (under 5x 

magnification)  

Pits
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destroyed as time progresses to 28 days, as indicated by the slight increase in corrosion 

rate.  All reactions mentioned here are given below: 

(1) Formation of Fe(OH)2: 

   Fe  → Fe2+ + 2e-    (4.11) 

2H2O + 2e-  → 2(OH-) + H2    (4.12) 

(Overall reaction)  Fe + 2H2O → Fe(OH)2 + H2    (4.13) 

(2) Formation of FeCO3: 

    Fe2+ + CO3
2- → FeCO3 (aq)                                       (4.14) 

(3) Formation of Fe3O4 (Pourbaix, 1974) 

3Fe + 4H2O  → Fe3O4 + 4H2    (4.15)  

 

4.3.2 Presence of CuCO3 

It can be seen from Table 4.6 that the presence of 250 ppm CuCO3 helps in 

preventing corrosion with at least 99.48% inhibition efficiency. Visual observation of the 

inhibited and uninhibited specimens is shown in the Figure 4.38. It can be seen that the 

uninhibited specimens turned black because of the deposition of corrosion products. This 

product is speculated to be FeCO3. The inhibition efficiencies of the system with acetic 

acid and oxidative inhibitor obtained from the weight loss experiments after 7 days of 

exposure (99.86% and 99.48%, respectively) are comparable to those obtained from the 

electrochemical experiments (98.79% and 99.61%, respectively). However, there is some  
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Figure 4.51 - (a) 
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Figure 4.51-(b)  
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Figure 4.51 - (c) 

 

Figure 4.38: Visual observation of carbon steel immersed in blended MEA/PZ (5.0/1.2 

kmol/m3) solution containing 0.20 mol/mol CO2 loading under 10.13 kPa O2 at 80oC with 

0 and 250 ppm CuCO3 (a) MEA/PZ, (b) MEA/PZ/1 wt% acetic, (c) MEA/PZ/1 

wt%acetic/1000 ppm Inhibitor A. 
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discrepancy in the inhibition efficiencies of the base system. The inhibition efficiency of 

the base system is 93.39% from the electrochemical experiment, while that obtained from 

weight loss tests (after 7 days of exposure) is 99.75%.   No pitting was found in any of 

the weight loss experiments in the presence of CuCO3.  
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5. CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

This work investigates corrosion of carbon steel in the carbon dioxide (CO2) 

absorption process using aqueous solutions of blended monoethanolamine (MEA) and 

piperazine (PZ). It is the first research work that provides extensive corrosion information 

revealing levels of corrosion rate and corrosion behaviour that might occur during plant 

operation if the MEA/PZ blends are to be used for CO2 capture from industrial flue gas 

streams. The obtained corrosion information leads to understanding of: 1) the corrosive 

effect of process parameters including total concentration of amine, mixing ratio of MEA 

and PZ, CO2 loading of solution, solution temperature, partial pressure of oxygen (O2), 

and heat-stable salts; 2) the corrosive effect of a proprietary oxidative degradation 

inhibitor (Inhibitor A); and 3) the inhibition performance of corrosion inhibitors 

including copper carbonate (CuCO3) and sodium metavanadate (NaVO3). Specific 

conclusions drawn from the obtained corrosion information are listed below: 

• Polarization behaviour of carbon steel in the blended MEA/PZ solutions is similar to 

that in MEA. The carbon steel is in the active state, wherein corrosion takes place on 

the free-passive film metal surface with no pitting tendency.  

• The blended MEA/PZ solutions are more corrosive than the MEA solutions when the 

corrosion comparison was made at identical total molar concentrations of amine.  

• Mixing ratio of blended MEA/PZ solutions affects corrosion rate of carbon steel. 

Increasing the PZ concentration increases the corrosion rate.  
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• Total concentration of blended MEA/PZ solution considerably affects corrosion rate 

of carbon steel. Raising the total amine concentration makes the solution more 

corrosive. 

• CO2 loading and solution temperature have significant effects on corrosion rate of 

carbon steel. Increasing values of these parameters causes the solution to be more 

corrosive.  

• The presence of heat-stable salts increases corrosion rate of the system in both the 

presence and absence of dissolved O2. Among the tested salts, formate was the most 

corrosive salt, followed by acetate, oxalate, and thiosulfate in the absence of O2. 

Pitting may occur in the deareated solution containing oxalate. In the presence of O2, 

a different trend of corrosion was exhibited. Acetate was the most corrosive salt, 

followed by formate, oxalate, and thiosulfate. 

• Addition of the proprietary oxidative degradation inhibitor, Inhibitor A, into the 

blended MEA/PZ solution makes the solution more corrosive but does not alter the 

polarization behaviour of carbon steel. The carbon steel still exhibits the active state, 

wherein corrosion takes place on the free-film metal surface with no pitting tendency.  

• The presence of Inhibitor A does not alter the corrosive effect of solution 

temperature. The trend of corrosion rate is similar to that in the system without 

Inhibitor A (i.e. the corrosion rate increases with the solution temperature).  

• Based on the level of corrosion rate found in the MEA/PZ system, it is apparent that 

corrosion control is required during plant operation to suppress the corrosion rate of 

carbon steel to below an acceptable level.  

2262



 140

• NaVO3 and CuCO3 can suppress the corrosion rate of carbon steel to below the 

acceptable level (10 mpy) even in the corrosive environments (elevated solution 

temperature, high CO2 loading of solution, heat-stable salts, and oxidative 

degradation inhibitor (Inhibitor A)).  

• NaVO3 and CuCO3 are anodic-type, which inhibits corrosion by shifting the corrosion 

potential of metal from active to passive state, wherein a passive film is formed on the 

metal surface.  

• NaVO3 yields superior inhibition performance over CuCO3.  In the presence of O2, 

the CuCO3 system can achieve up to 94% inhibition, while the NaVO3 system can 

inhibit up to 98%.  

• NaVO3 and CuCO3 perform more effectively in the aerated solutions than the 

deaerated ones. The dissolved O2 is required to maintain active Cu2+ or V5+ in the 

solutions, thereby preventing the metallic copper (Cu) from plating out or preventing 

the formation of other oxidative states of vanadate. Pitting corrosion tends to occur in 

the deaerated solutions.  

• The performance of NaVO3 and CuCO3 can be deteriorated by heat-stable salts in the 

blended MEA/PZ solutions.  

 

5.2 Recommendations for future work  

 The following are the future works that should be considered to broaden the 

knowledge of corrosion in the CO2 absorption process using aqueous solutions of blended 

MEA/PZ. 
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• The corrosive effects of process parameters, heat stable salts, and inhibitors at higher 

temperatures remain undiscovered. As the temperature in amine plants varies up to 

120°C, further experiments should focus more on temperatures above 80°C. The 

corrosion cell used for the present work may not be applicable for temperatures above 

80°C. Thus, a high-temperature autoclave should be used for this study. 

• Only four major heat stable salts were examined in this work. The effects of other 

heat stable salts on corrosion could be tested.  

• The inhibition performance of CuCO3 was tested only in the presence of acetate. The 

effect of other heat stable salts on the inhibition performance of CuCO3 could also be 

studied. 

• Corrosion tests should be carried out for other materials of constructions, such as 

stainless steel and other alloys. 

• A corrosion model should be developed specifically for the CO2 absorption process 

using aqueous solutions of blended MEA/PZ for the purposes of corrosion prediction 

and corrosion control design. 
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The Electrolyte Nonrandom Two-Liquid Activity Coefficient model in Aspen PlusTM 

2006.5 was used to develop a rigorous and consistent thermodynamic representation for the 

base sub-component systems associated with aqueous combinations of K2CO3, KHCO3, 

MEA, and piperazine (PZ) in a mixed-solvent electrolyte system for the application of CO2 

absorption/stripping from coal fired power plants.   

We developed a new vapor-liquid equilibrium apparatus to measure CO2, amine, and 

H2O vapor pressures at 40 and 60 oC.  We found that the volatility of MEA and PZ can be 

approximated at 50 and 20 ppmv at  40 oC for any solvent composition studied in this work, 

over the CO2 partial pressure range from 0.01 to 0.1 kPa.  Very few solvent compositions 

exhibited a greater differential capacity than 7 m MEA at 60 oC; specifically 11 m MEA, 3.5 
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m MEA + 3.6 m PZ, 7 m MEA + 2 m PZ, 7 m MEA + 3.6 m PZ, and 5 m K+ + 7 m MEA 

+ 3.6 m PZ.  Piperazine exhibited a possible maximum differential capacity of 2.21 mole 

CO2/kg-H2O at a concentration of 7.3 m. 

At the Norwegian University of Science and Technology, Inna Kim determined the 

differential enthalpy of CO2 absorption for aqueous combinations of K2CO3, KHCO3, 

MEA, PZ, and CO2, based on a consistent experimental method developed for MEA, from 

40 to 120 oC for use in this work.  In addition, we developed a consistent method to measure 

the specific heat capacity for a number of similar solvent combinations.  We found that the 

enthalpy of CO2 absorption increased with temperature because the apparent partial heat 

capacity of CO2 may be considered small. 

Finally, by using a differential scanning calorimeter, we determined the dissolution 

temperature for aqueous mixtures of unloaded piperazine, which inferred an effective 

operating range for solutions of concentrated piperazine, greater than 5 m PZ, over a 

loading range between 0.25 to 0.45 mole CO2/2·mol PZ.  Through unit cell x-ray diffraction, 

we were able to identify and characterize the presence of three solid phases (PZ·6H2O, 

KHCO3, and K2PZ(COO)2) in aqueous mixture combinations of K2CO3, KHCO3, MEA, 

PZ, and CO2. 
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CHAPTER I  General Introduction 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

1.1  Motivation 
 

This research addresses the use of carbon capture technology from coal fired power 

plants to reduce possible factors contributing to global warming.  Some of the current 

competitive technologies for post-combustion capture are: integrated gasification combined 

cycle (IGCC), oxycombustion, and aqueous absorption.  Some of the disadvantages of 

IGCC and oxycombustion are that they are not tail-end processes which would require a 

significant capital investment to demonstrate and deploy the technology.  In addition, IGCC 

and oxycombustion are relatively new technologies associated with carbon capture.  As a 

result, this work focused on solvents for post-combustion capture utilizing aqueous 

absorption.  Aqueous absorption is “capture ready” with conventional coal fired power 

plants for a lower capital investment.  The technology is easy to develop and demonstrate.  
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For the absorption process, 30 weight percent monoethanolamine is considered the most 

promising solvent for CO2 absorption [Aaron and Tsouris (2005)] and has been used in the 

acid gas scrubbing industry over the past 70 years.  Our aim in this work is to understand the 

fundamental thermodynamic behavior associated with the chemical absorption process using 

a variety of aqueous salt/amine chemical solvents which have shown an increase in capacity, 

exhibited faster rates, and have demonstrated robustness to corrosion.   

 

1.2  The Absorption Process 
 

CO2 removal by reactive absorption/stripping using aqueous monoethanolamine 

(MEA) and other blended amine solvents has been established as a mature CO2 capture 

technology.  Figure 1.2-1 shows a typical counter-current absorber/stripper.  Flue gas 

entering the absorber is counter-currently contacted with an aqueous amine solvent.  CO2 is 

absorbed into the aqueous amine solvent through a reversible chemical reaction to form a 

rich or loaded solvent (with respect to CO2).  Alkanolamine/CO2 reactions are known to 

occur within the liquid boundary layer.  Under some conditions, the reactions are nearly 

instantaneous as the concentration of the amine becomes depleted at the gas-liquid interface.  

To correctly predict these rates, we will need an accurate equilibrium model to account for 

the complexities of the mass transfer with fast chemical reaction as well as the speciation of 

the amines in the solution.  The rich amine solution is then sent through a counter-current 

heat exchanger, where the solution is pre-heated by the lean amine solution before entering 

the stripper.  In the stripper, heat is provided in the reboiler in the form of steam to reverse 

the chemical equilibrium between the amine and CO2.  The liberated CO2 and water vapor 
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then leaves the stripper for downstream processing and storage.  The optimal amine solvent 

would depend on the residual CO2 specification and the stripping energy costs associated 

with the enthalpy of CO2 absorption.  The hot, lean amine solution is then sent back 

through the counter-current heat exchange where the solution is cooled before reaching the 

absorber. 

Flue Gas
10% CO2

2-4 mol H2O/mol CO2

Clean Gas
1% CO2

Rich Solvent Lean Solvent
Reboiler

Absorber
40–60oC
1 atm

Stripper
100–120oC
1-2 atm

Condenser

 

Figure 1.2-1.  Absorption/Stripping System for Removal of CO2 from Flue Gas using 
Aqueous Alkanolamine Solutions. 

 

1.3  Thermodynamic Considerations 
 

In this work, we have focused our efforts on addressing specific thermodynamic 

areas of interest associated with the absorption/stripping process as shown in Figure 1.3-1. 
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Flue Gas
10% CO2

2-4 mol H2O/mol CO2

Clean Gas
1% CO2

Rich Solvent Lean Solvent
Reboiler

Absorber
40–60oC
1 atm

Stripper
100–120oC
1-2 atm

Condenser

 
Figure 1.3-1.  Thermodynamic Areas of Interest for the Absorption/Stripping Process. 

 
Figure 1.3-1 illustrates four areas where additional thermodynamic research is needed 

and can be further sub-divided into two main areas associated with mass transfer and 

calorimetry effects.  Separation driving forces in terms of mass transfer are associated with 

the ability to characterize the solvent with respect to the solvents affinity for CO2, the 

capacity of the solvent, and losses of the solvent due to amine volatility.  Calorimetry also 

plays an important role in the design and sizing of heat exchangers and affects the energy 

requirements associated with regeneration of the lean solvent.   

This work has made a uniquely measured multiple independent data sets to address 

deficiencies in the framework of previous thermodynamic models.  We then seamlessly 

combine all available data to create a rigorous and consistent model to describe the 

thermodynamics associated with the absorption/stripping process. 
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1.4  Related Research Activities 
 

The quest to develop a new solvent to maximize CO2 capacity can be very laborious. 

A tremendous amount of experimental work has been done over the years to characterize 

new solvents with respect to different properties (solubility, absorption, capacity, amine 

volatility, etc.).  Alkanolamines are among several solvents that have been investigated and 

current research is focused on designing a chemically stable, less corrosive, solvent with fast 

reaction rates and low enthalpies of absorption to minimize energy requirements for 

regeneration of the solvent. 

Recently, there has been an increased interest in the use of mixed amine solvents in 

gas-treating processes.  Blends comprising of primary, secondary, or tertiary amines have 

been suggested for the industrial gas-treating processes (Mandal et al., 2003).  Using different 

blends of amines, researchers can tailor solvent properties associated with each amine to 

meet specific acid gas removal requirements (high capacity, fast reaction rates, etc.).   

While previous models have studied the rates of MEA blends [Dang and Rochelle 

(2003) and Okoye (2005)], to date, a rigorous thermodynamic model has not been developed 

for the MEA/PZ system.  One motivation behind this work was to complete a 

comprehensive thermodynamic study for MEA/PZ where reliable data for the solubility of 

CO2 in aqueous MEA/PZ at elevated temperatures between 80 and 120 °C could then serve 

as a standard for use in stripper modeling of vapor-liquid equilibrium in blended MEA/PZ 

solutions. 

The development of new solvents involving potassium carbonate (K2CO3) and 

piperazine (PZ) has shown potential as a new CO2 capture process [Cullinane (2005)].  
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Cullinane (2005) reported equilibrium partial pressure of CO2 measured in a wetted-wall 

column in 0.6–3.6 m PZ and 2.5–6.2 m potassium ion (K+) from 40 – 110 oC.  Cullinane 

(2005) suggested that additional measurements be carried out at high temperatures (80 – 120 

oC) to account for amine volatility and to verify current CO2 solubility in aqueous PZ and 

K+/PZ solutions. 

Currently, little information is available in literature concerning the vapor pressure of 

alkanolamines in blended or aqueous binary systems.  For example, Park and Lee (1997) 

reported isobaric VLE measurements for MEA and water from 100 – 170 oC at atmospheric 

pressure where compositions of the liquid and gas phases were determined by gas 

chromatography.  Unfortunately, there are no useful binary VLE data for systems with PZ 

available in literature.  Cullinane (2005) and Hilliard (2005) were able to represent the K+/PZ 

VLE behavior using rigorous thermodynamic electrolyte-NRTL models, but there were 

apparent inconsistencies between the predictive capabilities for the vapor pressure of PZ due 

to a lack of available literature data. 

The enthalpy of CO2 absorption is an important physical property that is required in 

the design of acid gas removal plants.  The enthalpy of CO2 absorption is directly related to 

the energy requirements for the solvent regeneration, and it is desirable that the value be 

known as accurately as possible to avoid uneconomic over design. Although the enthalpy of 

CO2 absorption may be estimated from a rigorous thermodynamic model using the Gibbs–

Helmholtz equation to predict CO2 solubility, the process of differentiation can magnify any 

errors in the solubility data and the resulting values are rarely more accurate than ± 10 %.  

For this reason direct calorimetric measurements for the enthalpy of CO2 absorption in the 
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solvent are preferred.  Inna Kim, a doctoral student at NTNU, conducted experiments for 

this work using an isothermal heat flow calorimeter to measure the enthalpy of CO2 

absorption in a mixed solvent of K2CO3 + PZ + H2O and in a mixed amine solution of 

MEA + PZ + H2O. 

Understanding the thermodynamics of amine and blended amine systems is essential 

to their use as part of a CO2 capture methodology.  This includes the understanding of 

amine vaporization losses, CO2 solubility, and calorimetry, speciation, and solution phase 

behavior.  This framework can then be applied to predict the thermodynamic characteristics 

of the H2O-K2CO3-PZ-MEA-CO2 system using a rigorous thermodynamic model. 

Several thermodynamic models have been developed and applied to the 

thermodynamic modeling of aqueous amine solutions.  Kent and Eisenberg (1976) were the 

first to create an equilibrium model based on pseudo-equilibrium constants and Henry’s 

Law, but the result was a model with only two adjustable parameters that could not predict 

speciation.  Edwards et al. (1975, 1978) developed a model for the capture of carbon 

dioxide, hydrogen sulfide, sulfur dioxide, and hydrogen cyanide using an aqueous ammonia 

solution.  In their work, they assembled chemical equilibrium and Henry’s constants in water 

as a function of temperature.  Deshmukh and Mather (1981) developed a rigorous 

thermodynamic equilibrium model based on the extended Debye-Hückel theory where the 

activity coefficient equation had one term to account for electrostatic forces and the second 

adjustable term to account for short range interactions.  More recently, Cullinane (2005) 

modified a stand-alone rigorous thermodynamic equilibrium/rate model for the H2O-

K2CO3-PZ-CO2 system by utilizing the electrolyte-Nonrandom Two-Liquid (NRTL) theory 
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developed by Chen and coworkers [Chen et al. (1979, 1982), Chen and Evans (1986), and 

Mock et al. (1986)] where the stand-alone FORTRAN code was first created by Austgen 

(1989) for the amine-water systems and then later modified by Bishnoi (2000), Dang (2000), 

and Freguia (2002). 

In recent years, there has been a growing trend in aqueous electrolyte reactive system 

modeling to combine multiple independent data sets in terms of vapor-liquid equilibrium 

(VLE), solid-liquid equilibrium (SLE), and calorimetry into a rigorous consistent 

thermodynamic model.  Thomsen and Rasmussen (1999) have focused their efforts in 

modeling reactive electrolyte systems containing ammonia and/or carbon dioxide in the 

presence of various salts through a combination of the extended UNIQUAC model for 

electrolytes an the Soave-Redlich-Kwong cubic equation of state.  The model was evaluated 

on the basis of more than 7,000 experimental data points including VLE, SLE, and 

calorimetry.  This direction in thermodynamic modeling for reactive aqueous electrolyte 

systems stems from governmental and industrial needs for increasingly accurate predictions 

in designing, optimizing, and in determining potential environmental impacts.    

For this work, we have chosen the electrolyte-NRTL model available as a property 

package in Aspen PlusTM.  The framework of Aspen PlusTM was chosen for its wide use in 

process industries and academic institutions and; it provides a process environment 

framework for simulating multiple unit operations on a plant wide scale.  Aspen PlusTM also 

facilitates collaborative engineering by allowing different engineering groups to work 

together more effectively through electronically sharing information and it contains accurate 

and up-to-date physical properties databanks.  Also, Aspen PlusTM contains a built in data 
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regression algorithm called the Data Regression SystemTM (DRS).  DRS allows for the 

simultaneous regression of multiple types of data sets to create a fundamental based 

thermodynamic model.  The final reason for choosing the Aspen PlusTM framework was the 

successful modeling of CO2 capture technologies by utilizing the rigorous thermodynamic 

electrolyte-NRTL model within Aspen PlusTM from previous authors [Austgen (1989) and 

Posey (1996)].  Based on the above reasons, we felt that the Aspen PlusTM framework would 

be an ideal environment to further the thermodynamic understanding of the H2O-K2CO3-

PZ-MEA-CO2 system as part of a synergistic CO2 capture methodology. 

1.5  Scope of Work 
 

This project expands upon previous work in the area of modeling amines and amine 

blends for CO2 capture by aqueous absorption/stripping where a rigorous electrolyte-NRTL 

thermodynamic model is required for quantitative analysis of the solvent to describe:  

a. The driving forces for CO2 mass transfer utilizing all available data types (e.g. CO2 
solubility, enthalpy of CO2 absorption, and NMR liquid speciation) 

b. Speciation of the liquid phase where complex kinetic contributes to mass transfer are 
enhanced by fast reactions 

c. The driving forces for amine mass transfer in terms of volatilization 
d. Heats of absorption/desorption 
e. The effective liquid heat capacity to size counter-current heat exchanges affecting the 

energy requirements and vapor rates for the stripper 
 
This project will focus on characterizing the base systems of chemical reactions at 

equilibrium to predict the solubility of CO2 in the solvent, the enthalpy of CO2 absorption, 

and the concentration of reactive species for aqueous H2O-K2CO3-PZ-MEA-CO2 from the 

respective sub-component systems as shown in Figure 1.5-1. 
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Figure 1.5-1.  Thermodynamic Sub-Component System Tree.  Shaded circles: Systems found 
in literature. Open circles: Systems proposed to study. 

 
Part of this work has been a collaborative effort between The University of Texas at 

Austin (UT) and the Norges Teknish-Naturvitenshapelige Universitet (NTNU) in 

Trondheim, Norway, to generate data by independent methods and to confirm the enthalpy 

of CO2 absorption and CO2 solubility at stripper conditions involving mixtures of aqueous 

potassium carbonate, piperazine, and monoethanolamine to add additional thermodynamic 

data for the sub-component systems in the following areas: 

Experimental Methods 
a. Developed methods for quantifying solution and vapor speciation using acid-base 

titration and FT-IR analysis. 
b. Investigated solid-liquid equilibrium in experimental solutions of potassium 

carbonate, piperazine, and monoethanolamine. 
 
Experimental Measurements 

a. Determined the CO2 solubility and amine volatility through VLE measurements of 
the vapor phase utilizing an atmospheric pressure apparatus with unique Fourier-
Transform infrared (FT-IR) analysis technique and through a high pressure VLE 
apparatus. 
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b. Measured the enthalpies of CO2 absorption of potassium carbonate, piperazine, and 
monoethanolamine. 

 
Thermodynamic Modeling 

a. Predicted the thermodynamic characteristics of H2O-K2CO3-PZ-MEA-CO2 using a 
rigorous thermodynamic model of the base sub-component systems. 

 

1.6  Outline of the dissertation 
 

The dissertation is divided into four parts according to the development described 

above:  part one describes the experimental methods used in this work while at The 

University of Texas at Austin in Austin, Texas, USA, and at the Norges Teknish-

Naturvitenshapelige Universitet in Trondheim, Norway.  Part two describes the electrolyte 

nonrandom two-liquid model as part of the internal framework within Aspen PlusTM 2006.5.  

Part three describes the thermodynamic modeling and data representation for the base sub-

component systems.  Finally, part four describes the predictive nature of the thermodynamic 

model for the H2O-PZ-MEA-CO2, H2O-K2CO3-MEA-CO2, and H2O-K2CO3-PZ-MEA-

CO2 systems as compared to experimental data collected as part of this work. 
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CHAPTER II  Vapor-Liquid Equilibrium 
 Methods 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

2.1  Introduction 
 

This chapter details the experimental methods used to measure CO2 solubility and 

amine volatility of alkalonamine solutions used throughout this work.  The chapter will be 

divided into two parts: part one describes the high temperature CO2 solubility measurements 

(80 - 120 oC) performed at Norges Teknish-Naturvitenshapelige Universitet (NTNU) in 

Trondheim, Norway, and part two describes the low temperature CO2 solubility and amine 

volatility measurements (40 - 60 oC) performed at The University of Texas at Austin (UT) in 

Austin, Texas, USA.  The use of each apparatus has been documented by previous authors, 

Ma’mum et al. (2005) and Goff (2005), respectively; thus only a brief description on each 

apparatus will be given. 
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2.2  Literature Review 
 

To describe the thermodynamics involved in the solubility of a gas into an aqueous 

solution, one has to be able to accurately determine and measure the properties of the 

solubility and the liquid state.  Through experimental determination, the solubility of a gas 

can be determined through measurement of the vapor-liquid equilibrium under known 

conditions for temperature and pressure.  By sampling both vapor and liquid phases, we can 

determine a reliable measurement of the equilibrium state. 

To measure the solubility of a gas, Hefter and Tomkins (2003) reviewed several 

experimental methods for solubility measurements: 

Method Apparatus 
Gas Bubbler Direct bubbling of gas into a liquid. 
Volumetric Ostwald (1894) 
Thin Film Ben-Naim and Baer (1963) 
 Benson et al. (1979) 
High Pressure Huang et al. (1985) 
 Kennan and Pollack (1990) 

     
Ostwald (1894) designed a volumetric apparatus consisting of a stirred and 

thermostated equilibrium cell, a pressure manometer, and multiple burets to measure the 

volume of either a dry or saturated gas.  The solubility of the gas is then determined 

assuming ideal gas behavior and Henry’s law for the dissolved gas. 

Ben-Naim and Baer (1963) and Benson et al. (1979) designed a closed-loop 

equilibrium apparatus where a circulating liquid flows over a sphere producing a slow gentle 

film in contact with an initial amount of 1 bar of dry gas.  The liquid continues to circulate 

until equilibrium is reached where the liquid and gas phases are analyzed. 

2346



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
17 

For high pressure measurements, each apparatus is somewhat unique to the 

investigator.  Huang et al. (1985) described an equilibrium cell charged with known amounts 

of each component.  The temperature and pressure are monitored by a calibrated iron-

constantan thermocouple and a calibrated pressure transducer.  During an experiment, the 

temperature is set and the pressure is adjusted by moving an internal piston.  The entire 

apparatus is rocked to achieve equilibrium between the two phases.  At equilibrium, samples 

of both phases are taken and analyzed by gas chromatography. 

In absorption rate measurements, the solubility of a gas could be determined as 

reported by Mshewa (1995) through the use of a wetted-wall column.  During an 

experiment, liquid flows over a stainless steel tube with a known area producing a gentle 

flowing thin film.  The liquid film contacts a saturated gas stream of carbon dioxide and 

nitrogen at absorption and desorption conditions.  During the experiment, the gas phase is 

analyzed by a CO2 analyzer after the gas stream passes through a condenser.  The liquid 

phase is analyzed for total CO2 concentration by total inorganic carbon analysis.  The 

equilibrium gas solubility is determined where the flux of CO2 between the liquid and gas 

phases is equal to zero. 

In this work, we focused on accurately measuring the vapor-liquid equilibrium for 

the systems involving water (H2O), monoethanolamine (MEA), piperazine (PZ), potassium 

carbonate (K2CO3) and carbon dioxide (CO2).  A number of investigators have measured the 

vapor-liquid equilibrium and CO2 solubility for the above systems based on a variety of 

methods.  In this work, we developed a closed-loop reactor utilizing a unique Fourier 

Transform Infrared (FT-IR) analyzer to determine the total H2O, CO2, and amine 
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concentrations in the gas phase without the need to condense the vapor phase prior to the 

vapor phase analysis between 40 and 60 oC. 

2.3  Chemicals 
 

The chemicals used at NTNU included carbon dioxide (CO2) (AGA, ≥ 99.99 % 

pure); nitrogen (N2) (AGA, ≥ 99.999 % pure); monoethanolamine (MEA) (Acros Organics, 

99 % pure); piperazine (PZ) (Fluka Chemie GmbH, ≥ 98.0 % pure); potassium carbonate 

(K2CO3) (Fluka Chemie GmbH, ≥ 99.0 % pure); and potassium bicarbonate (KHCO3) 

(Sigma-Aldrich Inc., ≥ 99.5 % pure).  All chemicals were used without any further 

purification. 

Chemicals used at UT included CO2 (Matheson Tri-Gas, ≥ 99.99 % pure); N2 

(Cryogenics Laboratory at The University of Texas at Austin, ≥ 99. % pure); MEA (Acros 

Organics, 99 % pure); PZ (Fluka Chemie GmbH, ≥ 98.0 % pure); K2CO3 (Fluka Chemie 

GmbH, ≥ 99.0 % pure); and KHCO3 (Sigma-Aldrich Inc., ≥ 99.5 % pure).  All chemicals 

were used without any further purification. 

2.3.1  Experimental Design 
 

In this work, we focused on accurately assembling a database of high quality and 

consistent vapor-liquid equilibrium data for the systems involving H2O, MEA, PZ, K2CO3, 

and CO2.  Figure 2.3-1 illustrates the systems where CO2 solubility and amine volatility were 

collected based on vapor-liquid equilibrium (VLE) experimental methods in this chapter.  A 

detailed overview of our experimental design is given in Table 2.3-1. 
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Figure 2.3-1.  VLE Experimental Design for Loaded Solutions.  Points: ●, H2O-MEA-CO2,         
▲, H2O-PZ-CO2, ■, H2O-MEA-PZ-CO2, ♦, H2O-K2CO3-PZ-CO2, *, H2O-K2CO3-MEA-CO2,    
●, H2O-K2CO3-MEA-PZ-CO2. 

 
Table 2.3-1.  VLE Experimental Design for Systems Studied in This Work. 

MEA (m) PZ (m) K+ (m) MEA (m) PZ (m) K+ (m) MEA (m) PZ (m) K+ (m)
7 0 0 0 2.5 5 7 0 2.5 

3.5 0 0 0 2 2.5 7 0 5 
11 0 0 0 3.6 2.5 7 3.6 5 
0 0.9 0 0 1.2 6 7 2 5 
0 2 0 0 2 5 3.5 1.8 2.5 
0 2.5 0 3.5 3.6 0 3.5 3.6 5 
0 3.6 0 3.5 2 0 3.5 2 5 
0 5 0 7 3.6 0 7 3.6 2.5 
0 0.6 3.6 7 2 0 7 2 2.5 
0 1.8 3.6 3.5 0 5 3.5 3.6 2.5 
0 3.6 3.6 3.5 0 2.5 3.5 2 2.5 
0 3.6 5       
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2.3.2  Solution Preparation 
 

All solutions were prepared gravimetrically from deionized water (NTNU) or from 

ultra pure deionized water (UT).  Amine solutions were loaded with CO2 by slowly sparging 

pure CO2 (~0.1 gm/10 sec) through a submerged fritted disk in the solution as shown in 

Figure 2.3-1.  The CO2 loader was placed on a top-loading scale (± 0.1 gm).  As CO2 reacted 

with the amine solution, the amount of CO2 absorbed into the solution would then be 

displayed on the scale and would continue until the desired loading was reached.  Amine 

solutions loaded with this technique produced CO2 loadings within ± 5.0 % based on an 

analytical analysis of the loaded solution.  Liquid samples containing bound CO2 were 

analyzed for total CO2 by the barium chloride method (NTNU) or by acidic evolution 

method (UT), respectively.  The total alkalinity of the solution was determined by a standard 

monotonic endpoint sulfuric acid/sodium hydroxide titration analysis.  Please refer to 

Appendix B and C for more information. 

 

Figure 2.3-2.  CO2 Loading Apparatus. 
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Initial Experimental Solution Preparation 
 

Cullinane (2005) reported solid-liquid equilibrium (SLE) for mixtures of potassium 

carbonate with piperazine and potassium bicarbonate with piperazine at 25 and 40 oC and 

theorized as to the composition of the solid phase, but did not investigate the solubility of 

loaded potassium carbonate, potassium bicarbonate, and piperazine mixtures.  In this work, 

we were able to characterize the solid phase in loaded potassium-piperazine mixtures 

through x-ray diffraction, described in Chapter III, as potassium piperazine dicarbamate.  To 

produce a homogenous solution of potassium and piperazine, all three components must be 

present in the initial “unloaded” mixture.  Cullinane (2005) reported a criterion for 

precipitation of either potassium carbonate or potassium bicarbonate salt as the following: 

 ( ) ( )
( ) ( ) ( )

2 3 3

2 3 3

0.5 1.0
2

K CO m KHCO m
K CO m KHCO m K m+

+
< <

⋅ + =⎡ ⎤⎣ ⎦
 2-1 

where if Equation 2-1 is near 0.5 the solid phase is likely potassium carbonate and if 

Equation 2-1 is near 1.0 the solid phase is likely potassium bicarbonate.  Thus, possible 

experimental values to Equation 2-1 are described to produce a homogenous solution with 

respect to mixtures of potassium carbonate, potassium bicarbonate and/or piperazine, and 

monoethanolamine as described in Table 2.3-2, Table 2.3-3, and Table 2.3-4. 

Table 2.3-2.  Lean Homogenous Solution Compositions for MEA+K+ (mole/kg-H2O basis) 
Mixtures. 

MEA (m) K2CO3 (m) KHCO3 (m) K+ (m) Equation 2-1 
3.50 0.82 0.86 2.50 0.672 
3.50 2.03 0.95 5.00 0.595 
7.00 0.82 0.86 2.50 0.672 
7.00 1.64 1.72 5.00 0.672 
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Table 2.3-3.  Lean Homogenous Solution Compositions for MEA+PZ+K+ (mole/kg-H2O 
basis) Mixtures. 

MEA (m) PZ (m) K2CO3 (m) KHCO3 (m) K+ (m) Equation 2-1 
3.50 1.80 0.36 1.79 2.50 0.857 
3.50 2.00 0.75 1.00 2.50 0.700 
3.50 2.00 1.50 2.00 5.00 0.700 
3.50 3.60 0.30 1.89 2.50 0.879 
7.00 2.00 0.75 1.00 2.50 0.700 
3.50 3.60 0.61 3.79 5.00 0.879 
7.00 2.00 0.61 3.79 5.00 0.879 
7.00 3.60 0.29 1.92 2.50 0.885 
7.00 3.60 0.58 3.85 5.00 0.885 

 
 

 Table 2.3-4.  Lean Homogenous Solution Compositions for PZ+K+ (mole/kg-H2O basis) 
Mixtures. 

PZ (m) K2CO3 (m) KHCO3 (m) K+ (m) Equation 2-1 
0.60 1.58 0.43 3.60 0.560 
2.00 0.34 1.82 2.50 0.864 
1.80 1.01 1.58 3.60 0.720 
1.20 2.54 0.91 6.00 0.576 
2.00 1.64 1.72 5.00 0.672 
3.60 0.37 1.77 2.50 0.854 
2.50 1.62 1.75 5.00 0.675 
3.60 0.72 2.16 3.60 0.800 
3.60 0.87 3.26 5.00 0.826 

 
It should be noted that the above solution compositions are only a small fraction of 

the total number of possible industrial combinations.  We would recommend more work be 

taken to fully describe the solution behavior with respect to identifying where the phase 

splitting boundaries occur into possible salt-organic and salt-aqueous phases.  Figure 2.3-3, 

Figure 2.3-4, and Figure 2.3-5 graphically illustrate the possible experimental values given in 

the above tables. 
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Figure 2.3-3.  Lean Homogenous Solution Composition Surface for MEA+K+ Mixtures. 
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Figure 2.3-4.  Lean Homogenous Solution Composition Surface for MEA+PZ+K+ Mixtures. 
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Figure 2.3-5.  Lean Homogenous Solution Composition Surface for PZ+K+ Mixtures. 

 
 
 

─ Part One ─ 

2.3.3  High Temperature Apparatus (NTNU) 
 

The vapor-liquid equilibrium (VLE) apparatus consisted of three 300 cm3 stainless 

steel cylinders containing the liquid solution operating in series with a circulating gas phase at 

a pressure of ~ 7 bar using N2 as a diluent as shown in Figure 2.3-6 and Figure 2.3-7.  A 

Fisher-Rosemount CO2 IR analyzer determined continuously the total CO2 concentration in 

the gas phase.  A FieldPoint FP-1000 and FP-AI-110 data acquisition system recorded all 

operating conditions as a function of time. 
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Figure 2.3-6.  Process Flow Diagram for High Temperature Experiments, Vapor Phase. 

 
Figure 2.3-7.  Process Flow Diagram for High Temperature Experiments, Liquid Phase. 

 
Experimental Uncertainty 

Experimental solubility data for CO2 were measured from 80 to 120 oC with an 

expanded uncertainty of ± 0.5 oC.  CO2 loading was determined in two parallel liquid 

samples as described in Appendix B.  The relative standard uncertainty in the loading 
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estimated from the standard deviation of the loading measurements was ± 2.0 %.  The CO2 

partial pressure was measured online with an IR analyzer, as mentioned previously, where 

the analyzer was calibrated at the start of everyday using AGA calibration gases of 0.5, 1.0, 

2.5, 5.0, 10.0, 20.0, and 35.0 mole percent of CO2/N2 balanced with a relative standard 

uncertainty of ± 2.0 %.  The calibration gases were then used to create a polynomial 

correlation between the IR voltage (mV) versus the precent CO2 concentration and was then 

input into the FieldPoint data acquisition system for online CO2 analysis.  An example CO2 

calibration curve is shown in Figure 2.3-8.   The estimated relative expanded uncertainty in 

the CO2 partial pressure was then estimated to be ± 2.0 %. 
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Figure 2.3-8.  Example CO2 Calibration Curves for 04/27/2005 - 06/17/2005.  Points: ♦, 
04/27/2005, □, 06/17/2005. 
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Experimental Procedure 

During an experiment, three 300 cm3 stainless steel cylinders (equilibrium cells 1, 2, 

and 3) containing 200/150/150 cm3, respectively, were filled with a known amount of 

preloaded sample solution.  The cells were located within a thermostated box where the 

temperature of each cell was measured within ±0.1 oC and controlled through the use of 

three separate oil baths.  Initially, the cells were pressurized to 300 kPa to minimize 

vaporization of the loaded solution during the initial heating of the apparatus.  When the 

experimental temperature was reached (approximately two to three hours), the system was 

then pressurized to 700 kPa and the vapor phase was allowed to circulate.  Equilibrium was 

obtained when the temperature, CO2 concentration in the vapor phase, and the equilibrium 

pressure were constant.  This process normally took fifteen to thirty minutes.  When 

equilibrium was achieved, a 75 cm3 liquid sample was withdrawn from cell 3 into an 

evacuated sampling cylinder and then allowed to cool to ambient temperature before the 

sample was removed and analyzed.  The CO2 loading analysis was performed by using two 

parallel liquid samples each titrated for CO2 and total alkalinity, using barium carbonate 

precipitation and a standard monotonic endpoint titration with 0.1 N sulfuric acid, 

respectively.  The relative standard uncertainty in the loading was ± 2 %.  Please refer to 

Appendix B for more information. 

During the experiment, the circulating vapor was dried prior to CO2 analysis by 

condensing both water and then amine.  Through liquid analysis, it was found that the water 

condensate collected from the vapor bleed stream during the experiment did contain trace 

amounts of dissolved CO2 and amine.  This implied CO2 was absorbing into the aqueous 
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amine condensate as the gas stream passed over the condensing coils during the experiment 

and all of the CO2 was not entering into the CO2 analyzer, thus adding a systematic error to 

the solubility measurements.  Through a mass balance around the condenser, it was found 

that this systematic error would only have a significant effect on measurements that 

exhibited a low partial pressure of CO2 (<0.01 bar).  

For solutions containing piperazine plus potassium carbonate, the loading of the 

CO2 in the water condensate to the “dry” partial pressure of CO2 was represented in this 

work by the following equation: 

 ( )
2

+
2mol CO mol K0.6913 0.0498 ln 0.0163

mol PZ mol PZCO

cond dryLdg P
⎛ ⎞⎛ ⎞ = + ⋅ − ⋅⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
 2-2 

Where 
condLdg is the loading of the water condensate, mole CO2/mole PZ, 

2

dry
COP is the experimental “dry” partial pressure of CO2, kPa, 

mol K+/mol PZ is the ratio of the nominal molality of potassium and piperazine in the 
experimental solution. 
 

With the determination of Equation 2-2, we could then calculate the actual CO2 

concentration before the vapor was dried and apply this systematic correction to our 

measurements where the partial pressure of CO2 was less than 0.01 bar. 

For solutions containing monoethanolamine plus piperazine, a similar correlation to 

Equation 2-2 was not possible.  Therefore, in this work, experimental data points from the 

NTNU high temperature VLE apparatus with partial pressures of CO2 below 0.01 bar 

should be treated with caution or excluded. 
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─ Part Two ─ 

2.3.4  Low Temperature Apparatus (UT) 
 

The vapor-liquid equilibrium (VLE) apparatus consisted of a 1000 cm3 jacketed glass 

reactor containing the liquid solution with a circulating gas phase at atmospheric pressure 

using N2 as a diluent as shown in Figure 2.3-9.  A portable Temet Gasmet Dx-4000 Fourier 

Transform Infrared (FT-IR) analyzer determined continuously the total H2O, CO2, and 

amine concentrations in the gas phase.  CALCMETTM and PicoLog data acquisition systems 

recorded all operating conditions as a function of time. 

Experimental Uncertainty 

For each experiment, a 1000 cm3 jacketed glass reactor was filled with approximately 

500 cm3 of a known amount of preloaded sample solution.  The reactor was insulated to 

minimize heat losses to the environment and the temperature of the reactor was controlled 

within ±0.1 oC by circulating di-methyl silicone oil 200/50 cS purchased from Krayden Inc. 

as the thermostatting liquid.    The system continuously measured the vapor phase 

compositions and the reactor temperature and pressure, respectively.  All operating 

conditions as a function of time were recorded using CALCMETTM (v4.48) and PicoLog 

Recorder (v5.10.7).  The pressure in the reactor was measured by a PTX-610 pressure 

transducer (Druck Inc.) with a working range from zero to eight bar with an accuracy of ± 

0.08 % of full scale. 
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Figure 2.3-9.  Process Flow Diagram for Low Temperature Experiments. 

 
The temperature inside the reactor was measured with a platinum resistance thermometer 

with an accuracy of ± 0.01 oC.  The temperature in the sample feed line was operated at 180 

oC and the temperature in the sample return line was operated at the system temperature of 

interest plus 55 oC.  Gas phase analysis was performed using a DX-4000 portable Temet 

Gasmet FT-IR spectrometer with a ten meter gas cell path length operated at 180 oC with a 

working pressure range from zero to two bar with a measured accuracy of ± 3.0 % of full 

scale.  The vapor phase concentrations were measured online with an FT-IR analyzer, as 

mentioned previously, where the calibration of the analyzer has been described previously by 
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Goff (2005) – Section 3.3.1.3.  Goff (2005) estimated relative expanded uncertainty in the 

vapor phase concentration to be ± 2.0 %.  For liquid samples, the CO2 loading was 

determined in two parallel liquid samples as described in Appendix C.  The relative standard 

uncertainty in the loading estimated from the standard deviation of the loading 

measurements was ± 2.0 %. 

Experimental Procedure 

Before starting the experiment, N2 was flushed through the apparatus to purge the 

air within the heated samples lines and the FT-IR.  Then, the solution reservoir was filled 

with the experimental solution and approximately 500 grams of the experimental solution 

was transferred to the reactor.  The heated samples lines were then connected to the 

apparatus and the apparatus was sealed.  The solution reservoir was weighed to determine 

the exact amount of solution transfer.  The reactor is equipped with an agitator comprised of 

a ten millimeter stainless steel stir shaft with a single five centimeter propeller.  The nominal 

agitation rate during the experiments was 350 ± 5 rpm.  N2 was introduced into the system 

and the system was allowed to circulate.  The N2 was then turned off after approximately 

forty seconds.  Equilibrium was obtained in approximately one and a half to two hours 

which was determined by observing when the temperature measurement had stabilized to 

within 0.05 oC.  When equilibrium was achieved, a 30 cm3 liquid sample was withdrawn from 

the reactor into a sample vial and then allowed to cool to ambient temperature before a 

sample of the experimental solution was removed and analyzed.  CO2 loading was performed 

by using two parallel liquid samples each titrated for CO2 and total alkalinity, using acidic 

evolution and a standard monotonic endpoint titration with 0.1 N sulfuric acid, respectively.  
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The relative standard uncertainty in the loadings was ± 2 %.  Please refer to Appendix C for 

more information. 

2.3.5  Multiple Component Analysis 
 

To determine the composition of a gas stream vis-à-vis FT-IR analysis, each 

compound (e.g. CO2) must exhibit a net dipole moment which allows the compound to 

undergo a transition in its vibrational or rotational energy levels when exposed to IR 

radiation.  Homo-nuclear diatomic compounds (e.g. N2) which do not exhibit a net dipole 

moment are said to be IR inactive since the compounds do not absorb IR radiation over the 

entire IR region.  N2 was used in this work as a carrier gas or as a diluent due to its IR 

inactive nature. 

The Temet Gasmet FT-IR analyzer utilizes a software package called CALCMET to 

quantitatively determine the concentration of each compound using the Beer-Lambert law to 

transform the transmittance spectrum from the FT-IR to an absorbance spectrum.  A 

multiple least squares algorithm, based on the work of Saarinen and Kauppinen (1991), was 

used to solve for the unknown absorbance spectra based on reference spectra over a range 

of specific concentrations for each compound in the unknown spectra.  In 2005, Goff 

(2005) created a method for analyzing multiple compounds in a vapor stream to quantify 

oxidative degradation in aqueous monoethanolamine solutions.  Goff (2005) quantified 

vapor phase concentrations between 0.15 to 1.0 volume percent of CO2 while in the 

presence of the following possible compounds: H2O, carbon monoxide, nitrous oxide, 

nitrogen monoxide, nitrogen dioxide, ammonia, formaldehyde, acetaldehyde, MEA, PZ, 

methanol, methylamine, and methane.   
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In this work, we utilized the base method of Goff (2005) and optimized for a range 

of CO2 and MEA concentrations by creating three unique analysis methods: for low 

concentrations of CO2 (50 ppmv to 15,000 ppmv), medium concentrations of CO2 (15,000 

ppmv to 30,000 ppmv), and high concentrations of CO2 (3.0 – 50 vol%).  Figure 2.3-10 

illustrates the possible analysis region for CO2. 

 

Figure 2.3-10.  CO2 Reference Spectrum (3.0 volume % or 30,000 ppmv) as Presented by Goff 
(2005). 

 
Region 1 described the symmetric stretch of a CO2 molecule due to absorbance of 

IR radiation.  Region 2 describes the asymmetric stretch and Region 3 describes the 

unresolved symmetric stretch.  At low CO2 concentrations, only Regions 2 and 3 contain 

enough information to be included in the analysis method.  Region 3, due to the nonlinear 

absorbance nature of the unresolved symmetric stretch makes the analysis region difficult to 

optimize above CO2 concentrations of 15,000 ppmv.  In addition, above 15,000 ppmv Region 

3 starts to saturate the IR detector (absorbance ≥ one).  As the CO2 concentration increases 

Region 1Region 2

Region 3
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to levels above 15,000 ppmv, Region 1 absorbs enough IR radiation to aid in the analysis 

method, but for concentrations above 30,000 ppmv Region 2 starts to saturate the IR 

detector and Region 1 becomes the main source of information.   

To properly resolve the concentration of CO2, different analysis areas or 

wavenumber regions were optimized for each method.  Table 2.3-5 gives the analysis areas 

used in this work for the determination of CO2.  Please note: CO2 was the only compound 

that required multiple methods over the entire range of concentrations.  Please refer to 

Appendix D for more information on each method with respect to other compounds. 

Table 2.3-5.  Analysis Regions for Low, Medium, and High CO2 Concentrations. 

Concentration Range Region One Region Two Region Three Num. Of References
50 - 15,000 ppmv - - 1984 2169 2207 2501 9 

15,000 - 30,000 ppmv 910 1019 1984 2169 - - 9 
3.0 – 50 vol% 910 1019 1984 2169 - - 10 

 
Based on calibration procedures reported by Geoff (2005), additional MEA 

reference spectra were included in the analysis methods to properly resolve the 

concentrations of MEA measured in this work.  Analysis regions determined by Geoff 

(2005) for MEA [Region One: 980-119 cm-1, Region Two: 2624-3150 cm-1] did not require 

further optimization.  Table 2.3-6 gives additional MEA reference spectra used in this work 

to supplement the base analysis method created by Geoff (2005). 

Table 2.3-6.  MEA Reference Spectra Required for Proper MEA Resolution. 

Source MEA Reference Spectra (ppmv) 
Geoff (2005) 500 
This work 100, 500, 1,000, 2,000, 5,000, 10,000, 15,000 
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Analysis regions and reference spectra determined by Geoff (2005) for PZ [Region 

One: 1096-1380 cm-1, Region Two: 1810-2223 cm-1, Region Three: 2550-3095 cm-1] did not 

require further optimization.  Table 2.3-7 gives PZ reference spectra used in this work to 

base on analysis method created by Geoff (2005). 

Table 2.3-7.  PZ Reference Spectra Required for Proper PZ Resolution. 

Source PZ Reference Spectra (ppmv)
Geoff (2005) 2, 40, 105, 188, 407, 471 

 

2.3.6  Low Temperature Apparatus Benchmarking 
 

Benchmarking the low temperature apparatus, in terms of validating the 

experimental vapor pressures against key literature sources, was completed in two phases: 

phase one: pure component vapor pressures for H2O and MEA against pure component 

DIPPR correlations, and phase two: comparison of CO2 solubility measurements for 7 m 

(mole/kg-H2O) MEA and 2 m PZ against Jou et al. (1995) and Ermatchkov et al. (2006), 

respectively.  Within each phase, the analysis method was optimized due to interferences 

between additional compounds present in the vapor phase.  Overall, the reported methods 

in Appendix D adequately represent experimental vapor phase compositions for the H2O-

MEA-PZ-K2CO3-CO2 system and all sub-systems tested in this work. 
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2.4  Experimental Results 
 

2.4.1  Pure H2O System 
 

We chose water as the first system to be testing in the Low Temperature VLE 

Apparatus (UT) due to the large volume of literature reporting the pure component vapor 

pressure.  We chose to benchmark our results against correlations from the DIPPR Physical 

and Thermodynamic Properties database [Rowley et al. (1994)] as shown in Figure 2.4-1. 

Figure 2.4-1 illustrates experimental results from this work as compared to accepted 

literature values reported by Kell et al. (1984).  Kell et al. (1984) reported a relative standard 

uncertainty in the vapor pressure equal to < 0.2 %.  Overall, the low temperature VLE 

apparatus (UT) represents the vapor pressure of water within an average absolute relative 

deviation (AARD) of ± 4.40 % with the exception of a few outliers.   
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Figure 2.4-1.  Vapor Pressure of Water.  Points: ●, Kell et al. (1984), ♦, this work.  Lines: 
DIPPR Correlation. 
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Figure 2.4-2.  Comparison of Experimental Vapor Pressure Measurements To Predictions 
from DIPPR Correlations Based on the work of Kell et al. (1984). 

 
Since the uncertainty associated with low temperature vapor pressure analysis is ± 

2.0 %; we felt that an experimental AARD of ± 4.40 % was acceptable as compared to 

estimated predictions from the DIPPR correlation based on the work of Kell et al. (1984) as 

shown in Figure 2.4-2. 

2.4.2  Pure MEA System 
 

We chose MEA as the second system to be tested in the Low Temperature VLE 

Apparatus (UT) due in addition to the large volume of literature information available for 

the pure component vapor pressure.  We chose to benchmark our results against 

correlations from the DIPPR Physical and Thermodynamic Properties database [Rowley et 

al. (1994)] as shown in Figure 2.4-3.   

2367



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
38 

0.01

0.1

1

10

10 20 30 40 50 60 70 80 90 100

Temperature (oC)

P
ar

ti
al

 P
re

ss
u

re
 o

f 
M

E
A

 [
kP

a]

 

Figure 2.4-3.  Vapor Pressure of MEA.  Points: ●, Matthews et al. (1950), ♦, Engineering 
Sciences Data (1979), ■,this work.  Lines: DIPPR Correlation. 
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Figure 2.4-4.  Comparison of Experimental Vapor Pressure Measurements To Predictions 
from DIPPR Correlations Based on the work of Matthews et al. (1950) and Engineering 
Sciences Data (1979). 
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Figure 2.4-3 and Figure 2.4-4 illustrate experimental results from this work as 

compared to accepted literature values reported by Matthews et al. (1950) and Engineering 

Sciences Data (1979).  DIPPR reports a relative standard uncertainty in the vapor pressure 

correlation to < 10.0 % error.  Overall, the low temperature VLE apparatus (UT) represents 

an adequate measurement of the vapor pressure of MEA within an AARD of ± 7.31 % with 

the exception of a few outliers. 

2.4.3  H2O-MEA-CO2 Systems 
 

For systems involving the measurement of CO2 solubility, we chose H2O-MEA-CO2 

for comparison in the Low Temperature VLE Apparatus (UT) against literature data from 

Jou et al. (1995) for 7 m or 30 wt% MEA as shown in Figure 2.4-5. 
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Figure 2.4-5.  CO2 Solubility Comparison in 7 m MEA at 40 and 60 oC.  Solid Points - 40 oC: 
♦, Jou et al. (1995), ■, this work.  Open Points – 60 oC: ◊, Jou et al. (1995), □, this work. 
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Figure 2.4-5 illustrates that experimental results from this work are consistent with 

reported CO2 solubility measurements from Jou et al. (1995) at 40 and 60 oC with respect to 

the experimental loading and partial pressure of CO2.  

2.4.4  H2O-PZ-CO2 Systems 
 

We chose H2O-PZ-CO2 as our next system tested in the Low Temperature VLE 

Apparatus (UT) against CO2 solubility data from Ermatchkov et al. (2006) for 2 m PZ as 

shown in Figure 2.4-6.  However, Bishnoi and Rochelle (2000), Aroua and Mohd (2003), and 

Derks et al. (2005) have reported CO2 solubility in aqueous solutions of PZ at low 

concentrations from 0.2 and 0.6 kmol/m3, but were too low for industrial applications 

studied in this work. 
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Figure 2.4-6.  CO2 Solubility Comparison in 2 m PZ at 40, 60, and 80 oC.  Solid Points - 40 oC: 
♦, Ermatchkov et al. (2006), ■, this work.  Open Points: ◊, Ermatchkov et al. (2006) at 80 oC, 
□, this work at 60 oC. 
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Figure 2.4-6 illustrates experimental results from this work are consistent with 

reported CO2 solubility measurements from Ermatchkov et al. (2006) at 40 oC with respect 

to the experimental loading and partial pressure of CO2. 

2.5  Conclusions 
 

To sum up, in this work we have developed a new vapor-liquid equilibrium 

apparatus to measure vapor phase speciation at low temperatures.  We have shown that 

experimental results are consistent and agree with key literature data.  In addition we have 

been able to demonstrate a possible procedure to develop homogenous solutions with 

respect to mixtures of potassium carbonate, potassium bicarbonate and/or piperazine and 

monoethanolamine.  We recommend that more work should be done to fully understand 

and describe the solution behavior with respect to identifying where the phase splitting 

boundaries occur for these solutions.  Overall, the presented vapor-liquid equilibrium 

methods provide an opportunity for future work to contribute a deeper understanding into 

the composition of vapor phase speciation for several aqueous phase solutions.    
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_________________ 

CHAPTER III Liquid Phase Speciation - 
 NMR Methods 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

3.1  Introduction 
 

This chapter details the experimental methods used to measure liquid phase 

speciation of alkanolamine solutions utilizing nuclear magnetic resonance (NMR) 

spectroscopy.  The chapter will describe the low temperature NMR spectroscopy 

measurements (27 - 60 oC) performed at The University of Texas at Austin in Austin, Texas, 

USA.  The experiments were carried out by Willian and Sorey (2007).  NMR spectroscopy 

provides a glimpse into the solution composition vis-à-vis speciation at a unique moment 

where the “composition” of the solution can determined while refining the understanding of 

solution thermodynamics.  
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3.2  Literature Review 
 

To describe the thermodynamics taking place in the liquid phase would require the 

ability to study the individual species present in a solution.  NMR spectroscopy does not 

allow the individual species concentrations to be determined but does allow specific 

combinations of ionic and molecular species to be determined.  Several previous 

investigations have been performed to understand solution speciation in loaded 

alkanolamine solutions: 

Systems NMR Method Source 
MEA, MAE, EAE, BEA, and MDEA 13C Suda et al. (1996) 

DEA, DGA, and DIPA 13C Barth et al. (1984) 

PZ 1H and 13C Bishnoi and Rochelle (2000)

MEA 1H Wang (2001) 

PZ 1H Ermatchkov et al. (2003) 

BEA, MEA, and MDEA 13C Poplsteinova (2004) 

PZ and K2CO3 1H Cullinane (2005) 

where MAE: 2-methylamino-ethanol, EAE: 2-ethylamino-ethanol, BEA: buthylethanolamine, MDEA: N-
methyldiethanolamine, DEA: Diethanolamine, DGA: Diglycolamine, and DIPA: Diisopropanolamine.   
 
 
 Several of the above investigations utilized NMR to verify or determine 

thermodynamic properties associated with specific systems.  Suda et al. (1996) and Bishnoi 

and Rochelle (2000) identified peaks associated with the carbamate, carbonate/bicarbonate, 

and free/protonated amine within the NMR spectra and the areas of each peak were utilized 

in the determination of a carbamate stability constant.  Wang (2001), Ermatchkov et al. 

(2003), Poplsteinova (2004), and Cullinane (2005) reported liquid phase NMR speciation 

data based on a broad range of concentrations and temperatures. 
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 In this work, we focused on accurately measuring and verifying the NMR speciation 

for systems involving water (H2O), monoethanolamine (MEA), piperazine (PZ), and carbon 

dioxide (CO2).  We also conducted a sensitivity analysis on the concentration of 1,4-dioxane 

as an internal standard and on the concentration of deuterium oxide (D2O) as an NMR 

resonance lock for field stabilization to prevent the NMR signal of the sample from being 

swamped by that of the solvent. 

3.3  Chemicals 
 

The chemicals employed: carbon 13 (C13) carbon dioxide (CO2) (Cambridge 

Isotopes, ≥ 99.99% pure), ethanolamine (MEA) (Acros Organics, 99% pure), piperazine 

(PZ) (Fluka Chemie GmbH, ≥ 98.0% pure), and 1,4-dioxane (Fisher, ≥ 99.9% pure, CAS#: 

123-91-1) were used without any further purification.  The amine solutions were prepared 

from ultra pure deionized water and deuterium oxide (D2O) (Cambridge Isotopes, ≥ 99.99% 

pure) by weight. 

3.4  Sample Preparation 
 

All solutions were prepared gravimetrically from ultra pure deionized water.  Amine 

solutions were loaded with CO2 by slowly sparging C13 CO2 through a submerged fritted disk 

in the solution as shown in Figure 3.4-1.  The CO2 loader (~5 ml capacity) was custom made 

by Ronalter (2007).  The empty CO2 loader was placed on an analytical scale (± 10 µg) and 

weighed and approximately 5 ml of solution was then transferred to the loader where the 

entire apparatus was weighed again to determine the exact amount of solution in the CO2 
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loader.  The CO2 loader was then attached to a C13 CO2 cylinder and the gas was allowed to 

react with the amine solution for approximately 2 minutes.  The apparatus was weighed 

again to determine the amount of CO2 absorbed into the solution by difference.  This 

procedure would then be repeated until the desired loading was reached. 

 

Figure 3.4-1.  CO2 Loading Apparatus. 

 

3.5  Molecular Structures and Active Nuclei 
 

In NMR the structure and functional groups of a molecule contribute to the way the 

molecule will behave when placed in a magnetic field.  Each type of active nuclei depends 

upon the environment the nuclei are exposed to in terms of the solvent or the presence of 

other species within a magnetic field.  When a molecule is placed in a magnetic field with 

active nuclei, distinct magnetic energy levels are formed by the absorption of energy by 

varying the magnetic field at a constant frequency.  An NMR spectrum is then a plot of the 

absorbance energy by a molecule as a function of the frequency.  This frequency has units of 
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PPM relative to the operating frequency of the NMR spectrometer and is commonly 

referred to as the chemical shift, δ.  In this section, the molecular structures for each species 

that are present in this study have been identified and the active nuclei (proton or carbon) 

for each molecule have been labeled accordingly. 
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Figure 3.5-1.  Molecular structure and active nuclei of protons associated with a) MEA and 
MEAH+ and b) MEACOO-1. 
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Figure 3.5-2  Molecular structure and active nuclei of carbons associated with a) MEA and 
MEAH+ and b) MEACOO-1. 

 
Figure 3.5-1 and Figure 3.5-2 illustrate the molecular structures of MEA, protonated 

monoethanolamine (MEAH+), and monoethanolamine carbamate (MEACOO-1).  Protons 

and carbons associated with MEA and MEAH+ cannot be separated due to time constant 

C1 C2 C3 C4 C5 

H2 H1 H4H3
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associated with the protonation chemical reaction of MEA, but the protons not involved in 

the chemical reaction (H1 and H2) and the carbons associated (C1 and C2) can be 

distinguished due to the deshielding effects by the hydroxyl group causing the active nuclei 

to absorb at higher frequencies.  Typical substituent groups in order of increasing field 

effects (i.e. smaller δ values) are: 

-OR > -OH > -NR2 > -NHR > -NH2 

  Protons (H3 and H4) and carbons (C3 and C4) associated with MEACOO-1 differ 

from chemical shifts associated with MEA/MEAH+ due to the deactivating effect that the 

carboxyl group attached to the nitrogen has on alpha carbons and beta protons. 

With respect to piperazine species, Figure 3.5-3 through Figure 3.5-8 illustrate the 

molecular structures of PZ, protonated piperazine (PZH+1), piperazine carbamate   

(PZCOO-1), piperazine dicarbamate (PZ(COO-1)2), and protonated piperazine carbamate 

(H+PZCOO-1).  Protons and carbons associated with PZ and PZH+ can not be separated 

due to time constant associated with the protonation chemical reaction of PZ, but the 

protons not involved in the chemical reaction (H5) and the carbons associated (C6) can be 

distinguished as a single peak.  Protons (H6 and H7) and carbons (C7 and C8) associated 

with PZCOO-1 differ from chemical shifts associated with PZ/PZH+ due to the deactivating 

effect that the carboxyl group attached to the nitrogen has on the alpha carbon and beta 

protons, resulting in two distinguishable peaks. 
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Figure 3.5-3  Molecular structure and active nuclei of protons associated with a) PZ and 
PZH+. 
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Figure 3.5-4  Molecular structure and active nuclei of protons associated with PZCOO- and 
H+PZCOO-1. 
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Figure 3.5-5  Molecular structure and active nuclei of protons associated with PZ(COO-)2. 
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Figure 3.5-6  Molecular structure and active nuclei of carbons associated with PZ and PZH+. 

 

H
C

N
+

C C

N

C

C

O

O
-

H
H

H

H
H

H
H

H
H

 
 
Figure 3.5-7  Molecular structure and active nuclei of carbons associated with PZCOO- and 
H+PZCOO-1. 
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Figure 3.5-8  Molecular structure and active nuclei of carbons associated with PZ(COO-)2. 
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Figure 3.5-9  Molecular structure and active nuclei of carbons associated with a) HCO3-, b) 
CO32-, and CO2. 

 
Protons (H8) and carbons (C9) associated with piperazine dicarbamate are 

distinguished as a single peak due to the deactivating effect of the two carboxyl groups 

attached to each the nitrogen has on the alpha carbons and beta protons. 

All carbons involved in a chemical reaction (i.e. C5, C10, C11, C12, and C13) will 

appear at a low field frequency (high chemical shift) due to the double bond to oxygen.  In 

this work, carbons associated with CO2 (C13) could not be distinguished in the experimental 

NMR spectra because the peak intensity is within the intensity of the background noise.  

3.6  Spectrometer 
 

In this work, experimental samples were placed into 5.0 mm O.D. x 0.77 mm I.D. x 

7 in. length, 300 mHz, yellow top NMR sample tubes by WILMAD Labglass.  

Approximately 500 µl of C13 CO2 loaded solution was filled in each tube.  The tubes were 

then sealed by Ronalter (2007) before the samples were submitted for analysis to the NMR 

laboratory at the Department of Chemistry and Biochemistry, The University of Texas at 

Austin in Austin, Texas, USA. 

C12 C12
C13 
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All spectra acquisitions were performed by Willian and Sorey (2007) on a Varian 

INOVA 500 MHz NMR Spectrometer with variable temperature control.  Samples at 40 and 

60 oC were conditioned by heating for at least one hour at the requested temperature in a 

water bath prior to spectra acquisition. 

3.7  Experiments with Loaded Samples 
 

In this work, we focused on accurately measuring the liquid phase speciation for the 

systems involving water (H2O), monoethanolamine (MEA), piperazine (PZ), and carbon 

dioxide (CO2).  A number of investigators have measured the liquid phase speciation for 

H2O-MEA-CO2 and H2O-PZ-CO2 which were used as experimental benchmarks in this 

work for determining the liquid phase speciation for H2O-MEA-PZ-CO2 systems. 

3.8  Evaluation of Spectra 
 

Spectra in this work were evaluated based on the proton and carbon assignment of 

Bishnoi (2000) and Poplsteinova (2004) for H2O-PZ-CO2 and H2O-MEA-CO2 systems, 

respectively.  Examples of evaluated spectra for 7 m MEA, 2 m PZ, and 7 m MEA plus 3.6 

m PZ are presented and peaks associated with protons and carbons labeled in Figure 3.5-1 

through Figure 3.5-9 are assigned. 

For consistency between previous works, loading in this chapter is defined as mole 

of CO2 per mole of MEA or mole of PZ or mole MEA + 2 mole PZ, respectively. 
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Spectra of CO2 in Aqueous Monoethanolamine Solutions 

 

Figure 3.8-1.  Expanded Medium Field 1H Spectra at 27 oC for 7m MEA with 10% D2O and 
1% Dioxane at Loading = 0.55. 

 

 
Figure 3.8-2.  Expanded High Field 1H Spectra at 27 oC for 7m MEA with 10% D2O and 1% 
Dioxane at Loading = 0.55. 
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Figure 3.8-3.  Expanded Low Field 13C Spectra at 27 oC for 7m MEA with 10% D2O and 1% 
Dioxane at Loading = 0.55. 

 
Figure 3.8-4.  Expanded Medium Field 13C Spectra at 27 oC for 7m MEA with 10% D2O and 
1% Dioxane at Loading = 0.55. 
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Figure 3.8-5.  Expanded High Field 13C Spectra at 27 oC for 7m MEA with 10% D2O and 1% 
Dioxane at Loading = 0.55. 

 
Spectra of CO2 in Aqueous Piperazine Solutions 

 
Figure 3.8-6.  Expanded High Field 1H Spectra at 27 oC for 2 m PZ with 10% D2O and 1% 
Dioxane at Loading = 0.64. 
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Figure 3.8-7  Expanded Low Field C13 Spectra at 27 oC for 2m PZ w/ 10% D2O & 1% Dioxane 
at Loading = 0.64. 

 

 
Figure 3.8-8  Expanded Low Field C13 Spectra at 27 oC for 2m PZ w/ 10% D2O & 1% Dioxane 
at Loading = 0.64. 
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Spectra of CO2 in Aqueous Monoethanolamine + Piperazine Solutions 
 

 

Figure 3.8-9.  Expanded Medium Field 1H Spectra at 27 oC for 7m MEA + 3.6 m PZ with 10% 
D2O and 1% Dioxane at Loading = 0.24. 

 

 
Figure 3.8-10.  Expanded High Field 1H Spectra at 27 oC for 7m MEA + 3.6 m PZ with 10% 
D2O and 1% Dioxane at Loading = 0.24. 
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Figure 3.8-11.  Expanded Low Field C13 Spectra at 27 oC for 7 m MEA + 3.6 m PZ w/ 10% 
D2O & 1% Dioxane at Loading = 0.24. 

 
Figure 3.8-12.  Expanded Medium Field C13 Spectra at 27 oC for 7 m MEA + 3.6 m PZ w/ 
10% D2O & 1% Dioxane at Loading = 0.24. 

C5 

C12

C11

C10 

Ref 

C3

C1 

2388



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
59 

 
Figure 3.8-13.  Expanded High Field C13 Spectra at 27 oC for 7 m MEA + 3.6 m PZ w/ 10% 
D2O & 1% Dioxane at Loading = 0.24. 

 

3.9  Spectra with Varying CO2 Loading 
 

As mentioned previously, a change in the environment will cause a shift in the 

chemical frequency.  In this case, a change in the pH of the solution due to an increase in 

loading will cause the chemical shift of each species to vary somewhat. Figures 3.9-1 through 

3.9-6 illustrate the variations in the spectra in terms of the central peak position associated 

with each species and functional group.  The figures show that as loading increases the peaks 

for CO3
-2 + HCO3

-1 and MEACOO-1 shift toward lower frequencies.  Poplsteinova (2004) 

also documented similar variations for the H2O-MEA-CO2 system and comparisons to her 

work adequately agree.  One major problem in this work was the identification and 

assignment of peak location due to peak overlap as can been seen within the peak treads. 

C6

C2

C4

2389



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
60 

 
Spectra of CO2 in Aqueous Monoethanolamine Solutions 
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Figure 3.9-1.  1H Chemical Shifts for 7 m MEA at 27 oC with Varying CO2 Loading. 
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Figure 3.9-2.  High Field 13C Chemical Shifts for 7 m MEA at 27 oC with Varying CO2 
Loading. 
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Figure 3.9-3.  Low Field 13C Chemical Shifts for 7 m MEA at 27 oC with Varying CO2 
Loading. 

 
Spectra of CO2 in Aqueous Piperazine Solutions 
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Figure 3.9-4.  1H Chemical Shifts for 2 m PZ at 27 oC with Varying CO2 Loading. 
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Figure 3.9-5.  High Field 13C Chemical Shifts for 2 m PZ at 27 oC with Varying CO2 Loading. 
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Figure 3.9-6.  Low Field 13C Chemical Shifts for 2 m PZ at 27 oC with Varying CO2 Loading. 
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3.10  Apparent Speciation Calculation 
 

The following equations can be used to represent the liquid phase equilibrium for the 

NMR speciation data from this work: 

 *
MEA MEA MEAH

n n n += +  3-1 

 1 1
*
MEACOO MEACOO

n n− −=  3-2 

 2
*
PZ PZ PZH PZH

n n n n+ += + +  3-3 

 
( ) ( )2 2

2 2

*
PZ COO PZ COO

n n− −=  3-4 

 1 1 1
*

/H PZCOO H PZCOO PZCOO
n n n+ − + − −= +  3-5 

 2 122 3 3

*
COCO CO HCO

n n n n− −= + +  3-6 

Where 
ni is the true number of moles for each component per kilogram of water corresponding to 
the relative proton and or carbon NMR peak areas, 
ni

* is the pseudo-component quantity based on experimental NMR data. 
 

In this work, the measured peak areas or intensities for the corresponding carbons 

and or protons associated with each molecule(s) relative to an internal standard (1,4-dioxane) 

allowed for a quantitative analysis of the NMR data based on the following equation: 

 ref
b

ref

n
R

A
ϕ ⋅

=  3-7 

Where 
bR is the number of moles of dioxane/kg-H2O per unit area, 

ϕ is the number of active protons or carbons in dioxane, 8 - 1H and 4 - 13C, 

refn is the experimental dioxane molality based on the batch solution, mole/kg-H2O, 

refA is th experimental integrated area for the dioxane reference peak. 
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Based on Equation 3-7, the number of moles/kg-H2O for the other species can then 

be determined by the following equation: 

 i b
i

i

A Rn
ϕ
⋅

=  3-8 

Where 
iA is the experimental integrated area for species i, 

ϕ is the number of active protons or carbons in species i. 
 
 For species with multiple proton or carbon types, the number of moles was obtained 

by taking the average of the corresponding results on a proton or 12C basis.  From the 

apparent species compositions, mole fractions were calculated based on 1 kg of H2O. 

3.11  Experimental Results 
 
1,4-Dioxane Study 
 
 In this work, the measured peak areas or intensities for the corresponding carbons 

and or protons associated with each molecule(s) were evaluated relative to an internal 

standard of 1,4-dioxane (dioxane) which allowed for a quantitative analysis of the NMR data.  

Suda et al. (1996) and Poplsteinova (2004) choose a concentration of 5 wt% dioxane, but did 

not perform a sensitivity analysis on the minimal amount of dioxane that would be required 

for an accurate determination for liquid phase speciation analysis.  In this work, we choose 

to vary the concentration of dioxane from 1,000 to 50,000 ppmw to test our quantitative 

analysis against a gravimetrically prepared solution of 7 m MEA submitted for NMR analysis 

at 27 oC as shown in Figure 3.11-1. 
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Figure 3.11-1.  Comparison of H1 and C13 Analysis in 7 m MEA with Varying Levels of 
Dioxane for Use as an Internal Standard at 27 oC.  Points: ♦, H1 Results, ■, C13 Results.  
Dash Lines: ± 3.0 percent error bounds. 

-10.0

-5.0

0.0

5.0

10.0

0 10,000 20,000 30,000 40,000 50,000 60,000

Dioxane (ppmw)

R
el

it
iv

e 
D

ev
ia

ti
on

 fr
om

 [
M

E
A

] T
O

T
A

L
 (

%
)

C13

H1

 

Figure 3.11-2.  Relative Deviation of H1 and C13 Analysis in 7 m MEA with Varying Levels of 
Dioxane for Use as an Internal Standard at 27 oC.  Points: ♦, H1 Results, ■, C13 Results.  
Dash Lines: ± 3.0 percent error bounds. 
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Figure 3.11-2 illustrates that for a dioxane concentration between 1 and 5 weight 

percent the use of dioxane as an internal standard should give an adequate representation of 

the liquid phase concentration.  For C13 NMR analysis, Figure 3.11-2 illustrates for a value of 

approximately 3.82 weight percent dioxane may yield a possible optimum concentration for 

quantitative analysis of NMR data.  For samples containing C13 CO2, we have observed a 

slight improvement in the quality of the NMR analysis using 5 weight percent dioxane as 

compared to 1 weight percent, but due to scatter in the carbonate/bicarbonate 

concentrations, varying the concentration did not drastically improve the overall analysis.  

For dioxane concentrations less than 1 weight percent, Figure 3.11-2 illustrate an average 

absolute relative error of approximately ± 5.0 percent was observed for both proton and 

carbon NMR analysis. 

 
 
H2O-MEA-CO2 System 
 

We chose 7 m MEA as the first system to benchmark our methods and compare the 

results against literature data from Poplsteinova (2004) at 40 oC as shown in Figure 3.11-1.  

Poplsteinova (2004) additionally measured speciation at 20 oC, but due to temperature 

laminations we were unable to reproduce this data set. 

Figure 3.11-3 illustrates that experimental results from this work are consistent with 

reported liquid phase speciation from Poplsteinova (2004) at 40 oC with respect to the 

experimental concentrations and solution loading trends.  In terms of the CO3
-2/HCO3

-1 

species, experimental results from this work underpredict Poplsteinova (2004).  This 
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discrepancy could be due to the relative nature of the measurement since the concentration 

of the CO3
-2/HCO3

-1 species is on the order of 0.01 to 1 mole/kg-H2O.  
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Figure 3.11-3.  C13 NMR Liquid Phase Speciation for 7 m MEA at 27 oC.  Close Points: 
Poplsteinova (2004).  Open Points: This work. 

 
H2O-PZ-CO2 System 
 

We chose 1 m PZ as the final system to benchmark our methods and compare our 

results against literature data from Ermatchkov et al. (2003) at 27 oC as shown in Figure 

3.11-4.  Ermatchkov et al. (2003) additionally measured speciation at 40 and 60 oC, but due 

to equipment time limitations we were unable to reproduce these data sets.  In addition, 

Ermatchkov et al. (2003) measured liquid phase speciation through 1H NMR which did not 

allow for the determination of the CO3
-2/HCO3

-1 species.  Thus, we have then excluded this 

data from Figure 3.11-4 for a direct comparison. 
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Figure 3.11-4 illustrates that experimental results from this work are consistent with 

reported liquid phase speciation from Ermatchkov et al. (2003) at 27 oC with respect to the 

experimental concentrations and solution loading trends.   
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Figure 3.11-4.  H1 NMR Liquid Phase Speciation for 1 m PZ at 27 oC.  Close Points: 
Ermatchkov et al. (2003).  Open Points: This work. 

 

3.12  Conclusions 
 

In conclusion, in this work we have developed consistent liquid phase speciation 

methods using NMR spectroscopy.  We have shown that experimental results are consistent 

and agree well with key literature data.  In addition, we have been able to demonstrate the 

effect of CO2 loading on the chemical shift of each species.  We would recommend that 

more work be done at high concentrations of PZ to create a data base of high quality and 

consistent data for the H2O-PZ-CO2 system since the extensive database of liquid phase 
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speciation by Ermatchkov et al. (2003) is limited to concentrations up to 1.5 m PZ.  Overall, 

the presented liquid phase NMR speciation method may provide an opportunity for future 

work to contribute a deeper understanding of solution thermodynamics for several aqueous 

phase solutions.  
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CHAPTER IV  Specific Heat Capacity 
 Methods 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

4.1  Introduction 
 

This chapter details the experimental methods used to measure liquid phase specific 

heat capacity of alkanolamine solutions utilizing a differential scanning calorimeter (DSC).  

The chapter will describe liquid specific heat capacity measurements (40 – 120 oC) 

performed at The University of Texas at Austin in Austin, Texas, USA.  These experiments 

were carried out with the help of Syed Shah and Humara Rafique, Undergraduate Research 

Assistants at the Department of Chemical Engineering, The University of Texas at Austin, 

Austin, Texas, USA.  Calorimetry plays an important role in the design of acid gas removal 

plants and in terms of developing a rigorous and consistent thermodynamic model that has 

the ability to adequately predict heat effects associated with the complexities of mass transfer 

with fast chemical reactions during the absorption/stripping process. 
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4.2  Literature Review 
 

To describe the thermodynamics taking place in the liquid phase would require the 

ability to study the heat effects associated with the specific heat capacity (CP) in a solution.  

Differential scanning calorimetry is a thermoanalytical technique where the difference in the 

amount of heat required to increase the temperature of a sample and reference are measured 

as a function of temperature.  Several earlier calorimetric investigations of alkanolamines in 

terms of monoethanolamine (MEA) and piperazine (PZ) in aqueous and pure liquid and 

crystalline states are listed below: 

Systems CP Method Source 
MEA BC Swanson and Chueh (1973) 

 N/A The Dow Chemical Company (1981) 

 DSC Chiu et al. (1999) 

PZ DSC Steele et al. (1997) 

H2O-MEA FMC Pagé et al. (1993) 

 BC Weiland et al. (1997) 

 DSC Chiu and Li (1999) 

H2O-MEA-CO2 BC Weiland et al. (1997) 

where BC: Batch calorimeter, HFMC: Flow microcalorimeter, DSC: Differential scanning calorimeter, N/A: 
Not available. 

 

Swanson and Chueh (1973) and Weiland et al. (1997) most likely utilized a batch 

calorimeter, given the equipment descriptions, where the heat capacity of a sample was 

determined by measuring the temperature rise of a known mass of sample and recording the 

response to a known electrical energy input. 
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Pagé et al. (1993) utilized a flow densimeter and a flow microcalorimeter to measure 

solutions densities and the isobaric volumetric heat capacities by following the methods 

described by Picker et al. (1968) and Picker et al. (1971).  The isobaric specific heat capacities 

were then calculated by dividing the isobaric volumetric heat capacities from the measured 

densities. 

Chiu et al. (1999), Steele et al. (1997), Chiu and Li (1999), and this work utilized a 

differential scanning calorimeter (DSC) to measure the specific heat capacity.  Specific heat 

capacity, also known simply as specific heat, is the measure of the heat energy required to 

increase the temperature of a unit quantity of a substance by a certain temperature interval.  

Heat capacity, as distinct from specific heat capacity, is the measure of the heat energy 

required to increase the temperature of an object by a certain temperature interval. 

As mentioned previously, a DSC is a thermoanalytical technique where the 

difference in the amount of heat required to increase the temperature of a sample and 

reference are measured as a function of temperature.  During an experiment both the sample 

and reference pans are maintained at nearly the same temperature throughout the 

experiment.  When a material within the sample pan undergoes a physical transformation 

such as phase transitions, more (or less) heat will be required to flow to the sample pan than 

into the reference pan in order to maintain both pans at the same temperature.  By observing 

the difference in heat flow between the sample and reference pans, differential scanning 

calorimeters are able to measure the amount of heat absorbed or released during such 

transitions. 
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In this work, we have focused on accurately measuring and verifying the specific heat 

capacity for systems involving water (H2O), monoethanolamine (MEA), piperazine (PZ), 

potassium carbonate (K2CO3), potassium bicarbonate (KHCO3), and carbon dioxide (CO2). 

4.3  Chemicals 
 

Chemicals used in this work included: CO2 (Matheson Tri-Gas, ≥ 99.99 % pure), N2 

(Cryogenics Laboratory at The University of Texas at Austin, ≥ 99. % pure), MEA (Acros 

Organics, 99 % pure), PZ (Fluka Chemie GmbH, ≥ 98.0 % pure), K2CO3 (Fluka Chemie 

GmbH, ≥ 99.0 % pure), and KHCO3 (Sigma-Aldrich Inc., ≥ 99.5 % pure).  All chemicals 

were used without any further purification. 

4.4  Sample Preparation 
 

All solutions were prepared gravimetrically from ultra pure deionized water.  Amine 

solutions were loaded with CO2 by slowly sparging CO2 through a submerged fritted disk in 

the solution as shown in Figure 4.4-1.  The CO2 loader (~5 ml capacity) was custom made 

by Ronalter (2007).  The empty CO2 loader was placed on an analytical scale (± 10 µg) and 

weighed and approximately 5 ml of solution was transferred to the loader and weighed again 

to determine the exact amount of solution in the CO2 loader.  The CO2 loader was then 

attached to a CO2 cylinder and the gas was allowed to react with the amine solution for 

approximately 2 minutes.  The apparatus was weighed again to determine the amount of 

CO2 absorbed into the solution by difference.  This procedure would then be repeated until 

the desired loading was reached. 
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Figure 4.4-1.  CO2 Loading Apparatus. 

 

4.5  Differential Scanning Calorimeter 
 

The differential scanning calorimeter used in this work consisted of a DSC-Q100 

calorimeter and a thermal analysis controller from TA Instruments located and maintained in 

the research laboratories of Dr. Benny D. Freeman, Department of Chemical Engineering at 

The University of Texas at Austin, Austin, Texas, USA.  The DSC operating range is from -

90 to 400 oC and operates with a temperature repeatability of ± 0.05 oC and a calorimetric 

sensitivity of ± 10 µW.  Nitrogen was used as a purge gas with a flowrate of 40 ml/min. 

Large volume 304 stainless steel (SS) sample pans used in this work were purchased 

from Perkin Elmer (#03190218).  The sample pan and lids were joined together by a Perkin 

Elmer Quick Press (#0990-8467).  When the pans are properly assembled an o-ring, placed 

inside the lid of the sample pan, forms a seal able to withstand an internal pressure of 150 
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bar and has an internal volume of approximately 60 mm3.  Figure 4.5-1 illustrates a cross 

section of a properly sealed sample pan. 

 

 

Figure 4.5-1.  Cross Section of a Properly Sealed Sample Pan. 

  

 

 
Figure 4.5-2.  DSC-Q100 Sample Cell.  Disks: red, reference sapphire disk, colorless, sample 
sapphire disk. 
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4.5.1  DSC Calibration 
 

To obtain accurate results, a TZero baseline calibration was performed periodically 

by Scott Matteucci, a Senior Graduate Researcher at The University of Texas at Austin, 

Austin, Texas, USA.  The TZero baseline is used to compensate for subtle differences in the 

thermal resistance and capacitance between the reference and sample platforms in the DSC 

sensor.  The calibration is based on two experiments: one experiment with an empty cell and 

a second experiment with equal weight sapphire disks on the sample and reference platforms 

as shown in Figure 4.5-2. 

The cell constant and temperature calibration were obtained by heating pure indium 

(~5 mg) in a sealed 304 SS sample pan used in this work, through its melting point (156.5895 

oC).  The cell constant is used as a calibration factor to adjust for subtle differences in the 

calorimetric response of the DSC cell whereas the temperature calibration ensures that the 

sample thermocouple reading is correct under experimental conditions.  These calibrations 

were verified at the beginning of every experiment by running the calibration sample in 

standard mode on the DSC.  When the difference between the calibrated heat flow and 

standard heat flow of the indium sample differed by more than 0.3 percent, the indium 

calibration procedures were performed.  An example of a typical heat flow curve during the 

cell constant and temperature calibration for indium is shown in Figure 4.5-3. 
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Figure 4.5-3.  Typical Heat Flow Calibration Curve using ~ 5 mg of Indium. 

 

4.6  Specific Heat Capacity Procedure 
 

In this work, we utilized the ASTM International (www.astm.org), originally known 

as the American Society for Testing and Materials (ASTM), standard test method for 

determining the specific heat capacity by differential scanning calorimetry under the 

designation of E 1269-05. 

During an experiment, an empty reference pan and a sample pan were placed on the 

sample platforms inside the DSC cell.  After the DSC cover was lowered into position, a 

method created to cool the sample pans to 25 oC and isothermally hold the samples at 25 oC 

for ten minutes would ensure that the specimen inside the sample pan reached an 

equilibrium starting condition.  After ten minutes, the DSC would then ramp up the 

temperature at a constant rate of 5 oC/min until the temperature reached 125.0 oC.  The 
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DSC would then cool the samples at a rate of 10 oC/min to 40 oC where the sample would 

then be safely removed. 

The specific heat capacity of a substance could then be determined by creating a 

baseline profile (empty sample pan), a standard sample profile, and a sample profile under 

identical conditions to those described previously.  The baseline would then be subtracted 

from each thermal profile using software provided by TA.  Figure 4.6-1 illustrates typical 

thermal profiles observed in this work. 
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Figure 4.6-1.  Typical DSC Curves for Specific Heat Capacity Measurements. 

 
 

In this work, the specific heat capacity for an unknown sample was referenced to the 

known heat capacity of aluminum oxide (Al2O3) (Acros Organics, #40 sieve, 99.98 – 99.99 

% pure) as described by Ditmars et al. (1985) and Archer et al. (1993) as shown in Figure 

4.6-2. 
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Figure 4.6-2.  Heat Capacity of Al2O3.  Points: ♦, Archer et al. (1993), ■, Ditmars et al. (1981) 

 

The specific heat capacity of a sample could then be determined by the difference in 

the y-axis displacement between the sample and blank curves at any desired temperature.  

The specific heat capacity of a sample could then be calculated using the following equation: 

 ( ) 60 pan
s P

P
s s

E D W CC s
W b W

⎡ ⎤ ⎡ ⎤⋅ ⋅ ∆ ⋅
= −⎢ ⎥ ⎢ ⎥⋅⎣ ⎦ ⎣ ⎦

 4-1 

Where 
CP(s) is the specific heat capacity of the sample, kJ/kg-K, 
E is the calorimetric sensitivity of the DSC apparatus, 
B is the heat rate, 5 oC/min, 
Ds is the vertical displacement between the empty sample pan and the sample DSC thermal 
curves at a given temperature, mW, 
Ws is the mass of the sample, mg, 
∆W, is the difference in mass between the reference pan and the sample pan, and  

pan
PC is the specific heat capacity of the 304 stainless steel pans. 
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The calorimetric sensitivity constant was based on the known heat capacity of Al2O3 

and was determined using the following equation: 

 2 3
b

60*
Al O pan

st P P
st

E W C W C
D

⎡ ⎤
⎡ ⎤= ⋅ + ∆ ⋅⎢ ⎥ ⎣ ⎦

⎣ ⎦
 4-2 

Where 
Dst is the vertical displacement between the empty sample pan and the Al2O3 DSC thermal 
curves at a given temperature, 
Wst the mass of Al2O3 sample, mg, and 

2 3Al O
PC is the specific heat capacity of Al2O3. 

 

In this work, the specific heat capacity for 304 stainless steel was described by 

Dobrosavljevic and Maglic (1992) using pulse calorimetry as shown in Figure 4.6-3. 
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Figure 4.6-3.  Specific Heat Capacity of 304 Stainless Steel from Dobrosavljevic and Maglic 
(1992). 
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For each sample an average of four runs was used to determine the specific heat 

capacity of the sample.  The reproducibility of the experimental method is illustrated in 

Figure 4.6-4 for water.  The accuracy and reproducibility of the specific heat capacity 

measurements were estimated to be ± 2.0 and 1.0 percent, respectively, based on 

benchmarking the experimental method to the specific heat capacity of water. 

4.12

4.14

4.16

4.18

4.2

4.22

4.24

4.26

20 40 60 80 100 120 140

Temperature (oC)

C
P
 (

kJ
/

kg
-K

)

 

Figure 4.6-4.  Reproducibility of the Specific Heat Capacity Experiments for H2O.  Points: ♦, 
Sample 1, ■, Sample 2, ▲, Sample 3, ●, Sample 4.  Line: ▬, Average. 

 

4.7  Experimental Results 
 

4.7.1  Pure H2O System 
 

We chose water as the first system to test in order to benchmark our results against 

the large volume of literature information reporting the pure component heat capacity of 

water as shown in Figure 4.7-1 and Figure 4.7-2. 
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Figure 4.7-1.  Specific Heat Capacity of Water.  Points: ♦, Kell et al. (1984), ■, Engineering 
Sciences Data (1966), ▲, Osborne et al. (1939), ●, Chiu et al. (1999), and ×, from this work. 
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Figure 4.7-2.  Enlargement of Figure 4.7-2 for the Specific Heat Capacity of Water.  Points: 
♦, Kell et al. (1984), ■, Engineering Sciences Data (1966), ▲, Osborne et al. (1939), ●, Chiu et 
al. (1999), and ×, from this work. 
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 Figure 4.7-2 illustrates experimental results from this work as compared to accepted 

literature values.  Overall, experimental specific heat capacity measurements from this work 

are within ± 0.4 percent of the average specific heat capacity of water even though, 

experimental results from this work tend to underestimate published literature data.  Due to 

this discrepancy, we gave a conservative estimate for the accuracy of the specific heat 

capacity measurements of ± 2.0 percent. 

4.7.2  Pure MEA System 
 

We chose MEA as the second system to be tested due to the large volume of 

literature information available for the pure component specific heat capacity.  A 

comparison of the experimental literature data and measurements from this work are shown 

in Figure 4.7-3. 

2500

2600

2700

2800

2900

3000

3100

3200

0 20 40 60 80 100 120 140
Temperature (oC)

C
p
 (

J/
kg

-K
)

 

Figure 4.7-3.  Specific Heat Capacity of MEA.  Points: ■, The Dow Chemical Company 
(1981), ●, Swanson and Chueh (1973), ♦, Chiu et al. (1999) and ▲, from this work. 
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Figure 4.7-3 illustrates that experimental specific heat capacity from this work agree 

with published literature data within ± 2.0 percent of the average specific heat capacity.  

Experimental results from this work illustrate a similar trend in the temperature dependence 

as compared to experimental results from The Dow Chemical Company (1981) and 

Swanson and Chueh (1973). 

4.7.3  H2O-MEA System 
 

For the binary system, H2O-MEA, we chose to compare experimental specific heat 

capacity measurements for 3.5 and 7 m MEA against literature data from Page et al. (1993), 

and Chiu and Li (1999) at 40, 60, and 80 oC as shown in Figure 4.7-4 through Figure 4.7-6. 
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Figure 4.7-4.  Specific Heat Capacity for Mixtures of H2O-MEA at 40 oC.  Points: ■, Pagé et 
al. (1993), ♦, Chiu and Li (1999), and ▲, from this work. 
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Figure 4.7-5.  Specific Heat Capacity for Mixtures of H2O-MEA at 60 oC.  Points: ♦, Chiu 
and Li (1999), and ▲, from this work. 
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Figure 4.7-6.  Specific Heat Capacity for Mixtures of H2O-MEA at 80 oC.  Points: ♦, Chiu 
and Li (1999), and ▲, from this work. 
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Figure 4.7-4 through 4.7-6 illustrates that experimental results from this work are 

consistent with reported specific heat capacity measurements from Page et al. (1993), and 

Chiu and Li (1999) over the entire temperature and concentration range. 

4.8  Conclusions 
 

In conclusion, in this work we have developed a consistent method, based on the 

ASTM standard, to measure specific heat capacity of alkanolamine solutions.  The 

experimental results are consistent and agree well with key literature data.  We are confident 

in the method to measure the specific heat capacity of loaded alkanolamine solutions, but we 

would like to recommend that more work be done in this area to verify experimental results 

reported in this work and to expand the experimental database for specific heat capacity 

measurements.  Overall, the presented specific heat capacity method provides an 

opportunity for future work to contribute to the understanding of calorimetric heat effects 

associated with aqueous alkanolamine solutions. 
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_________________ 

CHAPTER V  Solid-Liquid Equilibrium Methods 
 and Solid Phase Characterization 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

5.1  Introduction 
 

In the carbon capture processes, the deposition of a salt within the process could 

cause premature equipment fouling or seizing and should be avoided for systems not 

designed for salt precipitation.  Thus, for carbon capture process utilizing a salt and/or 

amine for the chemical solvent, knowledge about the range of conditions where salt 

precipitation is possible is very important.  In this work, we have investigated possible 

methods to describe the solid solubility of salt precipitation in a binary system of H2O-PZ 

and solid solubility in the H2O-K2CO3-PZ-CO2 system.   

In addition, Cullinane (2005) reported solid-liquid equilibrium (SLE) for mixtures of 

potassium carbonate with piperazine and potassium bicarbonate with piperazine at 25 and  

40 oC and theorized as to the composition of the solid phase, but did not investigate the 
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solubility of loaded potassium carbonate, potassium bicarbonate, and piperazine mixtures.  

In this work, we were able to characterize the solid phase in loaded potassium-piperazine 

mixtures through x-ray diffraction as potassium piperazine dicarbamate (K2PZ(COO)2). 

For mixtures of loaded potassium-piperazine-monoethanolamine mixtures, we were 

able to observe the precipitation of a solid phase and determine through powder x-ray 

diffraction that the solid phase was the combination of two salts, KHCO3 and K2PZ(COO)2. 

This chapter will be divided into three parts: part one describes solid solubility 

measurements for the H2O-PZ system utilizing results from differential scanning calorimetry 

(DSC), part two describes solid solubility utilizing visual observations to determine the salt 

dissolution temperature for mixtures in the H2O-K2CO3-PZ-CO2 system, and part three 

describes solid phase characterization utilizing unit cell x-ray diffraction and powder x-ray 

diffraction.  X-ray diffraction experiments were conducted by Lynch (2007). 

5.2  Chemicals 
 

Chemicals used in this work included: CO2 (Matheson Tri-Gas, ≥ 99.99 % pure), 

MEA (Acros Organics, 99 % pure), PZ (Fluka Chemie GmbH, ≥ 98.0 % pure), K2CO3 

(Fluka Chemie GmbH, ≥ 99.0 % pure), and KHCO3 (Sigma-Aldrich Inc., ≥ 99.5 % pure).  

All chemicals were used without any further purification. 
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5.2.1  Solution Preparation 
 

All solutions were prepared gravimetrically from ultra pure deionized water.  

Potassium-piperazine solutions were loaded with CO2 by slowly sparging pure CO2 (~0.1 

gm/10 sec) through a submerged fritted disk in the solution as shown in Figure 5.2-1.  The 

CO2 loader was placed on a top-loading scale (± 0.1 gm).  As CO2 reacted with the amine 

solution, the amount of CO2 absorbed into the solution would then be displayed on the scale 

and would continue until the desired loading was reached.  Potassium-piperazine solutions 

loaded with this technique produced CO2 loadings within ± 5.0 % based on an analytical 

analysis of the loaded solution.  Liquid samples containing bound CO2 were analyzed for 

total CO2 by acidic evolution method.  The total alkalinity of the solution was determined by 

a standard monotonic endpoint sulfuric acid/sodium hydroxide titration analysis.  Please 

refer to Appendix C for more information. 

 

Figure 5.2-1.  CO2 Loading Apparatus. 
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─ Part One ─ 

 

5.3  H2O-PZ Solid Solubility 
 

The solid solubility for mixtures of H2O-PZ was determined utilizing a differential 

scanning calorimeter and a thermal analysis controller from TA Instruments as previously 

described in Chapter IV, where the difference in the amount of heat required to increase the 

temperature of a sample and reference is measured as a function of temperature.  During an 

experiment both the sample and reference pans are maintained at nearly the same 

temperature throughout the experiment.  When a material within the sample pan undergoes 

a physical transformation such as a phase transition, more (or less) heat will be required to 

flow to the sample pan than into the reference pan in order to maintain both pans at the 

same temperature.  By observing the difference in heat flow between the sample and 

reference pans, a DSC is able to measure the amount of heat absorbed or released during 

such transitions.  In this work, we utilized the DSC to determine the dissolution temperature 

of the solid phase, vis-à-vis synthetic method, as function of concentration and temperature.  

This technique has been previously described by Nibu and Inoue (1998) for the 

determination of the solid-liquid phase behavior for binary mixtures of tetraethylene glycol 

decyl ether and water.  In this work, we were able to infer the dissolution temperature based 

on experimental DSC thermal profiles to determine temperature dependent equilibrium 

constants for the following reactions as described in Chapter IX. 

 2 26 6PZ H O PZ H O⋅ ↔ +  5-1 
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 anhPZ PZ↔  5-2 

Where 
26PZ H O⋅ is piperazine hexahydrate, 

anhPZ is anhydrous piperazine. 
 

Mixtures of water and piperazine were gravimetrically prepared for piperazine 

concentrations between 0 to 40 m (mole/kg-H2O).  For each piperazine concentration, a 

fifty gram batch solution was prepared and approximately 59.5 mg of the experimental 

solution was placed inside two sample pans for analysis. 

During an experiment, an empty reference pan and a sample pan were placed on the 

sample platforms inside the DSC cell.  After the DSC cover was lowered into position, a 

method was created to pre-melt the sample by equilibrating the sample at 150 oC.  This 

would ensure that the experimental sample covered the bottom of the sample pan.  The 

sample was then slowly cooled to -20 oC and isothermally held at -20 oC for ten minutes to 

ensure that the specimen inside the sample pan reached an equilibrium starting condition.  

After ten minutes, the DSC would then ramp up the temperature at a constant rate of 5 

oC/min until the temperature reached 125.0 oC.  The DSC would then cool the samples at a 

rate of 10 oC/min to 40 oC where the sample would then be safely removed. 

The dissolution temperature was then assigned to the maximum peak height for each 

phase transition.  Figure 5.3-1 and Figure 5.3-2 illustrates typical thermal profiles observed in 

this work. 
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Figure 5.3-1.  DSC Thermal Profiles for Mixtures of 1 to 10 m PZ. 
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Figure 5.3-2.  DSC Thermal Profiles for Mixtures of 15 to 40 m PZ. 

 

2425



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
96 

 
Figure 5.3-1 and Figure 5.3-2 illustrate typical DSC thermal profiles obtained by 

heating various mixtures of water and piperazine from -20 to 125 oC.  The endothermic peak 

(A) was assigned to the melting of water in the form of ice in the presence of piperazine.  As 

the concentration of piperazine is increased, the presence of the endothermic peak (B) was 

assigned to the melting of piperazine hexahydrate.  From 10 to 20 m PZ, the formation of a 

eutectic mixture of piperazine hexahydrate and anhydrous piperazine was assigned to the 

endothermic peak (C).  Beyond 20 m PZ, formation of anhydrous piperazine was assigned to 

the endothermic peak (D). 

With the determination of the dissolution temperature for each piperazine 

concentration, a T-X phase diagram for the mixture can be constructed based on the DSC 

results.  Figure 5.3-3 illustrates a possible phase diagram for water-piperazine mixtures 

obtained by plotting the peak temperatures from the DSC thermal profiles against the weight 

fraction of piperazine in the mixture as compared to experimental solid solubility 

measurements from Bishnoi (2002). 

Figure 5.3-3 illustrates the start of solidification from a homogeneous liquid state (U) 

and then by cooling the sample the mixture will pass through the liquidius and then finally 

solidus lines.  At each end of the liquidius line are the pure component melting points for 

water (F1) and piperazine (F2).  Points E1 and E2 may be considered eutectic points.  A 

eutectic or eutectic mixture is a mixture where all the constituents crystallize simultaneously 

and form a molten liquid solution.  This type of simultaneous crystallization of a eutectic 

mixture is known as a eutectic reaction where the composition and temperature at which the 
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eutectic reaction takes place is called the eutectic point.  A eutectic point is commonly 

exhibited at the bottom of the "V" formed by two liquidius lines. 
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Figure 5.3-3.  T-X Phase Diagram for Mixtures of H2O-PZ.  Points: ♦, Bishnoi (2002), ■, 
liquidius ▲, solidus.  Solid lines: Best Fit Approximations, Dash lines: Extrapolations.  
Abbreviations: U: Homogenous Liquid, L: Metaphase Liquid, F: Pure Component Melting 
Points, E: Eutectic Point, A: Piperazine, and B: Water. 

 
Based on the above solid solubility for mixtures of H2O-PZ, we chose not to 

describe the anhydrous precipitation in our final model because conditions where anhydrous 

piperazine (wPZ > 0.6) would precipitate from an aqueous solution are well beyond the salt 

concentrations of interest in connection with carbon capture processes and its modifications.  

Experimental solubility from Bishnoi et al. (2002) and from this work, describing liquidius 

phase transitions between 9 and 45 weight percent of piperazine, were used to determine 

coefficients for the temperature dependent equilibrium constant for Equation 5-1 through 
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optimum model predictions for the H2O-PZ system as described in Chapter IX, Section 

9.2.4. 

In this work, we did not investigate solid solubility for the H2O-PZ-CO2 system.  As 

described in Chapter XIV, we were able to use the optimum model as a predictive tool to 

illustrate the possible effects of loading on the solid solubility in the H2O-PZ-CO2 system 

over the concentration range from 1 to 5 m PZ.  We would recommend that future work 

should verify predictions from this work to create a rigorous and consistent thermodynamic 

model for predicting vapor-liquid and solid-liquid equilibrium for the H2O-PZ-CO2 system. 

 

─ Part Two ─ 

 

5.4  Solid Solubility Visual Observations 
 

Visual observations of the solid solubility for the H2O-K2CO3-PZ-CO2 system were 

conducted in this work utilizing the synthetic method by Marshall et al. (1954) where we 

prepared loaded solutions of known liquid phase compositions and then visually determined 

the temperature at which a phase transition occurred.  The solution was sealed in a 30 ml 

media sample bottle containing a micro-stir bar for agitation.  The sample bottles were 

placed in a water bath (± 0.1 oC) and then on top of a magnetic stir plate and allowed to 

equilibrate over a period of 24 hours before a visual observation as to the presence of a solid 

phase was made.  The water bath temperature would then be raised 0.5 oC where the sample 

bottle would again be allowed to equilibrate.  This process would continue until all of the 

solutions represented a clear and homogenous solution.  The dissolution temperature was 
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then determined as the average temperature between the visual observation of a solid phase 

and that of a clear and homogenous solution.  In this work, only solution compositions of 5 

m K+ + 2.5 m PZ, 6 m K+ + 1.2 m PZ, and 5 m K+ + 3.6 m PZ demonstrated the 

possibility for the precipitation of a solid phase.  The accuracy of the measurements 

depended on the ability to detect the last trace of a dissolving solid or the first appearance of 

a precipitating solid.  We would recommend that future work verify the dissolution 

temperatures reported in this work and utilize a more sophisticated and accurate method 

than that presented in this investigation. 

5.3.1  Experimental Results 
 

Figure 5.4-1 through Figure 5.4-4 illustrate visual observations conducted in this 

work to determine the dissolution temperature for mixtures in the H2O-K2CO3-PZ-CO2 

system.  Figure 5.4-4 illustrates a three dimensional representation of the determined 

dissolution temperatures associated with mixtures of 5 m K+ + 2.5 m PZ (K+/PZ = 2), 6 m 

K+ + 1.2 m PZ (K+/PZ = 5), and 5 m K+ + 3.6 m PZ (K+/PZ = 1.39) where the potassium 

to piperazine ratio was utilized to differentiate the solution compositions. 

Figure 5.4-1 through Figure 5.4-3 illustrates the precipitation of KHCO3 and 

K2PZ(COO)2 for mixtures in the H2O-K2CO3-PZ-CO2 system and were verified through 

unit cell x-ray diffraction preformed by Lynch (2007).  Please refer to section 5.3.2 for more 

information about the determination of the K2PZ(COO)2 salt. 
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Figure 5.4-1.  Visual Observations in Determining the Dissolution Temperature for Mixtures 
of 5 m K+ + 3.6 m PZ.  Points: ♦, Presence of a Solid Phase, ■, Presence of a Clear and 
Homogenous Solution, ▲, Temperature of Dissolution. 
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Figure 5.4-2.  Visual Observations in Determining the Dissolution Temperature for Mixtures 
of 5 m K+ + 2.5 m PZ.  Points: ♦, Presence of a Solid Phase, ■, Presence of a Clear and 
Homogenous Solution, ▲, Temperature of Dissolution. 
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Figure 5.4-3.  Visual Observations in Determining the Dissolution Temperature for Mixtures 
of 6 m K+ + 1.2 m PZ.  Points: ♦, Presence of a Solid Phase, ■, Presence of a Clear and 
Homogenous Solution, ▲, Temperature of Dissolution. 
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Figure 5.4-4.  Visual Observations in Determining the Dissolution Temperature for Mixtures 
in the H2O-K2CO3-PZ-CO2 System.  Points: ♦, 5 m K+ + 3.6 m PZ, ■, 5 m K+ + 2.5 m PZ, ▲, 
6 m K+ + 1.2 m PZ. 
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Using vacuum filtration, we were able to separate the K2PZ(COO)2 solid phase from 

the mother liquor in a solution of 5 m K+ + 3.6 m PZ.  The solid phase was then dried in a 

vacuum over the course of 24 hours.  The crystals were then documented using a scanning 

electron microscope and a digital camera as shown in Figure 5.4-5 and Figure 5.4-6. 

 

Figure 5.4-5.  Scanning Electron Microscope Image of K2PZ(COO)2 salt at a Magnification  
of 120 µm. 

 
Figure 5.4-6.  Digital Image of K2PZ(COO)2 salt. 
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─ Part Three ─ 

 

5.5  Solid Phase Characterization 
 

Solid phase characterization in this work was performed in two phases:  phase one 

described the determination of the potassium piperazine dicarbamate (K2PZ(COO)2) 

through unit cell x-ray diffraction preformed by Lynch (2007), and phase two describes 

powder x-ray diffraction for the characterization of the solid phase present in mixtures of 

loaded potassium-piperazine-monoethanolamine mixtures. 

5.3.2  Unit Cell X-ray Diffraction 
 

In this work, Lynch (2007) performed unit cell x-ray diffraction on samples of 5 m 

K+ + 2.5 m PZ, 6 m K+ + 1.2 m PZ, and 5 m K+ + 3.6 m PZ to determine the structure of 

the present solid phase.  Low loading samples contained a KHCO3 salt and were verified 

through the comparison of the unit cell structure to the known unit cell powder diffraction 

file based on Thomas et al. (1974).  High loading samples were found to contain a 

K2PZ(COO)2 salt based on the structure of the unit cell as described by the following 

experimental description as prepared by Lynch (2007) for inclusion in this work. 

 
X-ray Diffraction Experiment for K2PZ(COO)2  

Crystals grew as large, colorless prisms by slow cooling from water.  The data crystal 

was cut from a much larger crystal and had approximate dimensions of 0.43 x 0.33 x 0.08 

mm.  The data were collected on a Nonius Kappa CCD diffractometer using a graphite 
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monochromator with MoKα radiation (λ = 0.71073Å).  A total of 133 frames of data were 

collected using ω-scans with a scan range of 2o and a counting time of 70 seconds per frame.  

The data were collected at 153 K using an Oxford Cryostream low temperature device.  

Details of crystal data, data collection, and structure refinement are listed in Table 5.5-1.   

Table 5.5-1.  Crystal Data for K2PZ(COO)2 salt. 

Empirical formula  C6 H8 K2 N2 O4 
Formula weight  250.34 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 10.0350(4) Å α= 90°. 
 b = 3.9900(2) Å β= 106.766(3)°. 
 c = 11.5470(5) Å γ = 90°. 
Volume 442.68(3) Å3 
Z 2 
Density (calculated) 1.878 Mg/m3 
Absorption coefficient 1.059 mm-1 
F(000) 256 
Crystal size 0.43 x 0.33 x 0.08 mm 
Theta range for data collection 2.12 to 27.45°. 
Index ranges -13<=h<=13, -5<=k<=5, -14<=l<=14 
Reflections collected 982 
Completeness to theta = 27.45° 97.2 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 982 / 0 / 66 
Goodness-of-fit on F2 1.122 
Final R indices [I>2sigma(I)] R1 = 0.0302, wR2 = 0.0919 
R indices (all data) R1 = 0.0328, wR2 = 0.0943 
Extinction coefficient 9.9(15)x10-5 

Largest diff. peak and hole 0.493 and -0.510 e.Å-3 
 
 

Data reduction were performed using DENZO-SMN (1997).  The structure was 

solved by direct methods using SIR97 (1999) and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-97 

[Sheldrick (1994)].  The hydrogen atoms on carbon were calculated in ideal positions with 
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isotropic displacement parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl 

hydrogen atoms). 

 The crystal was twinned.  The twin law was determined using the TwinRotMat utility 

in Platon98 [Spek (1998)].  The twin law was (-1, 0, ½; 0, -1, 0; 0, 0, 1) about the 0, 0, -1, 

direct axis direction.  The twin fraction refined to 0.642(5).  Platon98 was used as 

incorporated in WinGX (1999). 

The following function was minimized 

 ( )22 2
o cw F F−∑  5-3 

Where 

 
( ) ( )2 2

1
0.0451 0.3484o

w
F P Pσ

=
+ +

 5-4 

 
2 22

3
o cF F

P
+

=  5-5 

The square of the weighted residual ( )( )2
wR F was refined to 0.0943 with a residual 

( )( )R F equal to 0.0302 and a goodness of fit equal to 1.12.  Definitions used for 

calculating ( )R F , ( )2
wR F , and the goodness of fit, S, are given by Equation 5-6 through 5-

8. 

 ( ) ( )
1/222 2

2
4

o c

w
o

w F F
R F

w F

⎡ ⎤−⎢ ⎥= ⎢ ⎥
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∑
∑
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Where 
W is the weight given for each reflection. 
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Where 
( )4o oF Fσ>  
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Where 
n is the number of reflections, and 
p is the number of refined parameters.  
 

The data were corrected for secondary extinction effects based on the following 

form:   

 
( )

0.25

2 3
51 9.9 15 10

sin 2

c
corr

c

kFF
F λ

θ
−

⎡ ⎤
⎢ ⎥

= ⎢ ⎥
⎢ ⎥+ ×
⎢ ⎥⎣ ⎦

 5-9 

Where 
k is the overall scale factor. 
 

Neutral atom scattering factors and values used to calculate the linear absorption 

coefficient are from the International Tables for X-ray Crystallography (1992).  All figures 

illustrating the crystalline structure were generated using SHELXTL/PC [Sheldrick (1994)].  

Tables of positional and thermal parameters, bond lengths and angles, torsion angles, figures, 

and lists of observed and calculated structure factors are located in Tables 5.5-2 through 5.5-

8, respectively. 
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Table 5.5-2.  Fractional Coordinates and Equivalent Isotropic Thermal Parameters (Å2) for 
the non-hydrogen atoms for K2PZ(COO)2. 

 x y z U(eq)
K1 -1035(1) 7577(1) 3493(1) 12(1)
O1 1631(4) 7491(4) 5124(3) 14(1)
O2 1632(4) 7600(4) 3178(3) 13(1)
N1 3584(2) 5960(5) 4649(2) 10(1)
C1 2202(2) 7047(5) 4304(4) 9(1) 
C2 4219(3) 4632(7) 5861(2) 10(1)
C3 4215(3) 4694(7) 3747(2) 11(1)

 
 

Table 5.5-3.  Bond Lengths (Å) and Angles (o) for the Non-hydrogen Atoms for K2PZ(COO)2. 

K1-O1#1  2.708(3) O2-K1#3  2.712(2) 
K1-O2#2  2.712(2) O2-K1#2  2.726(3) 
K1-O2#3  2.726(3) N1-C1  1.396(2) 
K1-O1#4  2.748(3) N1-C3  1.457(3) 

K1-O1  2.793(3) N1-C2  1.460(3) 
K1-O2  2.803(3) C2-C3#5  1.529(3) 
K1-C1  3.1179(19) C2-H2A  0.96 
O1-C1  1.252(5) C2-H2B  0.96 

O1-K1#1  2.708(3) C3-C2#5  1.529(3) 
O1-K1#4  2.748(3) C3-H3A  0.96 

O2-C1  1.280(5) C3-H3B  0.96 
O1#1-K1-O2#2 155.58(4) O1#1-K1-O2 117.11(10) 
O1#1-K1-O2#3 80.94(5) O2#2-K1-O2 86.18(9) 
O2#2-K1-O2#3 94.39(9) O2#3-K1-O2 85.92(9) 
O1#1-K1-O1#4 93.99(10) O1#4-K1-O2 116.99(9) 
O2#2-K1-O1#4 80.47(5) O1-K1-O2 47.35(4) 
O2#3-K1-O1#4 155.83(4) O1#1-K1-C1 105.09(10) 

O1#1-K1-O1 86.72(9) O2#2-K1-C1 99.28(9) 
O2#2-K1-O1 116.27(9) O2#3-K1-C1 105.06(9) 
O2#3-K1-O1 117.28(9) O1#4-K1-C1 99.09(9) 
O1#4-K1-O1 85.75(9) O1-K1-C1 23.64(10) 
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Table 5.5-4.  Bond Lengths (Å) and Angles (o) for the Non-hydrogen Atoms for 
K2PZ(COO)2, Continued. 

O2-K1-C1 24.22(10) C1-O2-K1 91.82(18) 
C1-O1-K1#1 140.89(16) K1#3-O2-K1 94.10(9) 
C1-O1-K1#4 123.98(14) K1#2-O2-K1 93.80(9) 

K1#1-O1-K1#4 93.99(10) C1-N1-C3 120.3(3) 
C1-O1-K1 92.88(19) C1-N1-C2 120.6(3) 

K1#1-O1-K1 93.28(9) C3-N1-C2 113.56(16) 
K1#4-O1-K1 94.25(9) O1-C1-O2 125.12(18) 
C1-O2-K1#3 142.30(16) O1-C1-N1 117.5(3) 
C1-O2-K1#2 122.33(14) O2-C1-N1 117.3(3) 

K1#3-O2-K1#2 94.39(9) O1-C1-K1 63.47(17) 
O2-C1-K1 63.96(17) H2A-C2-H2B 108.1 
N1-C1-K1 165.81(13) N1-C3-C2#5 110.4(2) 

N1-C2-C3#5 110.3(2) N1-C3-H3A 109.1 
N1-C2-H2A 109.6 C2#5-C3-H3A 109.3 

C3#5-C2-H2A 109.7 N1-C3-H3B 110.1 
N1-C2-H2B 109.6 C2#5-C3-H3B 109.7 

C3#5-C2-H2B 109.5 H3A-C3-H3B 108.1 

Symmetry transformations used to generate equivalent atoms:  

#1: -x,-y+2,-z+1, #2: -x,y-1/2,-z+1/2, #3: -x,y+1/2,-z+1/2, #4: -x,-y+1,-z+1, #5: -x+1,-y+1,-z+1       
 
 
Table 5.5-5.  Anisotropic Thermal Parameters for the Non-hydrogen Atoms for K2PZ(COO)2. 

 U11 U22 U33 U23 U13 U12

K1 12(1) 12(1) 11(1) 0(1) 4(1) 0(1)
O1 12(1) 17(2) 13(1) 0(1) 6(1) 2(1)
O2 12(1) 15(1) 10(1) 2(1) 2(1) 3(1)
N1 11(1) 14(1) 6(1) 0(1) 3(1) 2(1)
C1 11(1) 3(1) 11(1) 0(1) 2(1) 0(1)
C2 13(1) 11(1) 8(1) 0(1) 4(1) 2(1)
C3 14(1) 11(1) 7(1) -1(1) 3(1) 2(1)
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Table 5.5-6.  Fractional Coordinates and Isotropic Thermal Parameters (Å2) for the 
Hydrogen Atoms for K2PZ(COO)2. 

 x y z U(eq)

H2A 4053 2264 5867 12 
H2B 3803 5671 6422 12 
H3A 3798 5792 2989 13 
H3B 4048 2331 3633 13 

 
Table 5.5-7.  Observed and Calculated Structure Factor Amplitudes for K2PZ(COO)2. 

   h  k  l 10Fo 10Fc 10s     h  k  l 10Fo 10Fc 10s     h  k  l 10Fo 10Fc 10s     h  k  l 10Fo 10Fc 10s     h  k  l 10Fo 10Fc 10s  
  
   1  0  0  252  256   5     1 -2 -1   54   52   1     1  1  2  171  178   1     0  1  3   18   18   1     2  0  4  216  193   2  
   2  0  0   78   72   1     0 -2 -1    8    1   2     2  1  2  227  231   2     1  1  3   96   91   5     3  0  4  183  184   1  
   3  0  0  580  607  11     1  2  1  113  111   2     3  1  2  413  400   3     2  1  3   54   56   1     4  0  4  539  536   6  
   5  0  0   47   30   1     2  2  1   10    5   1     4  1  2  415  403   3     4  1  3    5    6   2     5  0  4  264  271   2  
   6  0  0  171  170   1     3  2  1   28   32   1     5  1  2  194  198   1     5  1  3   58   56   1     6  0  4  414  409   5  
   7  0  0   60   65   1     4  2  1   28   27   1     6  1  2  175  169   1     6  1  3   77   75   2     7  0  4  313  304   4  
   8  0  0   62   60   1     5  2  1   77   74   1     7  1  2    4    4   4     7  1  3   57   55   2     8  0  4  397  390   8  
   9  0  0  174  176   3     6  2  1   45   44   1     8  1  2  242  241   2     8  1  3    7    0   4     9  0  4  237  237   5  
  10  0  0  138  137   3     7  2  1    3    3   3     9  1  2  209  210   3     9  1  3   22   27   3    10  0  4  180  166   5  
  11  0  0  121  123   3     8  2  1   78   70   2    10  1  2  176  168   2    10  1  3   27   24   2    11  0  4  179  167   7  
  12  0  0  149  141   5     9  2  1   41   41   1    11  1  2   70   74   2    11  1  3   33   34   2    12 -1 -4   73   77   2  
   1  1  0  298  288   3    10  2  1    3    2   2    11 -2 -2   94   96   2    11 -2 -3   17   25   3   -11  1  4   67   68   2  
   2  1  0   95  108   1    11  2  1   21   22   2    10 -2 -2   21   21   1    10 -2 -3   19   19   2    10 -1 -4   89   89   1  
   3  1  0  625  620   8    10 -3 -1   23   24   2     9 -2 -2  164  177   2     9 -2 -3   38   42   2     9 -1 -4   65   63   1  
   4  1  0  542  527   9     9 -3 -1    9    4   6     8 -2 -2  277  277   3     8 -2 -3    8    7   4     8 -1 -4  150  148   1  
  -5 -1  0  286  286   2     8 -3 -1   69   67   2     7 -2 -2  316  308   3     7 -2 -3   16   18   1     7 -1 -4  358  358   2  
   6  1  0  354  347   3     7 -3 -1   32   40   1     6 -2 -2  140  137   1     6 -2 -3   44   46   1     6 -1 -4  236  236   1  
   7  1  0  484  490   5     6 -3 -1   43   41   1     5 -2 -2  130  127   1     5 -2 -3    4    5   4     5 -1 -4  100  103   1  
   8  1  0  309  311   3     5 -3 -1    5    7   1     4 -2 -2  449  444   3     4 -2 -3   23   24   1     4 -1 -4  424  424   3  
   9  1  0  204  200   2     4 -3 -1   22   25   1     3 -2 -2  382  372   3     3 -2 -3   16   18   1     2 -1 -4  353  341   2  
  10  1  0  146  142   2     3 -3 -1    7    4   1     2 -2 -2  132  139   1     2 -2 -3  114  100   1     1 -1 -4   10    7   1  
  11  1  0  249  250   5     1 -3 -1   19   16   1     1 -2 -2  104  103   1     1 -2 -3   17   19   1     0  1  4  351  344   2  
  12  1  0  239  231   7     0 -3 -1   36   34   1     0 -2 -2  105  103   1     0  2  3   83   72   1     2  1  4  429  422   3  
   2  2  0  207  201   1     1  3  1   54   50   1     1  2  2  132  139   1     1  2  3   89   74   1     3  1  4   98  102   1  
   3  2  0  516  523   5     3  3  1   12   10   1     2  2  2  376  373   3     2  2  3   23   26   1     4  1  4  236  236   1  
   4  2  0  338  337   2     4  3  1   64   60   1     3  2  2  461  444   4     3  2  3   10   10   1     5  1  4  362  356   2  
   5  2  0  299  304   2     5  3  1    7    7   2     4  2  2  125  129   1     4  2  3    8   10   1     6  1  4  147  149   1  
   6  2  0   38   36   1     6  3  1   37   41   1     5  2  2  138  138   1     5  2  3   56   61   1     7  1  4   67   64   1  
   7  2  0   61   59   1     7  3  1   91   87   3     6  2  2  317  310   2     6  2  3   27   30   1     8  1  4   89   90   1  
   8  2  0  125  129   1     8  3  1    9    3   5     7  2  2  282  277   3     7  2  3   48   47   1     9  1  4   68   68   1  
   9  2  0  105  101   1     9  3  1    0    2   1     8  2  2  172  178   2     8  2  3    8    7   7    10  1  4   75   78   2  
  10  2  0  151  151   2     8 -4 -1   12    7   8     9  2  2   23   20   1     9  2  3    5    4   5   -12  2  4    0   17   1  
  11  2  0  156  150   3     7 -4 -1   37   39   1    10  2  2   94   96   2    10  2  3    0    8   1    11 -2 -4  301  295   6  
   1  3  0   12   12   1     6 -4 -1    9   10   7    10 -3 -2  239  235   5    10 -3 -3    0    7   1    10 -2 -4  325  360   6  
   2  3  0   75   78   1     5 -4 -1   86   86   4     9 -3 -2   95   95   2     9 -3 -3   20   26   3     9 -2 -4   86   86   1  
   3  3  0  297  292   3     4 -4 -1   17   14   1     8 -3 -2   54   54   1     8 -3 -3   18   25   2     8 -2 -4   58   59   1  
   4  3  0  415  417   5     3 -4 -1   23   24   1     7 -3 -2   83   83   1     7 -3 -3   20   20   1     7 -2 -4  490  479   5  
   5  3  0   16   18   1     2 -4 -1   10    2   2     6 -3 -2  253  256   2     6 -3 -3   57   54   1     6 -2 -4  265  262   2  
   6  3  0  132  129   1     1 -4 -1   20   18   1     5 -3 -2  175  175   1     5 -3 -3    3    5   3     5 -2 -4  157  156   1  
   7  3  0  329  321   4     0  4  1   24   21   1     4 -3 -2  262  260   3     4 -3 -3   14   16   1     4 -2 -4   31   28   1  
   8  3  0  344  349   5     1  4  1   57   57   1     3 -3 -2  155  156   1     3 -3 -3   13   11   1     3 -2 -4  212  210   1  
   9  3  0    6    9   6    -2 -4 -1   24   28   2     2 -3 -2  203  221   2     2 -3 -3    8    1   2     2 -2 -4  125  129   1  
  10  3  0    5   15   5    -3 -4 -1   11   14   4     1 -3 -2  388  380   4     1 -3 -3   50   50   1     1 -2 -4  357  353   3  
   0  4  0  447  445   5    -4 -4 -1   78   83   2     0 -3 -2  386  383   4     0  3  3   85   85   1     0  2  4  125  132   1  
   1  4  0  234  235   3    -5 -4 -1   27   29   2     1  3  2  219  217   2    -1 -3 -3   46   45   1     1  2  4  215  210   2  
   2  4  0   30   31   1     6  4  1    0    5   1    -2 -3 -2  154  155   2    -2 -3 -3   13   13   3     2  2  4   33   28   1  
   3  4  0  272  272   3     7  4  1   28   29   2    -3 -3 -2  264  261   4    -3 -3 -3   26   25   1     3  2  4  156  159   1  
  -4 -4  0  235  237   5     3 -5 -1   46   43   2     4  3  2  175  176   2     4  3  3   59   58   1     4  2  4  267  264   1  
  -5 -4  0  122  119   2     2 -5 -1   29   35   2     5  3  2  258  252   2     5  3  3   15   21   1     5  2  4  489  478   4  
   7  4  0   97  100   2     1 -5 -1   31   27   2     6  3  2   81   85   1     6  3  3    0    4   1     6  2  4   58   59   1  
  -1 -5  0   60   64   1     0 -5 -1    5    3   4     7  3  2   55   57   1     7  3  3    0    7   1     7  2  4   88   89   1  
  -2 -5  0   50   46   1    -1 -5 -1   15    9   3     8  3  2   96   93   2     8  3  3   22   27   2     8  2  4  367  360   5  
  -3 -5  0  240  245   8    -2 -5 -1   18    8   2     9  3  2  238  236   5     9  3  3   14   11   3     9  2  4  302  295   6  
  12 -1 -1   13   13   4   -12  0  2  217  213   6     8 -4 -2  240  241   7     8 -4 -3   16   18   3    10  2  4   18   17   5  
  11 -1 -1   14   14   3   -11  0  2  162  159   3     7 -4 -2  158  156   3     7 -4 -3   11    9   5    10 -3 -4   59   62   1  
  10 -1 -1   21   26   2   -10  0  2   78   80   1     6 -4 -2  107  109   2     6 -4 -3   15    9   2     9 -3 -4   81   80   1  
   9 -1 -1   20   26   1    -9  0  2  197  193   3     5 -4 -2   66   71   1     5 -4 -3   28   27   1     8 -3 -4  160  160   2  
   8 -1 -1    0    2   1    -8  0  2  270  284   4     4 -4 -2  255  254   3     4 -4 -3   20   22   1     7 -3 -4  184  181   2  
   7 -1 -1   20   23   1    -7  0  2  423  429   5     3 -4 -2  193  195   2     3 -4 -3   92   80   1     6 -3 -4  175  180   2  
   6 -1 -1   56   54   1    -6  0  2  215  215   2     2 -4 -2  141  138   2     2 -4 -3   18   20   1     5 -3 -4   48   47   1  
   5 -1 -1  110  105   3    -5  0  2  346  344   4     1 -4 -2   62   63   1     1 -4 -3    4    3   4     4 -3 -4  400  398   3  
   4 -1 -1  104   96   2    -4  0  2  424  436   6     0  4  2   61   61   1     0  4  3    0    3   1     3 -3 -4  283  277   3  
   3 -1 -1   33   36   1    -3  0  2  568  643  19    -1 -4 -2  139  140   2    -1 -4 -3   54   36   2     2 -3 -4  344  343   3  
   2 -1 -1   59   66   1    -2  0  2  294  296   2    -2 -4 -2  196  193   4    -2 -4 -3   63   50   1     1 -3 -4    7    4   1  
   1 -1 -1  202  265   3    -1  0  2  314  313   3    -3 -4 -2  254  257   5    -3 -4 -3   28   26   2     0  3  4  346  344   4  
   0 -1 -1  281  297   8     0  0  2  325  313   6    -4 -4 -2   71   69   2    -4 -4 -3   59   60   2     1  3  4  279  277   4  
   1  1  1  138  172   1     1  0  2  291  296   3    -5 -4 -2  106  108   2    -5 -4 -3   16   19   4    -3 -3 -4   49   46   1  
   2  1  1    7    8   1     3  0  2  412  436   5    -6 -4 -2  158  157   4    -6 -4 -3   19   16   4     4  3  4  179  179   2  
   3  1  1   88   89   1     4  0  2  339  344   4     7  4  2  230  243   4     2 -5 -3   41   41   1     5  3  4  181  182   2  
   4  1  1   97   86   2     5  0  2  214  216   2     3 -5 -2   51   56   2     1 -5 -3   29   24   2     6  3  4  162  159   2  
   5  1  1  108   98   3     6  0  2  417  429   5     2 -5 -2  112  111   2     0 -5 -3    0   14   1     7  3  4   81   81   1  
   6  1  1   34   36   1     7  0  2  279  285   4     1 -5 -2  208  213   4     1  5  3   74   73   1     8  3  4   63   62   1  
   7  1  1    6    8   2     8  0  2  199  193   2     0 -5 -2  210  210   3   -13  0  4  174  168   6     8 -4 -4  104  109   3  
   8  1  1   19   26   1     9  0  2   79   79   1    -1 -5 -2  106  112   2   -12  0  4  179  168   5     7 -4 -4  198  196   3  
   9  1  1   13   21   1    10  0  2  160  159   3    -2 -5 -2   52   58   1   -11  0  4  245  236   5     6 -4 -4  279  277   5  
  10  1  1   14    8   2    11  0  2  215  215   6    12 -1 -3   26   26   2   -10  0  4  396  389   9     5 -4 -4   68   66   1  
  11  1  1    3   11   3    12 -1 -2   69   73   1    11 -1 -3   25   30   2    -9  0  4  304  303   7     4 -4 -4   34   36   1  
  11 -2 -1    8    7   8    11 -1 -2  170  168   3    10 -1 -3    9   11   3    -8  0  4  421  412   8     3 -4 -4   56   53   1  
  10 -2 -1   24   28   2    10 -1 -2  213  209   3     9 -1 -3   21   19   1    -7  0  4  268  271   4     2 -4 -4  224  227   3  
   9 -2 -1   50   50   2     9 -1 -2  243  240   3     8 -1 -3   85   75   3    -6  0  4  545  533   6     1 -4 -4   64   62   1  
   8 -2 -1   68   63   2     8 -1 -2    6    5   2     7 -1 -3   66   65   1    -5  0  4  181  180   2     0  4  4  224  227   2  
   7 -2 -1   30   34   1     7 -1 -2  172  171   1     6 -1 -3   22   23   1    -4  0  4  216  193   2    -1 -4 -4   54   55   1  
   6 -2 -1   69   62   2     6 -1 -2  195  196   1     5 -1 -3    0    1   1    -3  0  4   22   19   1    -2 -4 -4   31   37   2  
   5 -2 -1   30   31   1     5 -1 -2  417  404   5     4 -1 -3   59   54   1    -2  0  4  457  456   4    -3 -4 -4   67   66   1  
   4 -2 -1   55   61   1     4 -1 -2  404  399   3     3 -1 -3   54   57   1    -1  0  4  196  220   2    -4 -4 -4  279  278   7  
   3 -2 -1   18   15   1     3 -1 -2  224  229   1     2 -1 -3   42   48   1     0  0  4  463  460   8    -5 -4 -4  198  196   5  
   2 -2 -1   43   41   1     2 -1 -2  177  176   1     1 -1 -3    6    7   1     1  0  4   25   17   1    -6 -4 -4  103  108   3   
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Table 5.5-8.  Observed and Calculated Structure Factor Amplitudes for K2PZ(COO)2, 
Continued. 

   h  k  l 10Fo 10Fc 10s     h  k  l 10Fo 10Fc 10s     h  k  l 10Fo 10Fc 10s     h  k  l 10Fo 10Fc 10s     h  k  l 10Fo 10Fc 10s  
  
  12 -1 -5   35   38   2     3  0  6  124  123   1     4 -1 -7   37   33   1     5 -1 -8  369  360   2     2  2  9   29   26   1  
  11 -1 -5   21   27   2     4  0  6  222  221   2     3 -1 -7    9   10   1     4 -1 -8  293  286   2     3  2  9   51   49   2  
  10 -1 -5   15   20   2     5  0  6  400  393   3     2 -1 -7   69   60   1     3 -1 -8   77   79   1     4  2  9   20   21   3  
   9 -1 -5   95   85   4     6  0  6   54   53   1     1 -1 -7   44   50   1     2 -1 -8    8    6   1     5  2  9   10    3  10  
   8 -1 -5  121  108   5     7  0  6  106  108   3     0  1  7   27   24   1     1 -1 -8   79   79   1     6  2  9   49   59   3  
   7 -1 -5  100   94   2     8  0  6  114  110   2     1  1  7   30   28   1     0  1  8  295  287   2     9 -3 -9   42   47   1  
   6 -1 -5   14   16   1     9  0  6   52   52   2     2  1  7   34   36   1     1  1  8  369  359   3     8 -3 -9   33   38   1  
   5 -1 -5   23   21   1    12 -1 -6  173  174   5     3  1  7   23   28   1     2  1  8  184  190   1     7 -3 -9    2    3   2  
   4 -1 -5   76   63   1    11 -1 -6  354  345   6     4  1  7   18   21   1     3  1  8    8    9   1     6 -3 -9   29   29   1  
   3 -1 -5  117  111   1   -10  1  6  315  315   7     5  1  7   30   34   1     4  1  8  268  264   2     5 -3 -9    0    6   1  
   2 -1 -5   34   37   1     9 -1 -6   19   15   1     6  1  7   36   36   1     5  1  8  264  262   3     4 -3 -9   91   74   2  
   1 -1 -5   27   30   1     8 -1 -6  365  362   5     7  1  7    0    2   1     6  1  8  140  141   2     3 -3 -9   12    9   3  
   0  1  5   75   79   1     7 -1 -6  367  363   3     8  1  7   23   26   1     7  1  8  123  122   2     2 -3 -9   37   35   1  
   1  1  5   96   86   2     6 -1 -6  263  262   1     9  1  7    8   12   7    11 -2 -8  176  176   3     1 -3 -9   57   51   1  
   2  1  5   56   54   1     5 -1 -6   62   64   1    11 -2 -7   11   17  10    10 -2 -8  116  116   2     0  3  9   29   23   1  
   3  1  5    7   10   1     4 -1 -6  206  196   1    10 -2 -7   33   36   2     9 -2 -8   96   96   1    -1 -3 -9   19   12   1  
   4  1  5   49   46   1     3 -1 -6   62   73   1     9 -2 -7    0    0   1     8 -2 -8  137  135   1     2  3  9   41   42   1  
   5  1  5  118  109   3     2 -1 -6  280  281   2     8 -2 -7   29   32   1     7 -2 -8  245  244   2     3  3  9    6   11   5  
   6  1  5  124  113   4     1 -1 -6  279  285   2     7 -2 -7   53   52   1     6 -2 -8  175  171   1     4  3  9   29   36   3  
   7  1  5   41   43   1     0  1  6   64   76   1     6 -2 -7    8    9   2     5 -2 -8  171  174   1     4 -4 -9   16   13   2  
   8  1  5    0    2   1     1  1  6  204  198   1     5 -2 -7    5    5   2     4 -2 -8   16   17   1     3 -4 -9   14   17   3  
   9  1  5   40   39   1     2  1  6   63   67   1     4 -2 -7   13   12   1     3 -2 -8  335  331   2     2 -4 -9    9    4   3  
  10  1  5   45   51   2     3  1  6  262  267   2     3 -2 -7  104   94   1     2 -2 -8  308  304   2     1 -4 -9   44   44   1  
  11 -2 -5    5    2   5     4  1  6  370  364   3     2 -2 -7    9    5   1     1 -2 -8  331  330   2     0  4  9    8   13   5  
  10 -2 -5    0    3   1     5  1  6  357  361   4     1 -2 -7   46   51   1     0  2  8   19   16   1   -11  0 10  145  150   5  
   9 -2 -5   25   28   1     6  1  6   15   11   1     0  2  7   44   37   1     1  2  8  171  177   1   -10  0 10  322  318   8  
   8 -2 -5   26   30   1     7  1  6  318  316   4     1  2  7   30   30   1     2  2  8  176  172   1    -9  0 10  221  227   5  
   7 -2 -5   53   55   1     8  1  6  354  346   6     2  2  7   10   12   1     3  2  8  246  245   3    -8  0 10  149  157   2  
   6 -2 -5   12   11   1     9  1  6  175  174   4     3  2  7    8    9   1     4  2  8  137  136   1    -7  0 10  316  323   4  
   5 -2 -5   18   18   1    11 -2 -6   55   61   1     4  2  7   40   44   1     5  2  8   95   94   1    -6  0 10  249  244   2  
   4 -2 -5   59   60   1    10 -2 -6   16   18   2     5  2  7   22   24   1     6  2  8  119  117   2    -5  0 10  216  215   2  
   3 -2 -5   84   81   1     9 -2 -6  163  161   2     6  2  7   34   39   1     7  2  8  181  177   5    -4  0 10  126  124   1  
   2 -2 -5   85   84   1     8 -2 -6  120  119   1     7  2  7   20   23   1     9 -3 -8  197  195   4    -3  0 10  231  232   2  
   1 -2 -5   15   14   1     7 -2 -6  327  320   3     8  2  7   12   13   4     8 -3 -8  132  132   2    -2  0 10  234  234   3  
   0  2  5  122  127   1     6 -2 -6   69   71   1    10 -3 -7   24   28   2     7 -3 -8   94   93   1    -1  0 10  125  124   1  
   1  2  5   41   44   1     5 -2 -6  254  253   2     9 -3 -7   33   36   1     6 -3 -8  212  212   2     0  0 10  218  218   3  
   2  2  5   47   44   1     4 -2 -6  410  404   3     8 -3 -7   12    8   2     5 -3 -8  244  245   3     1  0 10  250  248   3  
   3  2  5   31   34   1     3 -2 -6  487  475   6     7 -3 -7   46   45   1     4 -3 -8  175  174   2     2  0 10  314  322   5  
   4  2  5   44   46   1     2 -2 -6  117  123   1     6 -3 -7   23   22   1     3 -3 -8  121  120   1     3  0 10  152  159   3  
   5  2  5   29   30   1     1 -2 -6  121  127   1     5 -3 -7    4    4   3     2 -3 -8    3    1   2     4  0 10  226  232   4  
   6  2  5   12   10   1     0  2  6  483  478   5     4 -3 -7   11   13   2     1 -3 -8  121  123   1     5  0 10  327  322   9  
   7  2  5   19   22   1     1  2  6  407  400   3     3 -3 -7   11    7   2     0  3  8  175  174   1     6  0 10  144  149   4  
   8  2  5    3    4   2     2  2  6  248  251   2     2 -3 -7   37   31   1    -1 -3 -8  248  245   3    11 -1-10  141  140   4  
   9  2  5   26   26   2     3  2  6   70   72   1     1 -3 -7   34   30   1    -2 -3 -8  214  212   4    10 -1-10   11    5   3  
  10 -3 -5   19   30   3     4  2  6  320  319   3     0 -3 -7   53   48   1     3  3  8   92   95   1     9 -1-10   47   48   1  
   9 -3 -5   11   14   6     5  2  6  120  118   1    -1 -3 -7   15   13   2     4  3  8  134  132   2     8 -1-10   62   60   1  
   8 -3 -5   36   37   1     6  2  6  163  161   2    -2 -3 -7   10    9   5     5  3  8  196  197   4     7 -1-10  266  259   2  
   7 -3 -5   39   38   1     7  2  6   19   19   1     3  3  7   34   32   1     6 -4 -8  138  137   3     6 -1-10  273  277   2  
   6 -3 -5   76   74   1     8  2  6   59   62   1     4  3  7    2    5   2     5 -4 -8  132  136   2     5 -1-10  197  198   1  
   5 -3 -5    0    5   1    10 -3 -6  212  209   5     5  3  7    0    0   1     4 -4 -8   48   53   1     4 -1-10  119  120   1  
  -4  3  5   23   32   1     9 -3 -6    0    4   1     6  3  7   23   25   2     3 -4 -8  167  163   2     3 -1-10  489  476   5  
   3 -3 -5   16   21   1     8 -3 -6  196  198   2     7 -4 -7   11    0   6     2 -4 -8  246  246   4     2 -1-10  486  474   5  
  -2  3  5  102   96   1     7 -3 -6  336  331   4     6 -4 -7   52   52   1     1 -4 -8  164  164   2     1 -1-10  117  116   1  
   1 -3 -5  104   93   1     6 -3 -6  175  177   2     5 -4 -7   18   19   2     0  4  8   49   51   1     0  1 10  202  202   1  
   0 -3 -5   40   29   1     5 -3 -6   10    7   1     4 -4 -7   74   68   2     1  4  8  136  135   2     1  1 10  275  278   3  
   1  3  5   15   15   1     4 -3 -6   39   43   1     3 -4 -7   37   34   1    -2 -4 -8  136  140   2     2  1 10  266  257   3  
   2  3  5    0    1   1     3 -3 -6  231  229   2     2 -4 -7   22   20   1    11 -1 -9   24   28   2     3  1 10   60   59   1  
  -3 -3 -5   12    9   2     2 -3 -6  132  133   1     1 -4 -7   16   15   2    10 -1 -9   14   14   2     4  1 10   45   46   2  
   5  3  5   39   38   1     1 -3 -6  134  130   1     0  4  7   42   36   1     9 -1 -9   26   27   1     5  1 10    4    4   3  
   6  3  5    5    2   5     0  3  6  228  233   2    -1 -4 -7   18   19   2     8 -1 -9   43   44   1     6  1 10  142  139   5  
   7  3  5   47   50   1     1  3  6   36   43   1    -2 -4 -7   16   11   2     7 -1 -9   61   65   1    10 -2-10  209  212   3  
   7 -4 -5   19   21   1    -2 -3 -6   10    8   4   -12  0  8  167  167   4     6 -1 -9   30   38   1     9 -2-10  297  300   4  
   6 -4 -5   31   32   1    -3 -3 -6  184  178   3   -11  0  8  257  247   8     5 -1 -9    4    7   4     8 -2-10    7    9   6  
   5 -4 -5   41   44   1     4  3  6  335  334   4   -10  0  8   97   98   2     4 -1 -9   29   28   1     7 -2-10  115  112   1  
   4 -4 -5   69   71   1     5  3  6  201  195   2    -9  0  8   80   82   1     3 -1 -9  127  112   2     6 -2-10  309  316   3  
   3 -4 -5   74   69   1     6  3  6    5    3   5    -8  0  8  227  224   4     2 -1 -9  127  114   2     5 -2-10  208  205   2  
   2 -4 -5    4    2   3     7  3  6  215  212   7    -7  0  8  156  149   1     1 -1 -9   79   71   1     4 -2-10   43   46   1  
   1 -4 -5   16   15   1     7 -4 -6  121  122   2    -6  0  8  340  348   3     0  1  9   17   19   1     3 -2-10   90   94   1  
   0  4  5   16   12   2     6 -4 -6   84   89   1    -5  0  8  128  131   1     1  1  9   34   38   1     2 -2-10   88   93   1  
  -1 -4 -5  130  111   2     5 -4 -6  186  190   3    -4  0  8   34   35   1     2  1  9   40   47   1     1 -2-10   42   45   1  
  -2 -4 -5   66   58   2     4 -4 -6  268  266   4    -3  0  8  175  177   1     3  1  9   61   63   1     0  2 10  213  208   2  
  -3 -4 -5   19   19   2     3 -4 -6  212  215   3    -1  0  8  170  177   2     4  1  9   40   41   1     1  2 10  317  318   6  
  -4 -4 -5   28   23   2     2 -4 -6  181  181   2     0  0  8   33   34   1     5  1  9   13   11   3     2  2 10  114  114   2  
  -5 -4 -5    8    7   7     1 -4 -6  184  184   2     1  0  8  128  133   2     6  1  9   23   27   3     3  2 10    0    7   1  
 -12  0  6   54   51   2     0  4  6  218  214   2     2  0  8  346  349   6     7  1  9   18   22   5     4  2 10  313  304   9  
 -11  0  6  110  110   2    -1 -4 -6  267  267   4     3  0  8  158  151   1    10 -2 -9   50   54   1     5  2 10  215  215   6  
 -10  0  6  106  107   2    -2 -4 -6  184  185   5     4  0  8  228  223   2     9 -2 -9   18   17   1    -8  3 10  160  158   3  
  -9  0  6   51   54   1    -3 -4 -6   84   88   2     5  0  8   82   81   1     8 -2 -9   45   49   2     7 -3-10  101  100   2  
  -8  0  6  405  394   7    -4 -4 -6  118  123   3     6  0  8   97   99   1     7 -2 -9   17   16   1     6 -3-10  280  275   5  
  -7  0  6  223  223   2    12 -1 -7   16   23   3     7  0  8  246  248   8     6 -2 -9   47   43   1     5 -3-10  120  124   2  
  -6  0  6  123  121   1    11 -1 -7    7    7   7    12 -1 -8   39   43   2     5 -2 -9   10   12   1     4 -3-10  124  127   2  
  -5  0  6  162  175   1    10 -1 -7    0    3   1    11 -1 -8  124  124   3     4 -2 -9   15   16   1     3 -3-10  325  324   3  
  -3  0  6  511  503   8     9 -1 -7   46   49   2    10 -1 -8  140  138   2     3 -2 -9   24   23   1     2 -3-10  328  324   4  
  -2  0  6  224  222   2     8 -1 -7   34   35   1     9 -1 -8  255  261   3     2 -2 -9    0    1   1     1 -3-10  122  123   2  
  -1  0  6  226  229   3     7 -1 -7   15   16   1     8 -1 -8  264  262   2     1 -2 -9   46   43   1     0  3 10  123  125   2  
   0  0  6  521  503   9     6 -1 -7   16   20   1     7 -1 -8   12    9   1     0  2  9   13   14   1     1  3 10  284  276   5  
   2  0  6  160  170   1     5 -1 -7   43   42   1     6 -1 -8  185  191   1     1  2  9   25   22   1     2  3 10  104  101   2   

 

 
 
 
 
 
 

2440



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
111 

 

 

Figure 5.5-1.  View of K2PZ(COO)2 showing the Atom Labeling Scheme.  Displacement 
Ellipsoids are Scaled to the 50 % Probability Level.  The Complex Lies on a Crystallographic 
Inversion Center at ½, ½, ½.  Atoms with Labels Appended by an “A” are Related by 1-x, 1-
y, and 1-z. 

 
Figure 5.5-2.  Unit Cell Packing Diagram for K2PZ(COO)2.  The View is Approximately 
Down the ”B” Axis. 
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5.3.3  Powder X-ray Diffraction 
 

In this work, we utilized powder x-ray diffraction for mixtures of loaded potassium-

piperazine-monoethanolamine mixtures to determine the relative amounts of KHCO3 and 

K2PZ(COO)2 present in experimental samples through the method of standard additions.  

Standard additions is a technique where samples are measured using powder x-ray diffraction 

with known concentrations of each component.  From the resulting diffraction pattern, the 

most intense peaks for each component are then correlated with the known phase impurity 

to build a calibration curve.  The most intense peaks associated with an unknown sample are 

then compared to the calibration curve to determine the relative amount of each component 

in the unknown sample. 

Figure 5.5-3 and Figure 5.5-4 illustrates the diffraction patterns measured in this 

work for the pure component samples of KHCO3 and K2PZ(COO)2, respectively, and Table 

5.5-9 documents the most intense peaks associated with each sample in the calibration curve 

presented in Figure 5.5-5. 

Table 5.5-9.  Pure Component Measured Intensities for KHCO3 and K2PZ(COO)2. 

Sample Angle (o) Intensity (counts/sec)
KHCO3 24.246 889 
20 wt% 27.827 894 
40 wt% 27.808 1551 
60 wt% 27.839 1639 
80 wt% 37.414 2998 

K2PZ(COO)2 27.824 1474 
Weight percent is in terms of K2PZ(COO)2. 
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Figure 5.5-3.  Powder Diffraction Pattern of Pure KHCO3. 
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Figure 5.5-4.  Powder Diffraction Pattern of Pure K2PZ(COO)2. 
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Figure 5.5-5.  Calibration Curve for Determining the Relative Amounts of KHCO3 and 
K2PZ(COO)2 Presented in Potassium + Piperazine + Monoethanolamine Mixtures. 

 

In this work, we analyzed two samples within the experimental design in mixtures of 

loaded potassium + piperazine + monoethanolamine for 5 m K+ + 3.6 m PZ + 7 m MEA 

and  5 m K+ + 2 m PZ + 7 m MEA to determine the relative amount of each salt present.  

Please note that the method presented in this work was intended to be a first order analysis 

and should not be considered a rigorous analysis method.  We were interested in illustrating 

possible trends in solid solubility presented in two samples for mixtures of loaded potassium 

+ piperazine + monoethanolamine. 

Based on the calibration curve illustrated in Figure 5.5-5, Table 5.5-10 gives the 

relative amounts of KHCO3 and K2PZ(COO)2 that were found in samples of 5 m K+ + 3.6 

m PZ + 7 m MEA and  5 m K+ + 2 m PZ + 7 m MEA. 
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Table 5.5-10.  Relative Amounts for KHCO3 and K2PZ(COO)2 in Mixtures of Loaded 
Potassium + Piperazine + Monoethanolamine. 

Sample KHCO3 (wt%) K2PZ(COO)2 (wt%) 
5 m K+ + 3.6 m PZ + 7 m MEA 23 77 
5 m K+ + 2 m PZ + 7 m MEA 78 22 

 

Table 5.5-10 illustrates that for the sample of 5 m K+ + 3.6 m PZ + 7 m MEA the 

majority of the solid phase was the K2PZ(COO)2 salt and for the sample of 5 m K+ + 2 m 

PZ + 7 m MEA the majority of the solid phase was the KHCO3 salt.  This illustrates a 

possible trend that with the increase in the piperazine concentration from 2 to 3.6 m, there 

may be an increase in the possibility of precipitation for the K2PZ(COO)2 salt.  These results 

would need to be verified in future work to determine the solid solubility for the H2O-

K2CO3-MEA-PZ-CO2 system as a function of concentration, temperature, and loading.  

Results presented in this work illustrate a small fraction of the possible combinations that 

would need to be examined to build a consistent solid solubility phase diagram for the H2O-

K2CO3-MEA-PZ-CO2 system. 

5.6  Conclusions 
 

In conclusion, in this work we were able to determine the dissolution temperature by 

analyzing DSC thermal profiles obtained by heating various mixtures of water and piperazine 

from -20 to 125 oC and construct a possible phase diagram for water-piperazine mixtures as 

compared to experimental sold solubility measurements from Bishnoi (2002).  In this work, 

we did not investigate solid solubility for the H2O-PZ-CO2 system, but would recommend 

that future work should verify predictions from this work to create a rigorous and consistent 
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thermodynamic model for predicting vapor-liquid and solid-liquid equilibrium for the H2O-

PZ-CO2 system. 

In addition, we were able to characterize the solid phase in the H2O-K2CO3-PZ-CO2 

system as potassium piperazine dicarbamate (K2PZ(COO)2) through unit cell x-ray 

diffraction analysis preformed by Vince Lynch.   

Using powder x-ray diffraction for the characterization of the solid phase present in 

mixtures of loaded potassium-piperazine-monoethanolamine mixtures, we were able to 

determine that for a sample of 5 m K+ + 3.6 m PZ + 7 m MEA, the majority of the solid 

phase present was the K2PZ(COO)2 salt and for a sample of 5 m K+ + 2 m PZ + 7 m MEA, 

the majority of the solid phase present was the KHCO3 salt.  In this work, we were able 

illustrate a possible trend indicating that with the increase in the piperazine concentration 

from 2 to 3.6 m, there may be an increase in the possibility of precipitation for the 

K2PZ(COO)2 salt.  We feel that these results should be verified for future work to determine 

the solid solubility for the H2O-K2CO3-MEA-PZ-CO2 system as a function of 

concentration, temperature, and loading.  Results presented in this work illustrate a small 

fraction of the possible combinations that would need to be examined to build a consistent 

solid solubility phase diagram for the H2O-K2CO3-MEA-PZ-CO2 system. 
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CHAPTER VI  Electrolyte Nonrandom 
 Two-Liquid Model 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

6.1  Introduction 
 

George E.P. Box once said, “All models are wrong, but some models are useful.”  

Implications of this statement underscore that models are really crude approximations and 

must be wrong.  An effective model is itself an abstraction of the real world with the ability 

to capture enough detail to be realistic.  Hence, models can be useful and powerful tools; an 

indispensable aid to research and a corner stone to industrial project applications. 

This chapter describes the electrolyte nonrandom two-liquid model (elecNRTL) and 

serves to document the constants and equations used in this work.  The first section 

discusses the basic scalar physical properties for molecular, ionic, and molecular solute 

species.  Temperature dependent relationships (i.e. Henry’s constant, heat capacity, Antoine 

equations, dielectric constants, etc.) are provided and discussed. 
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The discussion then turns to the structure of the elecNRTL model.  A basic 

overview of the theory is given and each ingredient of the model is discussed.  The vapor 

phase non-idealities were modeled by the Redlich-Kwong-Soave (SRK) equation of state 

[Soave (1972)] where liquid phase non-idealities in terms of the activity coefficients were 

modeled by the elecNRTL model [Chen et al. (1979, 1982), Chen and Evans (1986), and 

Mock et al. (1986)].  The elecNRTL model contains three terms: a Debye-Huckel term, Born 

correction for mixed solvents, and the local interactions term governed by the NRTL 

equations.  Equations for each part of the elecNRTL model are given and details on 

parameters and their structure are discussed within the framework of Aspen PlusTM 2006.5. 

6.2  Physical Properties 
 

In this work, we discovered that the foundations of the NRTL model and the 

elecNRTL within Aspen PlusTM are not transparent with respect to each other, where the 

calculation routes and scalar pure component proprieties are different between each model.  

In theory, as the concentration of ions in an electrolyte solution approaches zero, elecNRTL 

model reduces to the NRTL model of Renon and Prausnitz (1968).  We discovered that 

calculation routes for physical properties between the NRTL and the elecNRTL property 

models are different.  In the end, we will use the elecNRTL property model package with 

consistent scalar and temperature dependent parameters as compared to the DIPPR 

database for all future chapters to describe molecular and ionic interactions. 
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6.2.1  Scalar Properties 
 

Table 6.2-1 lists the differences for the molecular component critical constants used 

by the NRTL and elecNRTL physical property models within Aspen PlusTM as compared to 

the DIPPR database. 

Table 6.2-1.  Scalar Physical Properties for H2O, MEA, and PZ as given in the DIPPR 
database and within NRTL and elecNRTL models within Aspen PlusTM. 

NRTL elecNRTL Model DIPPR

Parameters Units H2O MEA PZ H2O MEA PZ H2O MEA PZ

API 10 7.5 80.4899 10 7.5 80.4899 10 7.5 80.4899
DGFORM kcal/mol -54.5978 -24.6728 40.6038 -54.64 -24.6728 40.6038 -54.6343 -24.6893 40.6310
DGSFRM kcal/mol -56.5492 -56.5492 -56.5492
DHFORM kcal/mol -57.7563 -49.3694 3.917073 -57.8 -50.2037 3.917073 -57.7949 -49.4025 3.91969
DHSFRM kcal/mol -69.9627 -69.9627 -69.9627
DHVLB kcal/mol 9.744507 11.88812 9.999355 9.717 12.21599 9.999355 9.744507 11.88812 9.999355
FREEZEPT oC 0 10.5 106 0.05 10.31 106 0.0 10.5 106
HCOM kcal/mol 0 -325.547 -653.96 0 -325.564 -653.96 0.0 -325.765 -654.398
MUP debye 1.849724 0.776462 1.470001 1.8 2.6 1.470001 1.84972 0.77646 1.47000
MW 18.01528 61.08372 86.13688 18.01528 61.08372 86.13688 18.01528 61.08308 86.1356
OMEGA 0.344861 0.446737 0.41376 0.344 0.83505 0.41376 0.344861 0.446737 0.41376
PC bar 220.64 71.24 55.3 220.4832 44.68 55.3 220.64 71.24 55.3
RKTZRA 0.243172 0.24764 0.243172 0.19852 0.243172 0.24764
SG 1 1.0179 0.667485 1 1.0179 0.667485 1 1.0179 0.667485
TB oC 100 170 146 100.05 170.5 146 100.0 170 146
TC oC 373.946 405.05 364.85 374.15 341.3 364.85 373.946 405.05 364.85
VB cc/mol 18.8311 68.6673 134.772 19.63607 75.00305 134.772 18.8311 68.6673 134.772
VC cc/mol 55.9472 225 310 55.89534 196 310 55.9472 225 310
VLSTD cc/mol 18.05 60.0161 129.371 18.04999 60.016116 129.371 18.0691 60.3415 129.371
ZC 0.229 0.284 0.323 0.229 0.1714 0.323 0.229 0.284 0.323  
 

For a complete list of scalar parameter nomenclature, please refer to Appendix N for 

more information.  Table 6.2-2 lists the critical constants for molecular salts, potassium 

carbonate (K2CO3) and potassium bicarbonate (KHCO3).  For precipitating species, 

K2CO3(s), KHCO3(s), piperazine hexahydrate (PZ·6H2O), and dipotassium piperazine 

dicarbamate (K2PZ(COO)2), the solid phase was described by the base pure component 

species where the molecular weight and melting point (if known) were adjusted to match the 
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precipitating species due to the limited thermodynamic information available in literature to 

accurately describe the solid phase within Aspen PlusTM. 

Table 6.2-2.  Pure Component Properties for Salt Species. 

Parameters Units K2CO3 KHCO3

DGFORM kcal/mol 0 0
DGSFRM kcal/mol -254.013 -206.243
DHFORM kcal/mol 0 0
DHSFRM kcal/mol -274.916 -230.056
FREEZEPT C 900.85  
MW  138.2058 100.1154
OMEGA  0 0
PC bar 50 50
TC C 1726.85 1726.85
VC cc/mol 100 100
ZC  0.2 0.2  
 

Table 6.2-2 lists the critical constants for molecular solutes, CO2. 

Table 6.2-3.  Pure Component Properties for Molecule Solutes. 

Parameters Units CO2  Parameters Units CO2

API  340 VB cc/mol 35.637394
DGFORM kcal/mol -94.26000048 VC cc/mol 94
DHFORM kcal/mol -94.0511 VLSTD cc/mol 61.6782
DHVLB kcal/mol 4.1 ZC  0.274
FREEZEPT C -56.57 RGYR meter 1.04E-10
HCOM kcal/mol 0 CHARGE  0
MUP debye 0 DGAQFM J/kmol -385980000
MW  44.0095 DGAQHG J/kmol -386232300
OMEGA  0.225 DHAQFM J/kmol -413800000
PC bar 73.83 DHAQHG J/kmol -414074520
RKTZRA  0.2736149 IONTYP  0
SG  0.3 OMEGHG J/kmol -8373600
TB C -78.45 S25HG J/kmol-K 117649.08
TC C 31.05 S025C J/kmol-K 117600

S025E J/kmol-K 210887.4  
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Table 6.2-4 and Table 6.2-5 give the critical constants for ionic species.  Pre-defined 

ionic species within the Aspen PlusTM database are shown in Table 6.2-4.  For user defined 

ionic species associated with MEA and PZ, DGAQFM and DHAQFM were calculated as 

described in Chapters VIII, IX, XIII, and XIV, as shown in Table 6.2-5. 

Table 6.2-4.  Pure Component Properties for Ionic Species. 

Parameters Units K+1 OH-1 H+1 HCO3
-1 CO3

-2

MW  39.09775 17.00789 1.00739 61.01769 60.0103
CHARGE  1 -1 1 -1 -2
DGAQFM J/kmol -283270000 -157244000 0 -587370182.1 -538355662.9
DGAQHG J/kmol -282650870 -157402750 0 -587332680 -528336480
DHAQFM J/kmol -252380000 -229994000 0 -690767961 -677140000
DHAQHG J/kmol -252338440 -230177700 0 -690394950 -675686720
IONRDL cc/mol -6.500429923 18 -7.799656062 -14.30008598 -6.500429923
IONTYP  1 2 1 4 3
OMEGHG J/kmol 80679636 722055528 0 533105244 1419911350
S25HG J/kmol-K 101111.22 -10718.208 0 98515.404 -50032.26
S025C J/kmol-K 102500 -10750 0 91200 -56900
S025E J/kmol-K -670 233253.5 0 444140.9 444140.9  
 
Table 6.2-5.  Pure Component Properties for Ionic Species Continued. 

Parameters Units MEAH+1 MEACOO-1 PZH+1 PZH+2 PZCOO-1

MW  62.09111 104.08613 87.14299 88.1504 129.13771
CHARGE  1 -1 1 2 -1
DGAQFM J/kmol -171023632 -492922520 102408575 91897612.25 -216402690
DHAQFM J/kmol -336961728.8 -707209080 -91542774.38 -122665214.9 -482028620  

Parameters Units PZ(COO-1)2 H+1PZCOO-1

MW  172.14 130.145
CHARGE  -2 1.00E-05
DGAQFM J/kmol -576616170 -273454210
DHAQFM J/kmol -860671110 -522383060  
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6.2.2  Temperature Dependent Properties 
 
Extended Vapor Pressure Correlation 

Table 6.2-6 gives the Antoine equations for molecular species from the DIPPR 

database [Rowley et al. (1994)] based on the following expression: 

 
( ) ( ) ( ) ( )0

2ln ln G
i

N BP A DT K E T K FT K
m T K C

⎛ ⎞ = + + + +⎜ ⎟ +⎝ ⎠
 6-1 

Ionic species are defined as non-volatile species and vapor pressure correlations for ionic 

species reflect this definition. 

Table 6.2-6.  Pure Component Antoine Equations. 

Components H2O PZ CO2 Ions
A 72.55 70.50 72.83 ‐1.00E+20
B ‐7207 ‐7915 ‐3403 0
C 0 0 0 0
D 0 0 9.49E‐03 0
E ‐7.139 ‐6.646 ‐8.560 0
F 4.046E‐06 5.21E‐18 2.91E‐16 0
G 2 6 6 0

( ) ( ) ( ) ( )0
2ln ln G

i
N BP A DT K E T K FT K
m T K C

⎛ ⎞ = + + + +⎜ ⎟ +⎝ ⎠  
 

Dielectric Constant 

The dielectric constant relates a component’s ability to stabilize an ionic solution.  As 

the dielectric constant increases, the tendency for ions to form and remain as ionic species 

also increases.  According to Atkins and de Paula (2002), the dielectric constant is related to 

the square of the refractive index.  Nevertheless, given the lack of substantial data, the 

dielectric constant for piperazine was assumed to be the same as piperidine and was obtained 
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from the CRC (2004) and corrected to the one experimental data point for piperazine.  The 

dielectric constant for water and monoethanolamine were obtained from the CRC (2004).  

The temperature dependence for water, monoethanolamine, and piperazine dielectric 

constants are represented in this work by the following functions:  

 
( )2

1 178.65 31989H O refD
T K T
⎛ ⎞

= + −⎜ ⎟⎜ ⎟
⎝ ⎠

 6-2 

 
( )
1 131.07 15128MEA refD

T K T
⎛ ⎞

= + −⎜ ⎟⎜ ⎟
⎝ ⎠

 6-3 

 
( )
1 14.25 1532PZ refD

T K T
⎛ ⎞

= + −⎜ ⎟⎜ ⎟
⎝ ⎠

 6-4 

Where 
refT is the reference temperature at 298.15 K.  

 
For the mixed solvent, the dielectric constant is calculated based on the following 

expression: 

 
i

sf
m m i

i
D w D=∑  6-5 

Where 

i

sf
mw is the solute free, solvent mass fraction. 

 
Henry’s Constant 
 

Henry’s constants are an important part for the vapor-liquid equilibrium of 

supercritical gases.  The Henry's constant model is used when Henry's Law to is applied to 

molecular solutes in enthalpy and aqueous chemistry algorithms within Aspen PlusTM.  

Aspen PlusTM utilizes a volume weighted mixing rule for the Henry’s solubility of CO2 in 

mixed solvent.  In this work, reference state for the activity coefficient of molecular solutes 
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(i.e. CO2) within Aspen PlusTM 2006.5 allows the user to choose between infinite dilution in 

mixed solvent or infinite dilution in aqueous solvent.  In the former, Aspen PlusTM utilizes a 

volume weighted mixing rule to describe the Henry’s constant of CO2 in mixed solvent as 

shown below.  

 ,

,

ln ln i Ai
A

Ai i A

HH w
γ γ∞ ∞

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
∑  6-6 

 This convention normalizes the reference state of CO2 to infinite dilution in 

solution, but in loaded alkanolamine solutions the reference state for the activity coefficient 

of CO2 at infinite dilution is not zero; therefore to account for this, Aspen PlusTM defines the 

asymmetric activity coefficient: 

 * i
i

i

γγ
γ ∞=  6-7 

Thus, Aspen PlusTM calculates iγ
∞ at any loading by setting the CO2 concentration to 

zero while allowing all of the other ionic species to remain at the loaded concentration 

values.  This results in a floating reference state for CO2 and for other CO2-related species as 

a function of loading. 

In this work, we chose to describe the reference state of molecular solutes in infinite 

dilution in water to be consistent with the ionic component reference state.  This distinction 

implies that only a correlation describing the Henry’s constant for CO2 in water is required 

within the elecNRTL model.  The Henry’s constant for CO2 in water can be described by 

the following expression within Aspen PlusTM.  
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 ( ) ( ) ( ) ( )
( )2

0 52
1 3 4 2ln , lni H O

CCH T P C C T K C T K
T K T K

= + + + +  6-8 

Where 
iH  is the Henry’s constant for CO2 in H2O at the system temperature and saturation 

pressure of water, 
2

0
H OP . 

 
 Table 6.2-7 gives the coefficients used in this work for the Henry’s constant for CO2 

in H2O given by Chen et al. (1979) based on Equation 6-8. 

Table 6.2-7.  Coefficients for the Henry’s Constant of CO2 in H2O (Pa/mole fraction). 

C1 C2 C3 C4 C5 

170.7126 -8477.711 -21.95743 0.005781 0.0 

ln H = C1 + C2/T(K) + C3·lnT(K) + C4·T(K) + C5/T(K)2 
 

In this work, we chose to describe the solubility of CO2 in water using the Chen et al. 

(1979) correlation for the Henry’s constant for CO2 in H2O.  Chen et al. (1979) developed 

their correlation based on the experimental work of Ellis and Golding (1963). 

Standard Enthalpy of Vaporization 

According to Atkins and de Paula (2002) the standard enthalpy of vaporization, also 

known as the heat of vaporization, is the energy required to transform a given quantity of a 

substance into a gas.  Aspen PlusTM relates the specific heat capacity to the ideal gas enthalpy 

and the heat of vaporization to eliminate errors associated with accurate thermal properties 

of both phases by the following method: 

 ( ) ,
ref

T
l l ref l
i i p i

T

H H T C dT− = ∫  6-9 

 ( ) ( )l ref ig v ig vap
i i i i iH T H H H H= + − −∆  6-10 
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Where 
( )l ref

iH T  is the reference enthalpy of component i at 298.15refT K= , 
ig
iH  is the ideal gas enthalpy of component i, 
v ig
i iH H− is the vapor enthalpy departure of component i, 

vap
iH∆  is the heat of vaporization of component i. 

 
The Watson heat of vaporization equation for H2O and MEA used in Aspen PlusTM 

is based on the following expression:   

 ( ) ( )
( )1 /

1
1

1 /
1 /

i i cia b T T

ci
i i

ci

T TH T H T
T T

+ −
⎛ ⎞−

∆ = ∆ ⎜ ⎟−⎝ ⎠
 6-11 

Where  
ciT is the critical temperature of component i, 

T  is the temperature, oC. 
 

The Watson equation estimates the heat of vaporization of a pure liquid component 

at any temperature from the known value at a single temperature ( )( )1iH T∆ .  Table 6.2-8 

gives the coefficients for the Watson heat of vaporization equation for H2O and MEA used 

in the elecNRTL model within Aspen PlusTM based on equation 6-11. 

Table 6.2-8.  Watson Heat of Vaporization Default Coefficients for H2O and MEA in the 
elecNRTL model [J/kmol]. 

Parameter Symbol H2O MEA 
DHVLWT-1 ∆H1(T1) 40655000 54835800
DHVLWT -2 T1 100.0 126.67 
DHVLWT -3 ai 0.3106 0.3288 
DHVLWT -4 bi 0 -0.0857 

 
For PZ, the DIPPR heat of vaporization equation is used within Aspen PlusTM and is 

based on the following expression: 

 ( )( )2
2 3 4

1 1 i i iC C T C Tvap
i i ri

JH C T
kmol

+ +⎛ ⎞∆ = −⎜ ⎟
⎝ ⎠

 6-12 
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Where 
riT  is the reduced temperature, / ciT T , 

ciT is the critical temperature of component i, 
T  is the temperature, oC. 
 

Table 6.2-9 gives the coefficients for the DIPPR heat of vaporization equation for 

PZ used in the elecNRTL model within Aspen PlusTM based on equation 6-12. 

Table 6.2-9.  DIPPR Heat of Vaporization Default Coefficients for PZ in the elecNRTL 
model [J/kmol]. 

Parameter Symbol PZ 
DHVLPD-1 C1 6.5323E+7 
DHVLDP-2 C2 0.4158 
DHVLDP-3 C3 0.0 
DHVLDP-4 C4 0.0 

 
 
Specific Heat Capacity 
 

Aspen PlusTM calculates the liquid phase heat capacity of a mixture (CPMX) by taking 

the derivative of the liquid enthalpy at constant pressure: 

 ( ) ( ) ,

T T
l l l
m m p m

T

H T T H T C dT
+∆

+ ∆ − = ∫  6-13 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

m i i k k m
i k

H T x H x H H∞= + +∑ ∑  6-14 

for solvents: 

 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  6-15 

for molecular solutes (CO2): 
 

 ( ) ( ) 2,ln i H Oig
i i ref

H
H T H T RT

P
⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 6-16 
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for cations or anions: 
 

 ( ) ( ), ,
ref

T
ref

k f k p k
T

H T H T C dT∞ ∞ ∞= ∆ + ∫  6-17 

Where 
T∆  is the perturbation in temperature from T, 
E
mH  is the excess enthalpy of the mixture, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i, 

kH ∞ is the infinite dilution aqueous phase enthalpy of component k, 

( ),
ref

f kH T∞∆ is the infinite dilution aqueous phase standard enthalpy of formation of 

component k at refT , 
,p kC∞ is the infinite dilution aqueous phase heat capacity polynomial of component k. 

 
Table 6.2-10 gives the coefficients for the infinite dilution aqueous phase heat 

capacity used in Aspen PlusTM based on the following expression: 

 

 ( ) ( )( ) ( )
2 4

, 1 2 3p k
CJC C C T K C T K

kmol K T K
∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠

 6-18 

For user defined ionic species associated with MEA and PZ, coefficients for the 

infinite dilution aqueous phase heat capacity polynomial were regressed as described in 

Chapters VIII, IX, XIII, and XIV, shown in Table 6.2-11. 

Table 6.2-10.  Infinite Dilution Aqueous Phase Heat Capacity Default Coefficients. 

Parameter Symbol H+ OH- K+ HCO3
-1  CO3

-2 
CPAQ0-1 C1 0.0 0.0 19886 211387 1334017 
CPAQ0-2 C2 0.0 -497.9 72.80 -882 -5565 
CPAQ0-3 C3 0.0 0.0 0.0 0.875 5.19 
CPAQ0-4 C4 0.0 0.0 0.0 -1.9E+07 -1.2E+08 
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Table 6.2-11.  Infinite Dilution Aqueous Phase Heat Capacity Default Coefficients. 

Parameter Symbol MEAH+1 MEACOO-1 PZH+1 PZH+2 PZCOO-1 PZ(COO-1)2 H+1PZCOO-1

CPAQ0-1 C1 -1700443 -2408071 603662.9 1228464 -6853709 -881654 4189850 
CPAQ0-2 C2 7093 17268 -2518 -5125 23209 -18936 -13614 

CPAQ0-3 C3 -8.49 -26.0 4.17 7.09 4.90 80.1 5.19 

CPAQ0-4 C4 1.51E+08 0.0 -5.4E+07 -1.1E+08 0.0 0.0 0.0 

 
 
6.2.3  Aqueous Phase Chemistry 
 

The chemical equilibrium constant for j reactions are expressed in Aspen PlusTM in 

terms of the activity of component i as given by the following relationship. 

 ,i j
j i

i

K aν=∏  6-19 

Where 
jK is the chemical equilibrium constant, 

,i jν is the reaction stoichiometric coefficient of component i, 

ia is the activity of component i. 
 
In this work, we did not define the chemical equilibrium constants as linear temperature 

dependent functions, but rather in terms of the reference state Gibbs free energy of the 

system: 

 ,ln
o
i j

j

G
K

RT
∆

= −  6-20 

Where 

,i j

oG∆ is the standard free energy of formation of component i. 
 

The previous framework allows our rigorous thermodynamic model to be internally 

consistent with respect to governing thermodynamic definitions.  Equation 6-20 relates the 

chemical equilibrium constant to the standard Gibbs free energy change of j reaction. 
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 ln
oG K

RT
∆

= −  6-21 

Where the standard property changes of reaction ( e.g. Gibbs free energy and enthalpy) are 

defined as the difference between the standard property change of the products and 

reactants, weighted by their stoichiometric coefficients. 

 o o
i i

i
M Mν∆ =∑  6-22 

For molecular solutes (e.g. CO2), the standard Gibbs free energy is described based on the 

ideal gas reference state by following equation: 

 ( ) ( ) ( )
2

2 2
ln COo ig

CO CO ref

H T
G T G T RT

P
= +  6-23 

Where 

2

ig
COG is the ideal gas Gibbs free energy, J/kmol, 

2COH is the Henry’s Constant for CO2 in H2O (Chen et al. 1979), atm, 
refP is the reference pressure, 1 atm. 

 
For a given temperature, a starting point for a rigorous development starts with the 

following equation: 

 o o o
m m mG H T S∆ = ∆ − ∆  6-24 

Equation 6-24 is from the definition of the molar Gibbs free energy applied to each 

component in a chemical reaction evaluated at the standard state.  Applying Equation 6-22 

to Equation 6-24 yields 

 , , ,
o o o

i m i i m i i m i
i i i

G H T Sν ν ν= −∑ ∑ ∑  6-25 

where the standard molar heat of reaction and standard molar entropy change of reaction are 

related to temperature by the following expressions 
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0

,
0,

oT
p mo o

m m
T

C
H H R dT

R
∆

∆ = ∆ + ∫  6-26 

 
0

,
0,

oT
p mo o

m m
T

C dTS S R
R T

∆
∆ = ∆ + ∫  6-27 

Equations 6-24, 6-26, and 6-27 are combined to yield 
 

 
0 0

, ,
0, 0,

o oT T
p m p mo o o

m m m
T T

C C dTG H R dT T S RT
R R T

∆ ∆
∆ = ∆ + − ∆ −∫ ∫  6-28 

However, 

 0, 0,
0,

0

o o
m mo

m

H G
S

T
∆ −∆

∆ =  6-29 

hence 
 

 ( )
0 0

, ,
0, 0, 0,

0

o oT T
p m p mo o o o

m m m m
T T

C CT dTG H H G R dT RT
T R R T

∆ ∆
∆ = ∆ − ∆ −∆ + −∫ ∫  6-30 

Finally, division by RT yields 
 

 
0 0

, ,0, 0, 0,

0

1ln
o oo o o T To
p m p mm m mm

i
T T

C CG H HG dTK dT
RT RT RT T R R T

∆ ∆∆ −∆ ∆∆
− = = + + −∫ ∫  6-31 

Chemical equilibrium constants calculated within Aspen PlusTM following the above 

convention are on a molality basis.  In addition, chemical equilibria reported in literature are 

normally referenced to infinite dilution in water (molality based), treating monoethanolamine 

and piperazine as solutes.  Solutes and ionic activity coefficients are described by the 

asymmetric reference state convention which states that as the activity coefficient 

approaches one, the mole fraction of the species approaches zero in pure water. 
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Due to the asymmetric reference state convention, the chemical equilibrium constant 

of monoethanolamine or piperazine requires an additional conversion to the symmetric 

reference state convention since all subsequent monoethanolamine or piperazine based ionic 

equilibrium constants are determined based on the asymmetric reference state convention 

referenced to infinite dilution in monoethanolamine or piperazine.  These two reference 

state conventions are related by the following expression: 

 
min

min
min min* 0

min

lim
A e

A e
A e A ex

A e

γ γ γ
γ

∞

→
= =  6-32 

Where 
minA eγ is the symmetric activity coefficient for the amine, 

*
minA eγ is the asymmetric activity coefficient for the amine as the solution approaches its pure 

solute reference state. 
 

Thus, the chemical equilibrium constant of monoethanolamine and piperazine 

referenced to the symmetric reference state convention used in this work is related by the 

following expression: 

 *
min

1000ln ln ln lni A e
i ww

K K
MW

ν γ ∞

≠

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠
∑  6-33 

Where 
wMW is the molecular weight of H2O, 18.01528 gm/mole, 

K is the symmetric chemical equilibrium constant (mole fraction based). 
 

The infinite dilution activity coefficient of monoethanolamine and piperazine is 

calculated from the binary interaction parameters for the water-amine system using the 

elecNRTL model.  The resulting values were then re-regressed to the standard temperature 

dependent form of the chemical equilibrium constant used in Equation 6-33 for this 

conversion.  This modified chemical equilibrium constant for the amine was then utilized in 
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the elecNRTL model within Aspen PlusTM to specify the infinite dilution standard state free 

energy and enthalpy of formation, respectively, for ionic amine species.  Therefore, chemical 

equilibrium constants reported in this work must be corrected for the infinite dilution 

activity coefficient for the amine prior to comparison with other work. 

 

6.3  Vapor Phase Model 
 

Soave’s (1972) modification of the Redlich-Kwong [Redlich and Kwong (1949)] 

equation of state is used to represent the vapor phase equilibrium.  Soave changed the 

temperature dependence term 0.5/a T by making the constant “a” a function of temperature 

and the accentric factor ( )ω .  The Soave-Redlich-Kwong equation of state is given by the 

following expression:  

 
( )m m m

RT aP
V b V V b

= −
− −

 6-34 

Where 
 ( ) ( )0.5

1i j i j ij
i j

a x x a a k= −∑∑  6-35 

 i i
i

b x b=∑  6-36 

 ij jik k=  6-37 

 0.08664 i

i

c
i

c

RT
b

P
=  6-38 

 
2 2

0.42747 i

i

c
i i

c

R T
a

P
α=  6-39 
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 ( ) 2
0.51 1
ii i rm Tα ⎡ ⎤= + −⎣ ⎦  6-40 

 20.48 1.57 0.176i i im ω ω= + −  6-41 

  

6.4  Activity Coefficient Model 
 

The molar Gibbs free energy within the elecNRTL model is given by the following 

form: 

 * * *ln E
m w w k k j j m

k j
G x x x x Gµ µ∞= + + +∑ ∑  6-42 

where the excess Gibbs free energy associated with the elecNRTL model is given by the 

following form: 

 
* * , * , * ,E E PDH E Born E lc
m m m mG G G G

RT RT RT RT
= + +  6-43 

Where 
PDH is the Pitzer-Debije-Hückel contribution for long range ion-ion interactions, 
Born is the Born Correction for change in mixed solvent reference state, and 
lc is the local contribution for short range interactions. 
 

The molar Gibbs free energy and the molar excess Gibbs free energy are defined 

with the asymmetrical references state as infinite dilute in pure solvent.  The reference state 

for ionic and molecular solutes follows the unsymmetrical convention defined as infinite 

dilution in water.  The ideal mixing terms is calculated where j refers to any component and 

the molar Gibbs free energy of pure water is calculated from the ideal gas contribution.  The 

aqueous infinite dilution chemical potential is calculated from the infinite dilution aqueous 

phase heat capacity polynomial model, where the subscript k refers to any ions or molecular 

solute. 
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0 0

, , , ,
, ,,

0

1000ln
aq aq aq aqT T

p k f k f k p kaq
k f k

wT T

C H G C
H dT T dT RT

T T T MW
µ

∞ ∞ ∞ ∞
∞ ∞

⎛ ⎞∆ −∆ ⎛ ⎞
= ∆ + − + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

∫ ∫ 6-44 

Where ,aq
f kH ∞∆  and ,aq

f kG∞∆ are based on a molality scale and kµ
∞ is based on a mole 

fraction scale, the last term is added for the conversion. 

For molecular solutes, the aqueous infinite dilution chemical potential is calculated 

from Henry’s law: 

 ,, ln k wig
k k ref

H
RT

P
µ µ∞ ∞ ⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 6-45 

Where 
0T is the reference temperature, 298.15 K, 
refP is the reference pressure, 1 atm. 

 
Thus, when the derivative of the Gibbs free energy at constant temperature and 

pressure reaches a minimum for closed homogeneous system the system has satisfied the 

condition for thermodynamic equilibrium. 

With ions in an electrolyte solution, the elecNRTL model is a versatile model for the 

calculation of activity coefficients. The model is based on two fundamental assumptions: 

1. The like-ion repulsion assumption: the local composition of cations around 

cations is zero (and likewise for anions around anions) since repulsive forces 

between ions of like charge are extremely large and repulsive forces between 

ions of the same sign are very strong for neighboring species. 

2. The local electroneutrality assumption: the distribution of cations and anions 

around a central molecular species is such that the net local ionic charge is 

zero. 
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Chen et al. (1982) proposed an excess Gibbs energy expression which contains two 

contributions: one contribution for the long-range ion-ion interactions and the other related 

to the local interactions that exist around any central species.  The unsymmetric Pitzer-

Debije-Hückel (PDH) model and the Born equation are used to represent the contribution 

of the long-range ion-ion interactions, and the NRTL theory was used to represent the local 

interactions (lc). The local interactions model was developed as a symmetric model with a 

reference state based on pure solvent and pure completely dissociated liquid electrolyte.  

Infinite dilution activity coefficients are then normalized by the model to obtain an un-

symmetric model.  The NRTL expression for the local interactions, the Pitzer-Debije-

Hückel expression, and the Born equation are added to give Equation 6-43 for the excess 

Gibbs energy. 

For the elecNRTL model to calculate activity coefficients, the excess Gibbs free 

energy is related to the activity coefficient by the following thermodynamic relationship. 

 
( )** /

ln
EE

mm
i

i

nG RTG
RT n

δ
γ

δ

⎡ ⎤
⎢ ⎥= =
⎢ ⎥⎣ ⎦

 6-46 

Applying Equation 6-46 to Equation 6-43 yields, 

 * *, *, *,ln ln ln lnPDH Born lc
i i i iγ γ γ γ= + +  6-47 

Notice that in the absence of ions Equation 6-43 reduces to the original NRTL expression 

for nonelectrolyte systems. 
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6.4.1  Long-Range Contribution 
 

The first term in Equation 6-43 accounts for the Pitzer-Debije-Hückel long range 

ion-ion interactions that occur at low ionic strengths. 

 ( )
0.5* ,

0.541000 ln 1
E PDH

xm
k x

k s

A IG x I
RT M

φ ρ
ρ

⎛ ⎞ ⎛ ⎞
= − +⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
∑  6-48 

Where 
sM  is the molecular weight of the solvent, 

ρ  is the “Closest approach” parameter, 

xI  is the ionic strength on a mole fraction basis, 
 
 20.5x i i

i
I x z= ∑  6-49 

ix  is the mole fraction of component i, 

iz  is the charge of component, 
Aφ  is the Debije-Hückel parameter, 

 
1.50.5 221

3 1000
o

w

N d eA
D kTφ

π ⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

 6-50 

oN  is Avogadro’s number, 
d  is the solvent density, 
e  is the charge of an electron, 

wD  is the dielectric constant for water, 
T  is temperature, K, 
k  is the Boltzmann constant. 
 

6.4.2  Born Correction 
 

The Born correction term accounts for the change in reference state given by the 

difference in the dielectric constants. 
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2
* , 2

21 1 10
2

E Born i i
m i

m w i

x z
G e

RT kT D D r
−⎛ ⎞⎛ ⎞

= −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

∑
 6-51 

Where 
ir  is the Born radius, 

mD  is the Dielectric constant of the mixed solvent. 
 

6.4.3  Local Contribution 
 

The NRTL model accounts for sort range interactions between the molecules.  

These could be considered the most important interactions, because contributions from the 

previous two terms are only analytical in nature.  Contributions from the NRTL model are 

regressed to fit system requirements.  Subscripts m , c , and a , represent molecules, cations, 

and anions, respectively. 

 

, ' , '* ,
'

' " , '
"

, ' , '
'

' " , '
"

...

                    ...

j jm jm jc a c jc a cE lc
j jm a

m c
m c ak km a k kc a c

k a k

ja a c ja a c
jc

a
a c c k ka a c

c k

X G G
G XX X
RT X G X X G

G
XX
X X G

τ τ

τ

⎛ ⎞
⎜ ⎟= + +⎜ ⎟
⎜ ⎟
⎝ ⎠

⎛ ⎞
⎜ ⎟+ ⎜ ⎟
⎜ ⎟
⎝ ⎠

∑ ∑
∑ ∑ ∑∑ ∑ ∑

∑
∑ ∑ ∑ ∑

 6-52 

Where 
,

'
'

a ca m
a

cm
a

a

X G
G

X
=
∑
∑

,     
,

'
'

c ca m
c

am
c

c

X G
G

X
=
∑
∑

, 

,

'
'

a ca m
a

cm
a

a

X

X

α
α =

∑
∑

,     
,

'
'

c ca m
c

am
c

c

X G

X
α =

∑
∑

, 

( ), ' , ' , 'expjc a c jc a c jc a cG α τ= − ,    ( ), ' , ' , 'expja c a ja c a ja c aG α τ= − , 

( )expim im imG α τ= − ,      ( ), , ,expca m ca m ca mG α τ= − , 
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, , ,ma ca am ca m m caτ τ τ τ= − + ,    , , ,mc ac cm ca m m caτ τ τ τ= − + , 

j j jX x C=  ( j jC Z=  for ions and jC  = unity for molecule), 
α  is the nonrandomness parameter, 
τ  is the binary energy interaction parameter. 
 

Specific information concerning the temperature dependent nature of τ  can be 

found in subsequent chapters. 

6.5  Vapor-Liquid Equilibrium Calculations 
 

When the activity coefficients are calculated, the equilibrium between the vapor and 

liquid phases can be determined.  From thermodynamics we know that the fugacity of the 

liquid and fugacity of the vapor must be equal.  We can then write the following expression 

describing the vapor-liquid equilibrium for non supercritical species: 

 
( )0

0 0ˆ ˆ exp
l

i iv
i i i i i i

V P P
y P x P

RT
φ γ φ

⎡ ⎤−
⎢ ⎥=
⎢ ⎥⎣ ⎦

 6-53 

and the vapor-liquid equilibrium for supercritical components (e.g. CO2) is given by 
 

 
( )2

, 0

,
ˆ exp

aq
i H Ov i

i i i i aq
i

V P PHy P x
RT

φ γ
γ

∞

∞

⎡ ⎤−⎛ ⎞
⎢ ⎥= ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎣ ⎦

 6-54 

Where 
0

iP is the saturation pressure of component i at the system temperature, 
,aq

iγ
∞  is the infinite dilution activity coefficient for CO2 in H2O at the system temperature, 
l

iV  is the molar volume of the pure solvent at the system temperature and saturation 
pressure, 

,aq
iV ∞  is the Brelvi-O’Connell partial molar volume for CO2 at infinite dilution in H2O at 

system temperature and 
2

0
H OP , 

iy  is the true mole fraction in the vapor phase of component i, and, 

ix  is the true mole fraction in the liquid phase of component i. 
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PART III   
  

 
 
 

Parameter Regression  
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Data Interpretation 
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_________________ 

CHAPTER VII  Pure Component Systems: 
 MEA, PZ, and H2O 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 
Preface for the User 
 
 We start this chapter with a warning to the end user:  The foundations of the NRTL 

model and the electrolyte-NRTL (elecNRTL) within Aspen PlusTM are not transparent with 

respect to each other; the calculation methods and scalar pure component properties (as 

stated in Chapter VI) are different between each model.  This chapter has been segmented 

into two parts: part one describes the heat of vaporization corrections to the NRTL model 

to predict the specific heat capacity of the pure component.  Part two describes corrections 

to the elecNRTL model to predict the specific heat capacity of the pure component.   

In the end, we will be using the elecNRTL property model for all future chapters to 

describe molecular and ionic interactions.  Therefore, part one of this chapter will not be 

included in the final elecNRTL code and is included as a supplement to the end user. 
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― Part One ― 

7.1  NRTL Introduction 
 

The development of any thermodynamic model starts with the basic scalar and 

temperature dependant physical properties of the molecular components.  At this point in 

the model development, we are building the foundation of our model, which represents the 

values of the basic properties used in Aspen PlusTM.  This chapter describes the data 

regression and model predictions to correct the specific heat capacity (heat capacity) of 

monoethanolamine (MEA), piperazine (PZ), and water (H2O) based on previous literature 

data and experimental results from this work.  Coefficients for the heat of vaporization and 

solid heat capacity polynomial associated with these systems are then regressed in the NRTL 

model.  Overall, the new parameters adequately describe the specific heat capacity of MEA, 

PZ, and H2O within an average absolute relative error of ± 0.41, 0.83, and 0.39 percent, 

respectively. 

7.2  Specific Heat Capacity of MEA 
 

As stated in Chapter VI, Aspen PlusTM calculates the liquid phase heat capacity of a 

pure component by taking the derivative of the liquid enthalpy departure, which is a function of 

the ideal gas enthalpy and the heat of vaporization.  Six data sets have been regressed with 

the NRTL model to correct the liquid phase heat capacity of MEA.  Coefficients of the 

DIPPR heat of vaporization equation were adjusted to account for the heat of vaporization 

[Clapeyron (1834) and Riddick and Bunger (1970)] and liquid heat capacity [The Dow 
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Chemical Company (1981), Swanson and Chueh (1973), Chiu et al. (1999), and this work] of 

pure MEA.   

7.2.1  Standard Enthalpy of Vaporization 
 

According to Atkins and de Paula (2002) the standard enthalpy of vaporization, also 

known as the heat of vaporization, is the energy required to transform a given quantity of a 

substance into a gas.  Aspen PlusTM relates the specific heat capacity to the ideal gas enthalpy 

and the heat of vaporization to eliminate errors associated with accurate thermal properties 

of both phases by the following method: 

 ( ) ,
ref

T
l l ref l
i i p i

T

H H T C dT− = ∫  7-1 

 ( ) ( )l ref ig v ig vap
i i i i iH T H H H H= + − − ∆  7-2 

Where 
( )l ref

iH T  is the reference enthalpy of component i at 298.15refT K= , 
ig
iH  is the ideal gas enthalpy of component i, 
v ig
i iH H− is the vapor enthalpy departure of component i, 

vap
iH∆  is the heat of vaporization of component i. 

 
Table 7.2-1 gives the coefficients for the DIPPR heat of vaporization equation for MEA 

used in Aspen PlusTM based on the following expression: 

 ( )( )2
2 3 4

1 1 i i iC C T C Tvap
i i ri

JH C T
kmol

+ +⎛ ⎞∆ = −⎜ ⎟
⎝ ⎠

 7-3 

Where 
riT  is the reduced temperature, / ciT T , 

ciT is the critical temperature of component i, 
T  is the temperature, oC. 
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Table 7.2-1.  DIPPR Heat of Vaporization Default Coefficients for MEA from 10.5 – 405.05 
oC. 

Parameter Symbol Default value 
DHVLPD-1 C1 8.5465E+7 
DHVLDP-2 C2 0.5102 
DHVLDP-3 C3 0.0 
DHVLDP-4 C4 0.0 

 
Experimental heat of vaporization data used in this work from the above two sources is 

shown in Figure 7.2-1. 
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Figure 7.2-1.  Heat of Vaporization of MEA. 

 
We decided to limit the heat of vaporization data to values under 171 oC to capture 

successfully the experimental specific heat capacity trends within the current work.   
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Using the Clausius-Clapeyron equation, we can verify the consistency between the 

DIPPR Heat of Vaporization Equation given for MEA versus the DIPPR Extended 

Antoine Vapor Pressure Equation based on the following expression: 

 ( ) ( ) ( ) ( ) ( ) 7*, 2
1 4 5 6

3

ln ln iCl i
i i i i i

i

CP kPa C C T K C T K C T K
T K C

= + + + +
+

 7-4 

where coefficients for MEA are given in Table 7.2-2. 
 
Table 7.2-2.  DIPPR Extended Antoine Vapor Pressure Default Coefficients for MEA from 
10.0 – 365.0 oC. 

Parameter Symbol Default value 
PLXANT-1 C1 165.87 
PLXANT-2 C2 -13492 
PLXANT-3 C3 0.0 
PLXANT-4 C4 0.0 
PLXANT-5 C5 -21.9 
PLXANT-6 C6 1.38E-05 
PLXANT-7 C7 2.00 

 
The Clausius-Clapeyron equation, relates the heat of vaporization directly to the vapor 

pressure curve based on the following equation: 

 
( )

*,ln
1/

l
vap i
i

d PH R
d T

∆ = −  7-5 

and valid only at low pressures, approximately below 2 atm.  Using Equation 7-5, Equation 

7-4 yields 

 ( )
( )( )

( )( ) ( )
( ) ( ) ( )

( )( ) ( )

72
6 7 3

3 2
4 3 4 5

2
3 2 3 3 4 5

2
3 5

2

2

iC
i i i

vap i i i i
i

i i i i i i

i i

C C T K C T K

T K C T K C C C T KH R
T K C C C C C C T K

C C

⎧ ⎫⎡ ⎤+ +⎪ ⎪⎢ ⎥
⎛ ⎞⎪ ⎪⎢ ⎥− + + −⎪ ⎪⎜ ⎟∆ = − ⎢ ⎥⎨ ⎬⎜ ⎟ ⎢ ⎥+⎪ − + + ⎪⎝ ⎠ ⎢ ⎥⎪ ⎪

⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭

 7-6 

Since C3i = 0.0 for MEA, we can simplify Equation 7-6 to yield 
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 ( ) ( ) ( )( )7 1 2

6 7 4 5 2
iCvap

i i i i i iH R C C T K C T K C T K C+∆ = + + −  7-7 

 Based on Equation 7-7, we can compare the coefficients for the DIPPR Extended 

Antoine Vapor Pressure for MEA given in Table 7.2-2 to literature heat of vaporization as 

shown in Figure 7.2-2.  Deviations at high pressures appear above 200 oC between cited and 

predicted values due to the approximate linear nature of the Clausius-Clapeyron equation. 
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Figure 7.2-2.  Comparison of the Heat of Vaporization based on Equation 7-5 to Literature 
Values for MEA. 

 
7.2.2  Data Regression 
 

Through simultaneous regression, the coefficients for the DIPPR heat of 

vaporization equation were determined by DRS in Aspen Plus utilizing the maximum 
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likelihood principle of Britt and Luecke (1973) through the minimization of the following 

objective function: 

 
( ) ( )2 2

, , , ,
2 2

1 1
k k

k k

n n
k adj k obs k adj k obs

U P
k kU P

U U P P
f W W

σ σ= =

⎛ ⎞ ⎛ ⎞− −⎜ ⎟ ⎜ ⎟= +
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

∑ ∑  7-8 

where the measurable variables, kU (e.g. state variables: T, P, x, y), and property variables, kP  

(e.g. heat of vaporization and heat capacity) are weighted by their standard error, σ .  The 

objective function is then minimized using Lagrange multipliers to adjust the measurable 

variables and the model parameters within parameter bounds.  A list of the pure component 

data sets that were examine in this work is given in Figure 7.2-3.  The column labels  Tσ , 

DHVLσ , CPL Mσ −  gives standard error associated with the temperature, heat of vaporization, 

and the heat capacity, respectively, with each data set. 

Table 7.2-3.  Experimental data used in the regression of Heat of Vaporization Coefficients 
for MEA. 

 Obs. T (oC) σT σDHVL Source 
1 170.95 0.1 1% Riddick and Bunger (1970) ∆Hvap 15 10.50 – 337.23 0.1 1% Clapeyron (1834) 

      
 Obs. T (oC) σT σCPL-M Source 

1 30.0 0.1 1% The Dow Chemical Company (1981)
1 20.0 0.1 1% Swanson and Chueh (1973) 
11 30.0 – 80.0 0.1 1% Chiu et al. (1999) Cp 

17 40.0 – 120.0 0.1 1% This work 
      

    

Table 7.2-4 shows the following regression summary statistics output for estimates 

of the heat of vaporization coefficients after performing a nonlinear regression for the full 
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model using DRS.   To account for the temperature dependant nature of heat capacity in the 

heat of vaporization equation, we include the third term into the full model regression. 

Table 7.2-4.  DRS Regression Output for Full MEA Model. 

Parameter Estimate σ wrt Estimate 
DHVLPD-1 8.8033E+07 8.2460E+09 
DHVLDP-2 0.7078 0.0055 
DHVLDP-3 -0.2813 0.0058 

 
Residual Sum of Squares:  29.2382 
Residual Root Mean Square: 3.707 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that all of the estimates are large relative to their standard errors with 

the exception of the first coefficient.  A complete description of the variability of the 

coefficient estimates requires examining the correlations between the estimates is shown in 

Table 7.2-5. 

Table 7.2-5.  Correlation Matrix of the Coefficient Estimates for the Full MEA Model. 

Parameter 1 2 3 
1 1.00    
2 0.00 1.00   
3 0.00 -0.98 1.00 

 
Each correlation coefficient is a summary statistic for a 2D scatterplot of the 

variables used in the correlation and is a measure of the linear relationship between the 

variables.  The correlation coefficient is a unitless number that always falls between -1 and 1.  

If the correlation coefficient equals 1 or -1, then the parameters can be described by a linear 

line with either a positive or negative slope.  If the correlation coefficient equals 0, then the 

parameters are said to be uncorrelated and independent.  The correlation matrix is 
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symmetric because the covariance between parameters ˆ jη and ˆkη is the same as the 

covariance between parameters ˆkη and ˆ jη .   

Table 7.2-5 shows a high negative correlation between 3 2η̂ → for the third parameter, 

but the correlation between 3 1η̂ → and 2 1η̂ → is independent due to the non-linear nature of 

Equation 7-3.  Table 7.2-5 suggests that the third parameter might be usefully removed from 

the model without significant loss of information. 

7.2.3  Full MEA Model Results 
 

With the determination of the estimates for the heat of vaporization parameters 

known for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the MEA model against literature data.  For each data point, the deviation 

between the experimental and estimated values is expressed in terms of the absolute average 

relative deviation (AARD), as given by the following equation: 

 ( ) exp est100%
exp

i i

i i

AARD
N

−
= ∑  7-9 

Where 
N is the number of experimental data points. 
 
Table 7.2-6 gives the AARD and the maximum AARD for the model predictions. 
 

Overall, the model adequately describes the MEA property data listed above within 

an average absolute relative error of ±0.41 percent, with the exception of a few outliers. 

We found that parameters regressed for the above two systems with heat of 

vaporization data above 171 oC did not accurately describe significant systematic trends 

presented in the specific heat capacity data. 
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Table 7.2-6.  Absolute Percent Relative Error for the MEA Full Model. 

  AARD(%) Max. AARD
Riddick and Bunger (1970) 1.22 - ∆Hvap Clapeyron (1834) 0.16 0.37 
The Dow Chemical Company (1981) 2.10 - 
Swanson and Chueh (1973) 2.62 - 
Chiu et al. (1999) 0.87 1.80 Cp 

This work 0.20 0.60 
Overall 0.41 1.80 
 

7.2.4  MEA Model Predictions 
 

With the determination of the estimates for the heat of vaporization coefficients 

known for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the MEA heat of vaporization coefficients against literature data.  Figure 7.2-3 

compares estimated and experimental heat of vaporization from Riddick and Bunger (1970) 

and Clapeyron (1834) for MEA from 10.50 to 337.23 oC.  The full model over estimates the 

heat of vaporization above 202.03 oC with a maximum error of 17.0 % at 337.23 oC.  

However, this error is well beyond the operating range of present carbon capture technology 

and is negligible overall since the full model is consistent with the critical temperature of 

MEA (405.05 oC). 
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Figure 7.2-3.  Comparison of Model Predictions with Experimental Data from Riddick and 
Bunger (1970) and Clapeyron (1834) for the ∆Hvap of MEA from 10.50-337.23 oC. 
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Figure 7.2-4.  Comparison of Model Predictions with Experimental Data for the Specific 
Heat Capacity of MEA from 20 – 120 oC 
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Figure 7.2-4 compares estimated and experimental specific heat capacity from The 

Dow Chemical Company (1981), Swanson and Chueh (1973), Chiu et al. (1999) and from 

this work for pure MEA from 20 – 120 oC.  The full model overestimates the specific heat 

capacity at low temperatures as compared to Swanson and Chueh (1973) and The Dow 

Chemical Company (1981), even though all of the predictions for the model were within an 

AARD of ± 0.59 %.  Figure 7.2-4 illustrates a 5.19 % decrease for the prediction of the 

specific heat capacity as compared to Aspen default parameters. 

7.3  Specific Heat Capacity of PZ 
 

Two data sets have been regressed with the NRTL model to correct the liquid phase 

heat capacity of PZ.  Coefficients of the DIPPR heat of vaporization equation were adjusted 

to account for the heat of vaporization [Clapeyron (1834)] and liquid heat capacity [Swanson 

and Chueh (1973)] of pure PZ.  Coefficients for the solid heat capacity equation were not 

adjusted since predictions from the Aspen default parameters accurately described literature 

data from Steele et al. (1997) and from this work with an AARD of ± 0.54 and 1.28 %, 

respectively. 

7.3.1  Standard Enthalpy of Vaporization 
 

As stated in section 7.2, Aspen PlusTM relates the liquid phase specific heat capacity 

to the ideal gas enthalpy and the heat of vaporization through equations 7-1 to 7-3.  Table 

7.3-1 gives the coefficients for the DIPPR heat of vaporization equation for PZ used in 

Aspen PlusTM based on equation 7-3: 
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Table 7.3-1.  DIPPR Heat of Vaporization Default Coefficients for PZ from 106 – 364.85 oC. 

Parameter Symbol Default value 
DHVLPD-1 C1 6.5323E+7 
DHVLDP-2 C2 0.4158 
DHVLDP-3 C3 0.0 
DHVLDP-4 C4 0.0 

 
Experimental heat of vaporization data used in this work from Clapeyron (1834) is 

shown in Figure 7.3-1. 
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Figure 7.3-1.  Heat of Vaporization of PZ. 

 
Using the Clausius-Clapeyron equation, we can verify the consistency between the 

DIPPR Heat of Vaporization Equation given for PZ versus the DIPPR Extended Antoine 

Vapor Pressure Equation based on Equation 7-4 and Table 7.3-2. 
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Table 7.3-2.  DIPPR Extended Antoine Vapor Pressure Default Coefficients for PZ from 106 
– 364.85 oC. 

Parameter Symbol Default value 
PLXANT-1 C1 63.60 
PLXANT-2 C2 -7915 
PLXANT-3 C3 0.0 
PLXANT-4 C4 0.0 
PLXANT-5 C5 -6.65 
PLXANT-6 C6 5.21E-18 
PLXANT-7 C7 6.00 

 
Based on Equation 7-7, we can compare the coefficients for the DIPPR Extended 

Antoine Vapor Pressure for PZ given in Table 7.3-2 to literature heat of vaporization as 

shown in Figure 7.3-2.  Deviations at high pressures appear above 150 oC between cited and 

predicted values due to the approximate linear nature of the Clausius-Clapeyron equation. 
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Figure 7.3-2.  Comparison of the Heat of Vaporization based on Equation 7-5 to Literature 
Values for PZ. 
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7.3.2  Solid Specific Heat Capacity 
 

Aspen PlusTM calculates the solid phase specific heat capacity for PZ by the DIPPR 

solid heat capacity equation based on the following expression: 

 

 , 1 2
s
p i i i

JC C C T
kmol K

⎛ ⎞ = +⎜ ⎟−⎝ ⎠
 7-10 

 
Where 
T  is the temperature, K. 
 
Parameters for equation 7-6 are given in Table 7.3-3. 
 
Table 7.3-3.  DIPPR Solid Heat Capacity Default Coefficients for PZ from 21.85 – 106.0 oC 

 
Parameter Symbol Default value 
CPSDIP-1 C1 -46900.0 
CPSDIP-2 C2 542.0 

 

Experimental solid phase specific heat capacity data, based on equation 7-6, from 

Swanson and Chueh (1973) is shown in Figure 7.3-3.  Note that the solid phase specific heat 

capacity from this work was not regressed. 
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Figure 7.3-3.  Solid Phase Specific Heat Capacity of PZ. 

 

7.3.3  Data Regression 
 

Through simultaneous regression, the coefficients for the DIPPR heat of 

vaporization equation were obtained through the regression of the heat of vaporization 

[Clapeyron (1834)] and liquid heat capacity [Swanson and Chueh (1973)] of pure PZ as 

determined by DRS in Aspen PlusTM.  A list of the pure component data sets that were 

examine in this work is given in Table 7.3-4. 

 

 

 

2490



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
161 

 
Table 7.3-4.  Experimental data used in the regression of Heat of Vaporization Coefficients 
for PZ. 

 Obs. T (oC) σT σDHVL Source 

∆Hvap 30 106 – 301.05 0.1 1% Clapeyron (1834) 
      
 Obs. T (oC) σT σCPL-M Source 

Cp (l) 7 105.85 – 195.85 0.1 1% Swanson and Chueh (1973) 
 
 

Table 7.3-5 shows the following regression summary statistics output for estimates 

of the heat of vaporization coefficients after performing a nonlinear regression for the full 

model using DRS.   As stated in section 7.2.2, we also include an additional term into the full 

model regression to account for the temperature dependant of the liquid phase specific heat 

capacity within the heat of vaporization equation. 

Table 7.3-5. DRS Regression Output for Full PZ Model. 

Parameter Estimate σ wrt Estimate 
DHVLPD-1 6.4715E+07 1.8074E+06 
DHVLDP-2 0.4673 0.0727 
DHVLDP-3 -0.0734 0.0693 

 
Residual Sum of Squares:  83.8909 
Residual Root Mean Square: 1.5708 
 

Notice that all of the estimates are large relative to their standard errors.  A complete 

description of the variability of the coefficient estimates requires examining the correlations 

between the estimates as shown in Table 7.3-6. 
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Table 7.3-6.  Correlation Matrix of the Coefficient Estimates for the Full PZ Model. 

Parameter 1 2 3 
1 1.00     
2 0.99 1.00   
3 -0.99 -1.00 1.00 

 
Table 7.3-6 shows highly negative and positive correlations between all of the 

parameters.  This suggests that some of the parameters might be usefully removed from the 

model without significant loss of information. 

7.3.4  Full PZ Model Results 
 

With the determination of the estimates for the heat of vaporization parameters 

known for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the PZ model against literature data.  Table 7.3-7 gives the deviation between 

the experimental values and model predictions expressed in terms of the absolute average 

relative deviation (AARD) and the maximum AARD. 

Table 7.3-7.  Absolute Percent Relative Error for the PZ Full Model. 

  AARD(%) Max. AARD
∆Hvap Clapeyron (1834) 1.05 2.74 
Cp (l) Swanson and Chueh (1973) 0.95 2.39 

Steele et al. (1997) 0.05 0.08 Cp (s) This work 1.28 3.09 
TOTAL  0.83 3.09 
 

Overall, the model adequately describes the PZ property data listed above within an 

average absolute relative error of ± 0.83 percent, with the exception of a few outliers. 
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7.3.5  PZ Model Predictions 
 

With the determination of the estimates for the heat of vaporization coefficients 

known for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the PZ heat of vaporization coefficients against literature data.  Figure 7.3-4 

compares estimated and experimental heat of vaporization from Clapeyron (1834) for PZ 

from 106 to 301.05 oC.  The full model accurately predicts the heat of vaporization over the 

full temperature range.  In addition, the full model demonstrates its consistency with the 

critical temperature of PZ (364.85 oC). 
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Figure 7.3-4.  Comparison of Model Predictions with Experimental Data from Clapeyron 
(1834) for the Heat of Vaporization of PZ from 106 – 301.05 oC 
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Figure 7.3-5.  Comparison of Model Predictions with Experimental Data for the Specific 
Heat Capacity of PZ from 20 – 200 oC. 

 
Figure 7.3-5 compares estimated and experimental specific heat capacity from 

Swanson and Chueh (1973), Steele et al. (1997) and from this work for pure PZ from 20 – 

200 oC.  The full model overestimates the specific heat capacity at high temperatures (> 200 

oC) as compared to Swanson and Chueh (1973) even though all of the predictions for the 

model were within an AARD of ± 0.95 %.  Figure Figure 7.3-5 illustrates an AARD of  ± 

1.28 % for the predictions of the solid phase specific heat capacity as compared to this work. 

7.4  Specific Heat Capacity of H2O 
 

Four data sets have been regressed with the NRTL model to correct the liquid phase 

heat capacity of H2O.  Coefficients of the DIPPR heat of vaporization equation were 
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adjusted to account for the heat of vaporization [Moore et al. (1969) and Kell et al. (1984)] 

and liquid heat capacity [Osborne et al. (1939) and Kell et al. (1984)] of pure H2O.   

7.4.1  Standard Enthalpy of Vaporization 
 

As stated in section 7.2, Aspen PlusTM relates the liquid phase specific heat capacity 

to the ideal gas enthalpy and the heat of vaporization through equations 7-1 to 7-3.  Table 

7.4-1 gives the coefficients for the DIPPR heat of vaporization equation for H2O used in 

Aspen PlusTM based on equation 7-3: 

Table 7.4-1.  DIPPR Heat of Vaporization Default Coefficients for H2O from 0.01 – 373.95 oC. 

Parameter Symbol Default value 
DHVLPD-1 C1 5.2053E+07 
DHVLDP-2 C2 0.3199 
DHVLDP-3 C3 -0.2120 
DHVLDP-4 C4 0.2580 

 
Experimental heat of vaporization data used in this work from Moore et al. (1969) 

and Kell et al. (1984) is shown in Figure 7.4-1.   

We decided not to include the work by Clapeyron (1834) due to deviations at high 

temperatures as compared to previous authors.  In addition, we decided to limit the heat of 

vaporization data to values under 200 oC to capture successfully the experimental specific 

heat capacity trends within the current work. 

Using the Clausius-Clapeyron equation, we can verify the consistency between the 

DIPPR Heat of Vaporization Equation given for H2O versus the DIPPR Extended Antoine 

Vapor Pressure Equation based on Equation 7-4 and Table 7.4-2. 
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Figure 7.4-1.  Heat of Vaporization of H2O. 

 
________________________________________________________________________ 

 
Table 7.4-2.  DIPPR Extended Antoine Vapor Pressure Default Coefficients for H2O from 
0.01 – 373.95 oC. 

Parameter Symbol Default value 
PLXANT-1 C1 65.64 
PLXANT-2 C2 -7207 
PLXANT-3 C3 0.0 
PLXANT-4 C4 0.0 
PLXANT-5 C5 -7.14 
PLXANT-6 C6 4.05E-06 
PLXANT-7 C7 2.00 

 
Based on Equation 7-7, we can compare the coefficients for the DIPPR Extended 

Antoine Vapor Pressure for H2O given in Table 7.4-2 to literature heat of vaporization as 
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shown in Figure 7.4-2.  Deviations at high pressures appear above 130 oC between cited and 

predicted values due to the approximate linear nature of the Clausius-Clapeyron equation. 
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Figure 7.4-2.  Comparison of the Heat of Vaporization based on Equation 7-5 to Literature 
Values for H2O. 

7.4.2  Data Regression 
 

Through simultaneous regression, the coefficients for the DIPPR heat of 

vaporization equation were obtained through the regression of the heat of vaporization 

[Moore et al. (1969) and Kell et al. (1984)] and liquid heat capacity [Osborne et al. (1939) and 

Kell et al. (1984)] of pure H2O as determined by DRS in Aspen PlusTM.  A list of the pure 

component data sets that were examine in this work is given in Table 7.4-3. 
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Table 7.4-3.  Experimental data used in the regression of Heat of Vaporization Coefficients 
for H2O. 

 Obs. T (oC) σT σDHVL Source 
37 0.01 – 198.89 0.1 1% Moore et al. (1969) ∆Hvap 22 0.01 – 200.00 0.1 1% Kell et al. (1984) 

      
 Obs. T (oC) σT σCPL-M Source 

101 0.0 – 100.0 0.1 0.5% Osborne et al. (1939) Cp (l) 17 0.0 – 260.0 0.1 0.5% Kell et al. (1984) 
 

Table 7.4-4 shows the following regression summary statistics output for estimates 

of the heat of vaporization coefficients after performing a nonlinear regression for the full 

model using DRS. 

Table 7.4-4. DRS Regression Output for Full H2O Model. 

Parameter Estimate σ wrt Estimate 
DHVLPD-1 5.9101E+07 5.0137E+09 
DHVLDP-2 0.7687 0.0024 
DHVLDP-3 -0.7479 0.0045 
DHVLDP-4 0.3079 0.0027 

 
Residual Sum of Squares:  43.4867 
Residual Root Mean Square: 0.5014 
 

Notice that all of the estimates are large relative to their standard errors with the 

exception for the first coefficient.  A complete description of the variability of the coefficient 

estimates requires examining the correlations between the estimates as shown in Table 7.4-5. 

Table 7.4-5.  Correlation Matrix of the Coefficient Estimates for the Full H2O Model. 

Parameter 1 2 3 4 
1 1.00       
2 0.00 1.00     
3 0.00 -0.98 1.00   
4 0.00 0.91 -0.97 1.00 
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Table 7.4-5 shows both highly positive and highly negative correlations 

between 3 2η̂ → , 4 2η̂ → , and 4 3η̂ → for the second and third parameters, but the correlations 

between 4 1η̂ → , 3 1η̂ → , and 2 1η̂ →  are independent due to the non-linear nature of Equation 7-

3.  Table 7.4-5 suggests that the fourth parameter might be usefully removed from the model 

without significant loss of information. 

7.4.3  Full H2O Model Results 
 

With the determination of the estimates for the heat of vaporization parameters 

known for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O model against literature data.  Table 7.4-6 gives the deviation between 

the experimental values and model predictions expressed in terms of the absolute average 

relative deviation (AARD) and the maximum AARD. 

Table 7.4-6.  Absolute Percent Relative Error for the H2O Full Model. 

  AARD(%) Max. AARD
Moore et al. (1969) 0.59 1.77 ∆Hvap Kell et al. (1984) 0.63 1.78 
Osborne et al. (1939) 0.06 0.37 Cp (l) Kell et al. (1984) 0.28 1.11 

TOTAL  0.39 1.78 
 

Overall, the model adequately describes the H2O property data listed above within an 

average absolute relative error of ± 0.39 percent, with the exception of a few outliers. 

7.4.4  H2O Model Predictions 
 

With the determination of the estimates for the heat of vaporization coefficients 

known for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 
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capability of the H2O heat of vaporization coefficients against literature data.  Figure 7.4-3 

compares estimated and experimental heat of vaporization from Moore et al. (1969), Kell et 

al. (1984) and Clapeyron (1834) for H2O from 0.01 to 373.95 oC.  The full model over 

predicts the heat of vaporization above 204.44 oC with a maximum error of 21.7 % at 348.98 

oC.  However, this error is well beyond the operating range of present carbon capture 

technology and is negligible overall since the full model is consistent with the critical 

temperature of H2O (373.95 oC). 

Figures 7.4-3 and 7.4-4 compares estimated and experimental specific heat capacity 

from Osborne et al. (1939), Engineering Sciences Data (1966), Kell et al. (1984), Chiu et al. 

(1999) and from this work for pure H2O from 0 – 260 oC.  The full model underestimates 

the specific heat capacity as compared to Kell et al. (1984) even though all of the predictions 

for the model were within an AARD of ± 0.17 %.  Figure 7.4-5 illustrates a 0.27 % 

difference for the prediction of the specific heat capacity from this work as compared to the 

Full H2O Model. 
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Figure 7.4-3.  Comparison of Model Predictions with Experimental Data for the Heat of 
Vaporization of H2O from 0.01 – 373.95 oC. 
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Figure 7.4-4.  Comparison of Model Predictions with Experimental Data for the Specific 
Heat Capacity of H2O from 0 – 260 oC. 

2501



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
172 

4.1

4.15

4.2

4.25

4.3

0 20 40 60 80 100 120

Temperature (oC)

C
p
 (

kJ
/k

g-
K

)
Kell et al. (1984)
Engineering Sciences Data (1966)
Osborne et al. (1939)
Chiu et al. (1999)
This work
Full H2O Model

 
Figure 7.4-5.  Expansion of Figure 7.4-3 from 0 – 120 oC for the Comparison of Model 
Predictions with Experimental Data for the Specific Heat Capacity of H2O. 

 

7.5  NRTL Conclusions 
 

Results presented above indicate that the NRTL model, through simultaneous 

regression gave a set of heat of vaporization coefficients to describe liquid phase specific 

heat capacity for MEA, PZ, and H2O.  In addition, the model adequately represents the solid 

phase specific heat capacity for pure PZ. 

― Part Two ― 

7.6  elecNRTL Introduction 
 

Within the NRTL model, Aspen Plus calculates the liquid phase specific heat 

capacity for a pure component (CP) based on the heat of vaporization as stated in Section 

7.2.1.  Predictions for the liquid phase heat capacity of a mixture (CPMX), based on the 
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derivative of the liquid enthalpy at constant pressure and are consistent with values for CP 

for the pure component.  On the contrary, predictive values for CP and CPMX within the 

elecNRTL model are inconsistent with respect to one other.  This chapter explains the 

calculation method for CP and CPMX with respect to H2O, MEA and PZ associated with 

the elecNRTL model.  In addition, we will try to improve upon existing parameters in order 

to agree with literature data. 

7.7  Specific Heat Capacity for a Mixture (CPMX) 
 

The elecNRTL model, within Aspen PlusTM, calculates the liquid phase heat capacity 

of a mixture (CPMX) by taking the derivative of the liquid enthalpy at constant pressure as 

shown by the following expression: 

 ( ) ( ) ,

T T
l l l
i i p i

T

H T T H T C dT
+∆

+ ∆ − = ∫  7-11 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

i i i i
i

H T x H H= +∑  7-12 

 ( ) ( ) ( ) ( ), , , ,
ref

T
ig ref ig ig

i f i p i i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  7-13 

Where 
T∆  is the perturbation in temperature from T, 
E
iH  is the excess enthalpy of component i, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i. 
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Liquid solutions are often described through properties that measure their deviations from 

ideal-solution behavior and not from ideal behavior.   

 E idM M M= −  7-14 

Thus, an excess property (e.g. excess enthalpy) is defined as the difference between the value 

of the actual property of a solution and the value the property would have as an ideal 

solution at the same temperature, pressure, and composition.  However, excess properties 

have no physical meaning for pure components, because there is no deviation.  Thus, 

equations 7-8 and 7-9 would reduce to the following functional form. 

 

 ( ) ( ) ( ) ( ), , , ,
ref

T
l ig ref ig ig
i f i p i i i

T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  7-15 

7.8  Specific Heat Capacity of H2O 
 

For H2O, Aspen PlusTM calculates CP through equations 7-1 and 7-2, but the heat of 

vaporization for H2O is based on the Watson equation.   

 ( ) ( )
( )1 /

1
1

1 /
1 /

i i cia b T T

ci
i i

ci

T TH T H T
T T

+ −
⎛ ⎞−

∆ = ∆ ⎜ ⎟−⎝ ⎠
 7-16 

where the Watson equation can estimate the heat of vaporization of a pure liquid 

component at any temperature from the known value at a single temperature ( )( )1iH T∆ .  

Table 7.8-1 gives the coefficients for the Watson heat of vaporization equation for H2O in 

the elecNRTL model within Aspen PlusTM based on equation 7-12. 
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Table 7.8-1.  Watson Heat of Vaporization Default Coefficients for H2O in the elecNRTL 
model from 0.05 – 373.95 oC [J/kmol]. 

Parameter Symbol Default value
DHVLWT-1 ∆H1(T1) 40655000
DHVLWT -2 T1 100.0
DHVLWT -3 ai 0.3106
DHVLWT -4 bi 0

 
Figure 7.8-1 illustrates the prediction of the heat of vaporization for H2O from 

equation 7-12 within the elecNRTL model.  Note, one of the deficiencies of a two parameter 

heat of vaporization model, vis-à-vis Watson equation, is apparent with the prediction of CP 

for H2O as shown in Figure 7.8-2.  Figure 7.8-2 demonstrates a known issue within the 

elecNRTL model where the liquid phase specific heat capacity of H2O is calculated from the 

Watson heat of vaporization equation for CP and from the ASME Steam Table (1967) 

Equation-of-State for CPMX. 
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Figure 7.8-1.  Predictions for the Watson Heat of Vaporization for H2O from default values in 
the elecNRTL model. 
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Figure 7.8-2.  Predictions for CP and CPMX for H2O from default values in the elecNRTL 
model. 

 

 Due to the large deviations between CP and CPMX for H2O, we attempted to adjust 

the a and b terms of equation 7-12 implementing a similar procedure as described in section 

7.4.2, but we were only able to improve the fit slightly as shown in Figure 7.8-3. 
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Figure 7.8-3.  Comparison of elecNRTL Model Predictions (v3) with Experimental Data for 
the Specific Heat Capacity of H2O from 0 – 260 oC. 

 
Resulting in the following regression summary statistics output for estimates of the 

heat of vaporization coefficients as shown in Table 7.8-2. 

Table 7.8-2. DRS Regression Output for 2P H2O Model for CP. 

Parameter Estimate σ wrt Estimate 
DHVLWT -3 0.2662 0.0019 
DHVLWT -4 0.0911 0.0036 

 

Figure 7.8-4 compares estimated and experimental heat of vaporization based on 

parameters in Table 7.8-2 to literature data from Moore et al. (1969), Kell et al. (1984) and 

Clapeyron (1834) for H2O from 0.01 to 373.95 oC.  The two parameter (2P) model over 

predicts the heat of vaporization above 254.44 oC with a maximum error of 30.2 % at 348.98 

2507



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
178 

oC.  However, this error is well beyond the operating range of present carbon capture 

technology and is negligible overall since the full model is consistent with the critical 

temperature of H2O (373.95 oC). 
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Figure 7.8-4.  Comparison of Model Predictions (v3) with Experimental Data for the Heat of 
Vaporization of H2O from 0.01 – 373.95 oC. 

 
The above results attempted to improve upon the correlation for the specific heat 

capacity by adjusting the heat of vaporization of H2O, but were unable to achieve 

satisfactory results as previously discussed in section 7.4.4.  In solution mixtures, the 

elecNRTL model will use the ASME Steam Table (1967) Equation-of-State for H2O in the 

calculation of CPMX and hence, the CP value will not affect future calculations, but we do 

not feel this to be a satisfactory solution.  We will then recommend to AspenTech to change 
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the calculation structure within the elecNRTL model to reflect the heat of vaporization of 

H2O based on the DIPPR equation and results as described in section 7.4.2. 

7.9 Specific Heat Capacity of MEA 
 

Table 7.9-1 gives the coefficients for the Watson heat of vaporization equation for 

MEA in the elecNRTL model within Aspen PlusTM based on equation 7-12. 

Table 7.9-1.  Watson Heat of Vaporization Default Coefficients for MEA in the elecNRTL 
model from 10.5 – 405.05 oC [J/kmol]. 

Parameter Symbol Default value
DHVLWT-1 ∆H1(T1) 54835800 
DHVLWT -2 T1 126.67 
DHVLWT -3 ai 0.3288 
DHVLWT -4 bi -0.0857 

 
Figure 7.9-1 illustrates the prediction of the heat of vaporization for MEA from 

equation 7-12 within the elecNRTL model.  Figure 7.9-1 demonstrates an issue between the 

NRTL and the elecNRTL model where the critical temperature of MEA reported in the 

elecNRTL model is from the work by Austgen (1989).  The liquid phase specific heat 

capacity of MEA is calculated from the Watson heat of vaporization equation for CP and 

CPMX, but there is a 1 % deviation between CP and CPMX for temperatures above 120 oC 

as shown in Figure 7.9-2.  Even though there is a minimum AARD of 5 % at 140 oC 

between predictions from the elecNRTL model and current literature data.  
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Figure 7.9-1.  Predictions for the Watson Heat of Vaporization for MEA from default values 
in the elecNRTL model. 
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Figure 7.9-2.  Predictions for CP and CPMX for MEA from default values in the elecNRTL 
model. 
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Due to the large deviations between predictions from the elecNRTL model and 

current literature data, we also regressed the a and b terms of equation 7-12 implementing a 

similar procedure as described in section 7.2.2, however in this case, we successfully matched 

the specific heat capacity for MEA (AARD = 0.6 %) as shown in Figure 7.9-3.  Even 

though, the liquid phase specific heat capacity of MEA calculated from the regressed 

parameters of the Watson heat of vaporization equation displays approximately 1 % 

deviation between CP and CPMX for temperatures above 130 oC. 
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Figure 7.9-3.  Comparison of elecNRTL Model Predictions (v4) with Experimental Data for 
the Specific Heat Capacity of MEA from 20 – 140 oC 

 
Resulting in the following regression summary statistics output for estimates of the 

heat of vaporization coefficients as shown in Table 7.9-2. 
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Table 7.9-2. DRS Regression Output for 2P MEA Model for CP. 

Parameter Estimate σ wrt Estimate 
DHVLWT -3 0.4041 0.0077 
DHVLWT -4 0.1101 0.0138 

 

Figure 7.9-4 compares estimated and experimental heat of vaporization based on 

parameters in Table 7.9-2 to literature data from Riddick and Bunger (1970) and Clapeyron 

(1834) for MEA from 10.50 to 337.23 oC.  The two parameter (2P) model over estimates the 

heat of vaporization above 213.30 oC with a maximum error of 15.0 % at 337.23 oC.  

However, this error is well beyond the operating range of present carbon capture technology 

and is negligible overall since the full model is now consistent with the critical temperature 

of MEA (405.05 oC).  
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Figure 7.9-4.  Comparison of Model Predictions (v4) with Experimental Data for the Heat of 
Vaporization of MEA from 10.5 – 405.05 oC. 
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The above results indicate an improvement upon the default elecNRTL parameters 

for the Watson heat of vaporization equation to predict the specific heat capacity of MEA.  

Critical properties in the elecNRTL model were adjusted to match correctly the critical 

temperature of MEA and to improve the heat of vaporization correlation between predicted 

values and current literature data. 

7.10  Specific Heat Capacity of PZ 
 

In section 7.3, we were able to illustrate that predictions for the liquid phase specific 

heat capacity of PZ could improve by adjusting the coefficients of the DIPPR heat of 

vaporization equation.  In the elecNRTL model, Aspen PlusTM calculates the solid and liquid 

phase specific heat capacity by the same method as described in section 7.3, however, as 

shown in Figure 7.10-2, there is an AARD of ±2.58 % between predictions of CP and 

CPMX for the liquid phase specific heat capacity of PZ. 

Due to deviations between the predictions from the elecNRTL model and current 

literature data, we regressed coefficients for the heat of vaporization of PZ implementing a 

similar procedure as described in section 7.3.3.  In this case, we successfully matched the 

pure and mixture specific heat capacities for PZ (AARD = 0.0 and 0.0 %, respectively) as 

shown in Figures 7.10-3 and 7.10-4.  Resulting in the following regression summary statistics 

output for estimates of the heat of vaporization coefficients as shown in Table 7.10-1. 

Table 7.10-1. DRS Regression Output for 3P PZ Model for CP. 

Parameter Estimate σ wrt Estimate 
DHVLPD-1 64355423 263643 
DHVLDP-2 0.3857 0.0107 
DHVLDP-3 0.0257 0.0102 
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Figure 7.10-1.   Comparison of elecNRTL Model Predictions with Experimental Data from 
Clapeyron (1834) for the Heat of Vaporization of PZ from 106 – 301.05 oC. 
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Figure 7.10-2.  Comparison of elecNRTL model Predictions with Experimental Data for the 
Specific Heat Capacity of PZ from 20 to 200 oC. 
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Figure 7.10-3.  Comparison of Model Predictions (v2) with Experimental Data from 
Clapeyron (1834) for the Heat of Vaporization of PZ from 106 – 301.05 oC. 

1

1.5

2

2.5

3

3.5

0 20 40 60 80 100 120 140 160 180 200 220

Temperature (oC)

C
p 

(k
J/

kg
-K

)

Swanson and Chueh (1973)
Steele et al. (1997)
This work
elecNRTL (CP) Default Parameters
elecNRTL (CPMX) Default Parameters
3P (CP) PZ Model
3P (CPMX) PZ Model

PZ (s)

PZ (l)

 
Figure 7.10-4.  Comparison of elecNRTL Model Predictions (v2) with Experimental Data for 
the Specific Heat Capacity of PZ from 20 to 200 oC. 
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 By adjusting the coefficients of the DIPPR heat of vaporization equation, we were 

unable to decrease the deviation between the prediction of CP and CPMX.  As shown in 

Figure 7.10-4, there is an AARD of ±2.69 % between predictions of CPMX and Swanson 

and Chueh (1973) for the liquid phase specific heat capacity of PZ.  Due to this relatively 

small error between CP and CPMX and the slight improvement for the prediction of the 

heat of vaporization based on the 3P PZ model, the above analysis is satisfactory given the 

lack of documentation from Aspen PlusTM to describe the calculation methods of CP and 

CPMX for PZ.  We will then recommend limiting predictions for the specific heat capacity 

of pure PZ to temperatures below 140 oC. 

7.11  Abridged elecNRTL Predictive Correlations 
 

To anticipate installation difficulties with the implementation of our model on future 

platforms, we have developed specific correlations based on predictive results from our 

rigorous thermodynamic model for the liquid phase specific heat capacity of H2O, MEA, 

and PZ.  We chose to relate the liquid phase specific heat capacity by the following relation: 

 ,* 2 3 4
, 1 2 3 4 5

l
p i i i i i i

kJC C C T C T C T C T
kg K

⎛ ⎞
= + + + +⎜ ⎟⋅⎝ ⎠

 7-17 

Where 
,*
,

l
p iC  is the predictive liquid phase specific heat capacity for component i, 

T  is the temperature, oC. 
 

In this case of H2O, we successfully matched the liquid phase specific heat capacity 

(CPMX) (AARD = 0.04 %) as shown in Figure 7.11-1.  Resulting in the following regression 
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summary statistics output for estimates of the abridged model correlation coefficients as 

shown in Table 7.11-1. 

Table 7.11-1. DRS Regression Output for the Abridged Model Correlation for H2O. 

Parameter Estimate σ wrt Estimate 
C1 4.2107 0.0020 
C2 -1.696E-03 1.0874E-04 
C3 2.568E-05 1.7486E-06 
C4 -1.095E-07 1.0198E-08 
C5 3.038E-10 1.9449E-11 
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Figure 7.11-1.  Comparison of elecNRTL model Predictions with the Abridged Model 
Correlation for the Specific Heat Capacity of H2O from 0 to 260 oC. 

 
For MEA, we successfully matched the liquid phase specific heat capacity (CPMX) 

(AARD = 0.02 %) as shown in Figure 7.11-2.  Resulting in the following regression 
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summary statistics output for estimates of the abridged model correlation coefficients as 

shown in Table 7.11-2. 

Table 7.11-2. DRS Regression Output for the Abridged Model Correlation for MEA. 

Parameter Estimate σ wrt Estimate 
C1 2.6161 0.0006 
C2 3.706E-03 1.8487E-05 
C3 3.787E-06 1.1989E-07 
C4 0.0 - 
C5 0.0 - 
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Figure 7.11-2.  Comparison of elecNRTL model Predictions with the Abridged Model 
Correlation for the Specific Heat Capacity of MEA from 10 to 140 oC. 

 
In this case of PZ, we successfully matched the liquid phase specific heat capacity 

(CPMX) (AARD = 0.23 %) as shown in Figure 7.11-3.  Resulting in the following regression 
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summary statistics output for estimates of the abridged model correlation coefficients as 

shown in Table 7.11-3. 

Table 7.11-3. DRS Regression Output for the Abridged Model Correlation for PZ. 

Parameter Estimate σ wrt Estimate 
C1 2.1470 0.0061 
C2 3.038E-03 1.2548E-04 
C3 1.234E-05 5.5684E-07 
C4 0.0 - 
C5 0.0 - 
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Figure 7.11-3.  Comparison of elecNRTL model Predictions with the Abridged Model 
Correlation for the Specific Heat Capacity of PZ from 20 to 200 oC. 
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7.12  elecNRTL Conclusions 
 

With reference to H2O, the above results attempted to improve upon the correlation 

for the specific heat capacity by adjusting the heat of vaporization of H2O, but were unable 

to achieve satisfactory results as previously discussed in section 7.4.4.  In solution mixtures, 

the elecNRTL model will use the ASME Steam Table (1967) Equation-of-State for H2O in 

the calculation of CPMX and hence, the CP value will not affect future calculations, but we 

do not feel this to be a satisfactory solution.  We will then recommend to AspenTech to 

change the calculation structure within the elecNRTL model to reflect the heat of 

vaporization of H2O based on the DIPPR equation and results as described in section 7.4.2. 

With reference to MEA, the above results indicate an improvement upon the default 

elecNRTL parameters for the Watson heat of vaporization equation to predict the specific 

heat capacity of MEA.  Critical properties in the elecNRTL model were adjusted to correctly 

match the critical temperature of MEA and to improve the heat of vaporization correlation 

between predicted values and current literature data. 

With reference to PZ, we were unable to decrease the deviation between the 

prediction of CP and CPMX by adjusting the coefficients of the DIPPR heat of vaporization 

equation.  As shown in Figure 7.10-4, there is an AARD of ±2.69 % between predictions of 

CPMX and Swanson and Chueh (1973) for the liquid phase specific heat capacity of PZ.  

Due to this relatively small error between CP and CPMX and the slight improvement for the 

prediction of the heat of vaporization based on the 3P PZ model, the above analysis is 

satisfactory given the lack of documentation from Aspen PlusTM to describe the calculation 
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methods of CP and CPMX for PZ.  We will then recommend to limit predictions for the 

specific heat capacity of pure PZ to temperatures below 140 oC. 

Using an abridged model correlation, we were successful in matching the liquid 

phase specific heat capacity for H2O, MEA, and PZ over the respective temperature ranges 

for each component. 

Overall, results presented above indicate that the elecNRTL model, through 

simultaneous regression gave a set of heat of vaporization coefficients to describe liquid 

phase specific heat capacity for MEA, PZ, and H2O.  In addition, the model adequately 

represents the solid phase specific heat capacity for pure PZ as compared to the NRTL 

model and current literature data.
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_________________ 

CHAPTER VIII  Binary Systems: 
 H2O-MEA 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

8.1  Introduction 
 

We continue the thermodynamic model development by describing the molecule-

molecule interactions between water and monoethanolamine.  Interactions between water 

and piperazine will be addressed in Chapter IX.  This chapter describes the data regression 

and model predictions for the H2O-Monoethanolamine (MEA) system based on previous 

literature data and experimental results from this work.  The results for the binary interaction 

parameters for the electrolyte-NRTL (elecNRTL) model in Aspen PlusTM are then presented; 

showing good statistical fit to the literature data with an average absolute relative error of ± 

2.62 % with the exception of a few outliers. 
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8.2  H2O-MEA System 
 

Recall from Chapter VI that as the concentration of ions in an electrolyte solution 

approaches zero, the elecNRTL model reduces in theory to the NRTL Model of Renon and 

Prausnitz (1968).  As shown in Chapter VII, the calculation routes for physical properties 

between the NRTL and the elecNRTL property models are different.  In this section, we 

present background on the NRTL model for clarification purposes only since we will be 

using the elecNRTL property model for all future chapters to describe molecular and ionic 

interactions. 

The NRTL model is an excess Gibbs energy model given by the following form for a 

binary system: 

 21 21 12 12
1 2

1 2 21 2 1 12

ex G GG x x
RT x x G x x G

τ τ⎛ ⎞
= +⎜ ⎟+ +⎝ ⎠

 8-1 

Where 
i is the species index, 1: H2O and 2: MEA, 
j is the species index, 1: H2O and 2: MEA, 

ix is the liquid mole fraction of component i, 

ijτ is the binary interaction parameter between component i and j, 

ijα is the molecule-molecule nonrandomness factor, 0.2, 
12 12

12G e α τ−= , 
21 21

21G e α τ−= . 
 

The molecule-molecule binary interaction parameters were assumed to be 

temperature dependent and were fitted to the following function of temperature: 

 12
12 12 12 12ln( )BA C T D T

T
τ = + + +  8-2 
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 21
21 21 21 21ln( )BA C T D T

T
τ = + + +  8-3 

Taking the appropriate derivative of Equation 8-1, an expression for the activity 

coefficient of MEA can then be derived from thermodynamic relationships. 

 
( )/

ln
ex

i
i

nG RT
n

δ
γ

δ

⎡ ⎤
⎢ ⎥=
⎢ ⎥⎣ ⎦

 8-4 

 
( )

2
2 12 21 21

2 1 12 2
2 1 12 1 2 21

ln G Gx
x x G x x G

τγ τ
⎡ ⎤⎛ ⎞
⎢ ⎥= +⎜ ⎟+ +⎢ ⎥⎝ ⎠⎣ ⎦

 8-5 

By taking the limit as the mole fraction of MEA ( )2x approaches zero, we get an 

explicit form of Equation 8-5 for the infinite dilution activity coefficient of MEA as given 

below: 

 12 21
2 12 21ln e α τγ τ τ −∞ = +  8-6 

Where 
2γ ∞ is the infinite dilution activity coefficient for monoethanolamine. 

  
From Equation 8-6, we can see how excess Gibbs energy and activity coefficients are 

related through model parameters.  The creation of the H2O-MEA model begins with the 

regression of literature data.  Twelve data sets have been regressed with the elecNRTL 

model to represent the phase equilibrium of a single solvent system through regression of 

total vapor pressure [Nath and Bender (1983) and Touhara et al. (1982)], vapor-liquid 

equilibrium [Park and Lee (1997), Tochigi et al. (1999), Cai et al. (1996), and from this work], 

specific heat capacity [Pagé et al. (1993), Chiu and Li (1999), Weiland et al. (1997), and from 

this work], and freezing point depression [Chang et al. (1993)] data over monoethanolamine 
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solutions.   The elecNRTL model was never designed to regress excess enthalpy data thus 

we will reserve literature data from Touhara et al. (1982) and Posey (1996) until a 

comparison can be made from predictions based on an optimum set of binary interaction 

parameters.  For more information, please refer to Section 8.4.5. 

The following stoichiometric chemical equilibrium expression (Equation 8-7) for the 

dissociation of monoethanolamine is given below: 

 ( )MEAH MEA l H+ +↔ +  8-7 

Equation 8-7 describes the dissociation of protonated monoethanolamine ( )MEAH + ion to 

aqueous monoethanolamine and proton ( )H + ion.  The chemical equilibrium constant for 

the above reaction was determined analytically from pKa data reported by Bates and 

Pinching (1951) and corrected, based on the optimum binary interaction model parameters, 

for the symmetric reference state for the activity coefficient of monoethanolamine from 

infinite dilution in water to infinite dilution in amine solvent.  We were then able to 

determine the following standard state properties: the infinite dilution aqueous phase free 

energy of formation ( ),aq
fG∞∆ and the infinite dilution aqueous phase enthalpy of formation 

( ),aq
fH ∞∆  for protonated monoethanolamine. 

 The following section describes the different types of data used in the creation of the 

binary H2O-MEA elecNRTL model. 

8.2.1  Total Vapor Pressure 
 

Data in the form of total vapor pressure from aqueous monoethanolamine solutions 

as a function of concentration and temperature was used to adjust the activity coefficients of 
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monoethanolamine and water through the simultaneous regression of the binary interaction 

parameters in the elecNRTL model.  For the binary system, the following equation can be 

used to represent the equilibrium for the total vapor pressure data. 

 
2 2 2

0 0
MEA MEA MEA H O H O H OP x P x Pγ γ= +  8-8 

Where 
P is the total pressure of the system, 

ix is the apparent mole fraction of component i, 

iγ is the symmetric activity coefficient of component i, 
0

iP is the Extended Antoine pure vapor pressure of component i. 
 
Note, total vapor pressure data does not allow for the direct calculation of individual 

component activity coefficients or extrapolation to infinite dilution.  Therefore, activity 

coefficients regressed from total pressure data cannot be accurately determined.  An example 

of the experimental total vapor pressure data used in this work by Nath and Bender (1983) 

and Touhara et al. (1982) from 333 – 393 K at 2 m PZ and from 353 – 393 K at 4 m PZ are 

shown in Figures 8.2-1 and 8.2-2, respectively. 

 
8.2.2  Vapor-Liquid Equilibrium 
 

Data in the form of vapor-liquid equilibrium (VLE), which measures the vapor and 

liquid compositions in aqueous monoethanolamine solutions, as a function of concentration 

and temperature were also used to adjust the activity coefficients of monoethanolamine and 

water through the simultaneous regression of the binary interaction parameters in the NRTL 

model.  For the binary system, Equation 8-9 can be used to represent the vapor-liquid 

equilibrium data. 
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Figure 8.2-1.  Total Vapor Pressure at 60, 78, and 91.7 oC.  Points: Nath and Bender (1983). 
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Figure 8.2-2.  Total Vapor Pressure at 25.0 and 35.0 oC.  Points: Touhara et al. (1982). 
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 0

i i i iy P x Pγ=  8-9 

Where 
iy is the vapor mole fraction of component i, 

P is the total pressure of the system, 
ix is the liquid mole fraction of component i, 

iγ is the symmetric activity coefficient of component i, 
0

iP is the Extended Antoine pure vapor pressure of component i. 
 
Examples of experimental isobaric vapor-liquid equilibrium used in this work from Park and 

Lee (1997) and Cai et al. (1996) are shown in Figure 8.2-3 and for isothermal vapor-liquid 

equilibrium from Tochigi et al. (1999) in Figure 8.2-4.  As previously shown in Chapter II, 

amine volatility from this work between 3.5 and 23.8 m MEA is presented in Figure 8.2-5.  

Please note: we did not include the measured vapor pressure of H2O data as part of this 

work within experimental database given in Table 8.3-1.  
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Figure 8.2-3.  Isobaric VLE at 101.325 kPa.  Points: ♦, Park and Lee (1997) and ▲, Cai et al. 
(1996). 
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Figure 8.2-4.  Isothermal VLE at 90.0 oC.  Points: ♦,Tochigi et al. (1999). 
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Figure 8.2-5.  Amine Volatility for 3.5, 7, 11, and 23.8 m MEA from this work. 
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8.2.3  Specific Heat Capacity 
 

As stated in Chapter VI, Aspen PlusTM calculates the liquid phase heat capacity of a 

mixture (CPMX) by taking the derivative of the liquid enthalpy at constant pressure: 

 ( ) ( ) ,

T T
l l l
i i p i

T

H T T H T C dT
+∆

+ ∆ − = ∫  8-10 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

i i i i
i

H T x H H= +∑  8-11 

 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  8-12 

Where 
T∆  is the perturbation in temperature from T, 
E
iH  is the excess enthalpy of component i, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i. 

 
Data in the form of specific heat capacity of a mixture as a function of concentration 

and temperature were used to adjust the activity coefficients of monoethanolamine and 

water through the simultaneous regression of the binary interaction parameters by taking the 

derivative of the NRTL model, vis-à-vis excess enthalpy.  Thus, specific heat capacity effects 

are limited only to the second and third terms of Equations 8-2 and 8-3.  Examples of 

experimental specific heat capacity used in this work are from: Pagé et al. (1993) and 

Weiland et al. (1997) at 25 oC, Pagé et al. (1993), Chiu and Li (1999), and from this work at 
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40 oC, and from Chiu and Li (1999) and from this work at 60 oC, as shown in Figures 8.2-6, 

8.2-7, and 8.2-8, respectively. 
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Figure 8.2-6.  Specific Heat Capacity at 25.0 oC.  Points: ■, Pagé et al. (1993) and •, Weiland 
et al. (1997). 

 
8.2.4  Excess Enthalpy 
 

Prausnitz et al. (1999) noted that the behavior of a real binary mixture is frequently 

described using excess properties.  In the electrolyte-NRTL model, one of the main goals is 

the ability to describe the excess Gibbs energy of a system, including temperature 

derivatives, to accurately represent deviations from ideal solution behavior.  In this case, the 

excess enthalpy of mixing is referred to more commonly as the heat of mixing through 

Equation 8-13. 
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Figure 8.2-7.  Specific Heat Capacity at 40.0 oC.  Points: ■, Pagé et al. (1993), ♦, Chiu and Li 
(1999), and ▲, this work. 
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Figure 8.2-8.  Specific Heat Capacity at 60.0 oC.  Points: ♦, Chiu and Li (1999) and ▲, this 
work. 
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 2
,

/

i

E E
i i

P x

H G RT
RT T

⎛ ⎞∂
− = ⎜ ⎟∂⎝ ⎠

 8-13 

By apply the partial molar property to Equation 8-13, an expression describing the 

relationship between the temperature dependence of the activity coefficient and the excess 

Gibbs energy is given by Equation 8-14. 

 2
,

ln E
i i

P x

H
T RT
γ∂⎛ ⎞ = −⎜ ⎟∂⎝ ⎠

 8-14 

For a binary mixture, the molar excess enthalpy can be described by the following 

expression: 

 , 2 lnE l i
m i

i
H RT x

T
γ∂⎛ ⎞= − ⎜ ⎟∂⎝ ⎠

∑  8-15 

Where 
,E l

mH  is the liquid molar excess enthalpy of the mixture, 

ix  is the mole fraction of component i, 

iγ is the symmetric activity coefficient of component i. 
 

An example of experimental excess enthalpy data from Touhara et al. (1982) and 

Posey (1996) at 25 and 70 oC is shown in Figure 8.2-9. 

 
8.2.5  Freezing Point Depression 
 

Freezing point depression of aqueous MEA mixtures from Chang et al. (1993) were 

transformed to represent the partial pressure of water, 2H OP .  Harned and Owen (1950) 

related the activity of water to the freezing point depression of water through Equation 8-15. 
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Figure 8.2-9.  Excess Enthalpy at 25.0 and 70.0 oC.  Points: ♦, Touhara et al. (1982), ■, Posey 
(1996) at 25 oC, and •,Posey (1996) at 75 oC. 
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 8-16 

simplifying and substituting Equation 8-16 into Equation 8-9, an expression for the partial 

pressure of water as a function of the freezing point depression vis-à-vis activity of water, is 

given below 

 
2 2

0.018
exp

1.858
f o

H O H O

T
P P

− ⋅∆⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 8-17 

Where 
wa is the activity of water, 

R is the universal gas constant, 8.314 J/mole-K, 
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oT is the melting point of ice, 0.0 oC, 

fT∆ is the freezing point depression, o fT T− , 

fT is the mixture freezing point, oC, 

fH∆ is the heat of fusion of water, -6.008 kJ/mole, 

pC∆ is the heat capacity difference between water and ice, 37.6 J/mole-K. 
 

Freezing point depression in the form of vapor pressure of water, as a function of 

molality and temperature, was used to adjust the activity coefficient of water for the H2O-

MEA system through the simultaneous regression of the binary interaction parameters in the 

electrolyte NRTL model. 

An example of the vapor pressure of water based on Equation 8-17 from literature 

of Chang et al. (1993) is shown in Figure 8.2-10 from -20.0 to -5.0 oC. 

 

Figure 8.2-10.  Partial Pressure of H2O based on Equation 8-17 from Freezing Point 
Depression Data by Chang et al. (1993) from -20.0 to -5.0 oC. 
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8.2.6  Dissociation Constant of Monoethanolamine 
 

Recall from Chapter VII that the chemical equilibrium or dissociation constant for 

Equation 8-7 in terms of the activity is given by the following relationship: 

 * MEA H

MEAH

a a
K

a
+

+

⋅
=  8-18 

where the thermodynamic equilibrium constant can be defined as 
 

 *ln
o
mGK

RT
⎛ ⎞−∆

= ⎜ ⎟
⎝ ⎠

 8-19 

 o o
m i i

i
G ν µ∆ = ∑  8-20 

Where 
*K is the asymmetric chemical equilibrium constant for Equation 8-7 (molality based), 

ia is the activity of component i, 
o
mG∆ is the standard molar Gibbs free energy change for Equation 8-7, 

iν is the stoichiometric coefficient of component i, 
o
iµ is the reference chemical potential for component i.  

 
The chemical equilibrium constant vis-à-vis component activities provides the 

connection between the standard Gibbs free energy change of reaction to the standard 

(reference) states of the individual species activities in a given reaction.  In this work, H2O 

and MEA were regarded as solvents and the solution was treated as a mixed-solvent system 

and described by the symmetric reference state convention where the activity coefficient 

approaches one as the mole fraction of the species approaches its pure liquid state.   

Experimental pKa data from Bates and Pinching (1951) (Figure 8.2-11) were used 

analytically, to determine the chemical equilibrium constant for Equation 8-7 for the 
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dissociation constant of monoethanolamine.  We were then able to determine the following 

standard state infinite dilution aqueous phase properties: the free energy of formation 

( ),aq
fG∞∆ , the enthalpy of formation ( ),aq

fH ∞∆ , and coefficients for the temperature 

dependent heat capacity ( ),aq
pC∞∆  of protonated monoethanolamine. 

Chemical equilibria reported in literature are normally referenced to infinite dilution 

in water (molality based), treating monoethamine as a solute.  Solute and ionic activity 

coefficients are described by the asymmetric reference state convention which states that as 

the activity coefficient approaches one, the mole fraction of the species approaches zero in 

pure water. 
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Figure 8.2-11.  Experimental pKa from Bates and Pinching (1951) for the Dissociation 
Constant of Monoethanolamine (molality based) from 0 to 50 oC. 
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Bates and Pinching (1951) found it helpful to express the chemical equilibrium as a 

p-function where the p-function is the negative logarithm (base 10) of the number as given 

by the following expression: 

 ( )10logpK K= −  8-21 

Where 
p is the p-function of a numerical datum. 

 
 In this work, chemical equilibrium constants are defined in terms of mole fractions; 

therefore the chemical equilibrium constant reported by Bates and Pinching (1951) has to be 

converted.  However, due to the asymmetric reference state convention, the chemical 

equilibrium constant of monoethanolamine requires an additional conversion to the 

symmetric reference state convention since all subsequent monoethanolamine based ionic 

equilibrium constants are determined based on the asymmetric reference state convention 

referenced to infinite dilution in monoethanolamine.  These two reference state conventions 

are related for monoethanolamine by the following expression: 

 * 0
lim
MEA

MEA
MEA MEAx

MEA

γ γ γ
γ

∞

→
= =  8-22 

Where 
MEAγ is the symmetric activity coefficient for monoethanolamine, 
*
MEAγ is the asymmetric activity coefficient for monoethanolamine as the solution approaches 

its pure solute reference state. 
 
Thus, the chemical equilibrium constant of monoethanolamine (Equation 8-7) referenced to 

the symmetric reference state convention used in this work is related by the following 

expression: 
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 * 1000ln ln ln lni MEA
i ww

K K
MW

ν γ ∞

≠

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠
∑  8-23 

Where 
wMW is the molecular weight of H2O, 18.01528 gm/mole, 

K is the symmetric chemical equilibrium constant (mole fraction based). 
 

The infinite dilution activity coefficient of monoethanolamine is calculated from the 

binary interaction parameters for the water-monoethanolamine system using the elecNRTL 

model.  The resulting values were then re-regressed to the standard temperature dependent 

form of the chemical equilibrium constant given in Chapter VI and compared to Equation 

8-6.  This modified chemical equilibrium constant for monoethanolamine was then utilized 

in the elecNRTL model within Aspen PlusTM to specify the infinite dilution standard state 

free energy and enthalpy of formation, respectively, for protonated monoethanolamine.  

Therefore, chemical equilibrium constants reported in this work must be corrected for the 

infinite dilution activity coefficient of monoethanolamine prior to comparison with other 

work. 

8.3  Data Regression 
 

For the elecNRTL model, binary interaction parameters for molecule-molecule 

interactions were given a default value of zero.   

Through simultaneous regression, the molecule-molecule binary interaction 

parameters for the H2O-MEA system were obtained through the regression of total vapor 

pressure [Nath and Bender (1983) and Touhara et al. (1982)], vapor-liquid equilibrium [Park 

and Lee (1997), Tochigi et al. (1999), Cai et al. (1996), and from this work ], specific heat 
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capacity [Pagé et al. (1993), Chiu and Li (1999), Weiland et al. (1997), and from this work], 

and freezing point depression [Chang et al. (1993)] data over monoethanolamine solutions.   

A list of the aqueous electrolyte data sets that were examined in this work is given in 

Table 8.3-1.  The column labels Tσ , Pσ , Cpσ ,
ixσ , 

iyσ , give standard error associated with 

the temperature, pressure, specific heat capacity, liquid mole fraction, and the vapor mole 

fraction, respectively, with each data set.  DRS suggested standard error default values were 

assigned unless otherwise stated by the author. 

Table 8.3-1.  Experimental data used in the regression of the H2O-MEA system. 

 Obs. T (oC) σT σP σx σy Source 
TP 36 60.0 – 91.7 0.05 0.25% 0.1% 10% Nath and Bender (1983) 

 26 25.0 – 35.0 0.01 0.25% 0.1% 10% Touhara et al. (1982) 
        
 Obs. T (oC) σT σP σx σy Source 

VLE 16 101.2 – 167.0 0.1 0.1% 0.5% 0.5% Park and Lee (1997) 
 9 90.0 0.01 0.03 0.7% 0.7% Tochigi et al. (1999) 
 25 89.7 – 158.7 0.01 0.133 0.1% 0.1% Cai et al. (1996) 
 25 39.8 – 72.7 0.01 0.1% 0.1% 0 This work 
        
 Obs. T (oC) σT σx σCp  Source 

Cp 48 10.0 – 40.0 0.01 0.1% 0.1%  Pagé et al. (1993) 
 44 30.0 – 80.0 0.01 0.1% 0.1%  Chiu and Li (1999) 
 4 25.0 0.01 0.1% 0.1%  Weiland et al. (1997) 
 34 40.0 – 120.0 0.01 0.1% 0.1%  This work 
        
 Obs. T (oC) σT σP σx σy Source 

PH2O 40 -20.5 – (-0.5) 0.01 2.0% 0.1% 0 Chang et al. (1993) 
 

After performing a nonlinear regression for the full model using DRS, the following 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients are shown in Table 8.3-2. 
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Table 8.3-2.  DRS Regression Output for Full H2O-MEA System Model. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m H2O MEA -434 23.1 
2-Bm,m H2O MEA 11272 778 
3-Cm,m H2O MEA 75.8 3.97 
4-Dm,m H2O MEA -0.1111 0.0069 
5-Am,m MEA H2O 115 12.1 
6-Bm,m MEA H2O -3483 406 
7-Cm,m MEA H2O -20.2 2.04 
8-Dm,m MEA H2O 0.0308 0.0031 

 
Residual Sum of Squares:  724,121 
Residual Root Mean Square:  49.294 
Degree of Freedom:   299 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that all of the estimates are large relative to their standard errors.  A 

complete description of the variability of the coefficient estimates requires examining the 

correlations between the estimates as shown in Table 8.3-3. 

Table 8.3-3.  Correlation Matrix of the Coefficient Estimates, for the Full H2O-MEA Model. 

Parameter 1 2 3 4 5 6 7 8
1 1.00               
2 -0.87 1.00             
3 -0.99 0.82 1.00           
4 0.83 -0.47 -0.88 1.00         
5 -0.79 0.77 0.76 -0.57 1.00       
6 0.68 -0.86 -0.61 0.26 -0.91 1.00     
7 0.80 -0.74 -0.78 0.62 -1.00 0.86 1.00   
8 -0.77 0.50 0.79 -0.84 0.86 -0.57 -0.90 1.00

 
Table 8.3-3 shows a high negative correlation between 3 1η̂ → for the first energy 

parameter estimate, 
2 /H O MEAτ , but the correlation between other coefficients is relatively 

small, suggesting that 3η̂ might be usefully removed from the model without significant loss 
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of information.  On the other hand, Table 8.3-3 shows three highly correlated coefficients 

for 
2/MEA H Oτ  where a submodel containing fewer coefficients for the 

2/MEA H Oτ  expression 

might be useful without a significant loss of information.     

After performing backward elimination using DRS, the following optimum model 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients are shown in Table 8.3-4.  Please refer to Appendix O for more information 

about the backward elimination procedure to determine the optimal set of binary interaction 

parameters for the H2O-MEA system. 

Table 8.3-4.  DRS Regression Output for Optimum H2O-MEA Model. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m H2O MEA -123 9.65 
2-Bm,m H2O MEA 2575 306 
3-Cm,m H2O MEA 22.1 1.65 
4-Dm,m H2O MEA -0.0297 0.0022 
5-Am,m MEA H2O -1.71 0.149 
6-Bm,m MEA H2O -214 66.3 

 
Residual Sum of Squares:  740,215 
Residual Root Mean Square:  49.673 
Degree of Freedom:   301 
 
Notice that all of the estimates are larger relative to their standard errors.  Comparing the 

estimates from the full model to the optimum model, there was relatively little difference 

between the estimated values.  The proposed optimum model provides the following 

correlations between the estimates as shown in Table 8.3-5. 

 

 

2543



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
214 

Table 8.3-5.  Correlation Matrix of the Coefficient Estimates, for the Optimum H2O-MEA 
Model. 

Parameter 1 2 3 4 5 6 
1 1.00           
2 -0.96 1.00         
3 -1.00 0.96 1.00       
4 0.99 -0.95 -0.99 1.00     
5 -0.14 0.34 0.13 -0.10 1.00   
6 0.26 -0.46 -0.25 0.19 -0.91 1.00 

 
Table 8.3-5 again shows highly negative correlations between all of the 

2 /H O MEAτ  

parameters suggesting that some of the remaining parameters might be usefully removed 

from the model without significant loss of information. 

Results from the previous section show that dropping a term from the full model 

may provide a submodel that may have a decrease in the correlation between the estimate 

coefficients and improve the reliability of the model.  Testing whether any subset of the 

regression estimate coefficients may be zero plays an important role in many analyses which 

leads to the following hypotheses: 

 NH: , ,3 7 0m m m mC C= =     Submodel function applies 
 AH: At lease one , ,3 ,7 0m m m mC C ≠  Full model function applies 
 
We can perform an F-Test to compare the purposed submodel with the full model.  

Significance levels for this test are obtained by comparing the observed value of F to the 

,NH AH AHdf df dfF −  distribution.  The p-value is then computed as an upper-tail test and gives the 

probability associated with evidence to reject the null hypothesis which will then be 

compared to the results given by the submodel. 
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If we were to remove the highly correlated parameters from the full model, the 

following submodel regression summary statistics output for estimates of the adjustable 

binary parameter coefficients is shown in Table 8.3-6. 

Table 8.3-6.  DRS Regression Output for H2O-MEA Submodel. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m H2O MEA -4.46 0.67 
2-Bm,m H2O MEA -85.3 174 
3-Dm,m H2O MEA 0.0149 0.0011 
4-Am,m MEA H2O 2.90 0.72 
5-Bm,m MEA H2O -456 190 
6-Dm,m MEA H2O -0.0079 0.0007 

 
Residual Sum of Squares:  831,795 
Residual Root Mean Square:  52.656 
Degree of Freedom:   301 
 

Notice that only one of the estimates is smaller relative to the standard error.  

Comparing the estimates from the submodel to the full model, there was large difference 

between the estimated values with respect to the order of magnitude.  The residual sum of 

squares and the standard errors for the submodel have increased as compared to the full 

model.  The proposed submodel provides the following estimated covariances between the 

estimates as shown in Table 8.3-7. 

Table 8.3-7 shows parameter ( ),2 m mB is highly correlated to the first 

coefficient, ( ),1 m mA , suggesting that 2η̂ might be usefully removed from the model without 

significant loss of information. 
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Table 8.3-7.  Correlation Matrix of the Coefficient Estimates for the H2O-MEA Submodel. 

Parameter 1 2 3 4 5 6 
1 1.00           
2 -0.91 1.00         
3 -0.86 0.77 1.00       
4 -0.82 0.80 0.50 1.00     
5 0.79 -0.91 -0.60 -0.91 1.00   
6 0.90 -0.79 -0.61 -0.97 0.83 1.00 

 
The two models were then compared using the test statistic F applied to the null 

hypothesis versus the alternative: 

 ( )

831795 724121
301 299 ~ 22.4355 2,299
724121

299

−⎡ ⎤
⎢ ⎥−⎣ ⎦

⎡ ⎤
⎢ ⎥⎣ ⎦

 

We can then calculate the probability for a F-distribution, df = 2, 299, upper-tail. 
 

F dist. with (2, 299) df, value = 22.4355, upper-tail probability = 8.35122e-10 
 

The finding of 0p ≈  provides strong evidence against the null hypothesis that 

, ,3 7 0m m m mC C= = .  Since a value of F this strong would be observed 0 times out of a 

hundred if the null hypothesis were true, the submodel will not give an adequate description 

of the data over the range of temperatures and concentration available in the data. 

8.3.1  Optimum Model Results 
 

With the determination of the estimates for the binary interaction parameters known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-MEA model against literature data.  For each data point, the deviation 

between the experimental and estimated values is expressed in terms of the average absolute 
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relative deviation (AARD).  Table 8.3-8 gives the percent AARD and the maximum percent 

AARD for the model predictions. 

Table 8.3-8.  Absolute Percent Relative Error for the H2O-MEA Optimum Model. 

  AARD(%) Max. AARD
TP Nath and Bender (1983) 2.01 6.94 

 Touhara et al. (1982) 2.40 11.78 
VLE Park and Lee (1997) 6.99 11.79 

 Tochigi et al. (1999) 5.49 11.59 
 Cai et al. (1996) 4.81 11.27 
 This work 4.28 7.02 

Cp Pagé et al. (1993) 1.95 6.26 
 Chiu and Li (1999) 1.20 2.51 
 Weiland et al. (1997) 2.20 2.79 
 This work 0.16 0.48 

PH2O Chang et al. (1993) 0.35 0.67 
Overall 2.62 11.79 
 
 

Overall, the model adequately describes the H2O-MEA property data listed above 

within an average absolute relative error of ± 2.62 percent, with the exception of a few 

outliers. 

8.3.2  Chemical Equilibrium Constant 
 

With the determination of the estimates for the binary interaction parameters known 

for the optimum model, we can directly evaluate the infinite dilution activity coefficient of 

monoethanolamine (Equation 8-6) as given by the following expression: 

 
2140.2 1.71
( )2575 214

ln 123 22.1ln ( ) 0.0297 ( ) 1.71
( ) ( )

MEA

T K
T K T K e

T K T K
γ ∞

⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

− − −
= − + + − + − −

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 8-24 

Previous authors chose to linearize the above expression into the temperature 

dependent form used for the chemical equilibrium constants as given by the following 
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expression from the ARC (2004) summary statistics output for estimates of the temperature 

dependent coefficients shown in Table 8.3-9: 

 
( ) ( )1296ln 8.95 2.016lnMEA T K

T K
γ ∞ = − − +  8-25 

Table 8.3-9.  ARC Regression Output for the Infinite Dilution Activity Coefficient for 
Monoethanolamine. 

Data set = Dataset, Name of Fit = L1 
Normal Regression 
Kernel mean function = Identity 
Response      = LNMEA 
Terms         = (1T LNT) 
Coefficient Estimates 
Label       Estimate         Std. Error     t-value     p-value 
Constant   -8.95461          0.735950      -12.137      0.0000 
1T         -1295.89          35.7499 -36.725      0.0000 
LNT         2.01628          0.108184        18.689      0.0000 
 
R Squared:                 0.999995     
Sigma hat:                 0.00108305   
Number of cases:               17 
Degrees of freedom:            14 
 
Summary Analysis of Variance Table 
Source          df        SS             MS            F      p-value 
Regression       2    3.32927        1.66464      1419139.54     0.0000 
Residual        14   0.0000164219   1.172989E-6 

 
 

We can then compare the two expressions as shown in Table 8.3-10.  Table 8.3-10 

illustrates how linearization of Equation 8-24 may cause minor errors at elevated 

temperatures.  In this work, we chose to use Equation 8-24 to represent the infinite dilution 

activity coefficient of monoethanolamine due to the small variations between Equation 8-24 

and Equation 8-25. 
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Table 8.3-10.  Comparison between Equations 8-24 and 8-25 for the Natural Log Infinite 
Dilution Activity Coefficient for Monoethanolamine in Water. 

    
LN Infinite Dilution Activity Coefficient for MEA 
Temp (oC) Equation 8-24 Equation  8-25 AARD(%) 

25 -1.8128 -1.8131 0.02 
30 -1.7085 -1.7079 0.04 
35 -1.6066 -1.6056 0.07 
40 -1.5072 -1.5060 0.08 
45 -1.4100 -1.4090 0.07 
50 -1.3152 -1.3145 0.05 
55 -1.2227 -1.2225 0.02 
60 -1.1325 -1.1327 0.02 
65 -1.0445 -1.0451 0.06 
70 -0.9588 -0.9597 0.10 
75 -0.8752 -0.8763 0.13 
80 -0.7937 -0.7949 0.14 

Overall   0.07 
 
 

Since there are only minor differences between Equation 8-24 and 8-25, we can 

illustrate thermal effects of the solution equivalent to the infinite dilution excess enthalpy 

given by the following equation for MEA: 

 ( )ln 1296 2.016
1/

E
MEAdH T K

R d T
γ ∞∆

− = = − + ⋅  8-26 

At 25 and 80 oC, the infinite dilution excess enthalpy (kJ/mol) is -12.46 and -11.34, 

respectively.  Figure 8.3-1 illustrates experimental [Touhara et al. (1982) and Kim et al. 

(1987)] and predicted [Austgen et al. (1991), Posey (1996), and this work ] values for the 

infinite dilution excess enthalpy for MEA from 20 to 100 oC. 
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Figure 8.3-1.   Infinite Dilution Excess Enthalpy for MEA from 20 to 100 oC.  Points: ♦, 
Touhara et al. (1982), □, Kim et al. (1987), ▲, Austgen et al. (1991), ■, Posey (1996), an •, this 
work.  

 
 Experimental values for the infinite dilution excess enthalpy for MEA from Touhara 

et al. (1982) and Kim et al. (1987) differ by ± 10% from one another.  As compared to 

model predictions from Posey (1996) and from this work, differ by ± 2% from Touhara et 

al. (1982), whereas, Austgen et al. (1991) differs from Kim et al. (1997) by ± 5%.  One 

striking feature of Figure 8.3-1 is the temperature dependence of the infinite dilution excess 

enthalpy.  This difference is a magnification of the temperature effect on the infinite dilution 

activity coefficient of MEA as shown in Figure 8.3-2.   
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Figure 8.3-2.  Infinite Dilution Activity Coefficient for MEA from 20 to 100 oC.  Points: ▲, 
Austgen et al. (1991), □, Lee (1996), ■, Posey (1996),♦, Poplsteinova (2004), and •, this work. 

 
For most activity coefficient models, the reference state for solutes is defined as 

infinite dilution in pure solvent; at 25 oC we can see that there is a large degree of scatter 

even at this temperature.  The optimum model parameters were fitted to a more extensive 

database than previous authors, thus infinite dilution activity coefficients predicted with the 

optimum model may give more realistic activity coefficients as a function of temperature and 

composition as compared to data found in the literature. 

With the determination of the Equation 8-25 known, we can then regress Equation 

8-23 to the standard temperature dependent form of the chemical equilibrium constant given 
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in Chapter VI based on experimental data reported by Bates and Pinching (1951) using ARC 

(2004) as shown in Table 8.3-11. 

Table 8.3-11.  Estimates for the Chemical Equilibrium Coefficients for the H2O-MEA 
System. 

Reference 
State 

Concentration 
Basis A σA B σB C σC D σD 

Asymmetric Molality 3.17 6.33 -6286 281 -0.694 0.946 0.0 - 
Asymmetric Mole Fraction -0.844 6.33 -6286 281 -0.694 0.946 0.0 - 
Symmetric Mole Fraction -22.82 6.46 -6997 286 3.26 0.965 0.0 - 

Data Reference: Bates and Pinching (1951) 
ln K = A + B/T(K) + C·lnT(K) + D·T(K) 
 

We can now compare our linear equilibrium constant expression for the dissociation 

of MEA to coefficients reported by Austgen et al. (1989) as shown in Figure 8.3-3. 
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Figure 8.3-3.  Comparison of the Dissociation Equilibrium Constant for MEA (mole fraction 
based) from 0 – 120 oC. Points: ▲, Bates and Pinching (1951).  Lines:― ―, Austgen et al. 
(1989), ▬, this work. 
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Figure 8.3-3 illustrates similar trends presented in Figure 8.3-2 where predictions for 

the infinite dilution activity coefficient for MEA reported by Austgen et al. (1989) as 

compared to predictions from this work crossed at 45 oC.  Since both works utilized Bates 

and Pinching (1951) to describe the dissociation of MEA, the only differences between the 

two reported K-values would be in the treatment of the infinite dilution activity coefficient 

of MEA applied to the linearization of the chemical equilibrium constant to the temperature 

dependent functional form.  Over the range (0 – 50 oC) where the experimental data are 

valid, the two expressions adequately describe similar trends but tend to diverge at high 

temperatures. 

As stated previously, Equation 8-19 relates the equilibrium constant for the 

dissociation of MEA to the standard Gibbs free energy change of reaction.   

 ln
oG K

RT
∆

= −  8-27 

 
( ) ( ) ( )ln

oG BA C T K D T K
RT T K

⎛ ⎞∆
= − + + ⋅ + ⋅⎜ ⎟⎜ ⎟

⎝ ⎠
 8-28 

By taking the partial derivative of Equation 8-28 with respect to temperature; Equation 8-29 

relates the standard enthalpy of reaction to the standard Gibbs free energy. 

 
( )/oo d G RTH

RT dT
∆∆

− =  8-29 

 
( ) ( ) ( )2 2ln lno d K d BH RT RT A C T K D T K

dT dT T K
⎛ ⎞

∆ = = + + ⋅ + ⋅⎜ ⎟⎜ ⎟
⎝ ⎠

 8-30 

 
( ) ( )

2
2

o B CH RT D
T KT K

⎛ ⎞
∆ = − + +⎜ ⎟

⎜ ⎟
⎝ ⎠

 8-31 
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 ( ) ( )( )2oH R B C T K D T K∆ = − + ⋅ + ⋅  8-32 

Where the standard property changes of reaction ( e.g. Gibbs free energy and enthalpy) are 

defined as the difference between the standard property change of the products and 

reactants, weighted by their stoichiometric coefficients. 

 o o
i i

i
M Mν∆ = ∑  8-33 

For ionic species the aqueous phase infinite dilution molar heat capacity is described by the 

following equation: 

 ( ) ( ) ( )
2 4,,

, 1, 2, 3,
iaq

p i i i i

CJC C C T K C T K
kmol K T K

∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠
 8-34 

The molar heat capacity of MEA was described in Chapter VIII by the following equation: 

 ( ) ( )2,*
, 115228 99.98 0.231l

p MEA
JC T K T K

kmol K
⎛ ⎞ = + ⋅ + ⋅⎜ ⎟⋅⎝ ⎠

 8-35  

Based on Equations 8-27 to 8-32, Table 8.3-12 reports the standard property changes of 

formation as compare to literature values and Table 8.3-13 reports the coefficients for the 

aqueous phase infinite dilution heat capacity for a proton. 

Table 8.3-12.  Standard Property Changes of Formation at 298.15 K for Molecular and Ionic 
Components. 

  This work. DIPPR Literature* 
Component vi ∆Go (kcal/mol) ∆Ho (kcal/mol) ∆Go (kcal/mol) ∆Ho (kcal/mol)

MEAH+ -1 -43.2255† -80.4807†   
MEA 1 -29.2059‡ -64.5427‡ -30.2103* -65.5999* 

H+ 1 0.0 0.0   
  *Rowley et al. (2004) – DIPPR: Model Predictions. 
    †Calculated based on Equation 8-23. 
    ‡Based on Chapter VIII. 
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Table 8.3-13.  Coefficients for the Aqueous Phase Infinite Dilution Heat Capacity 
(J/kmol·K). 

Component C1 C2 C3 C4

H+ 0.0 0.0 0.0 0.0
 
For a given temperature, the molar aqueous phase infinite dilution heat capacity of MEAH+ 

can then be determined analytically.  A starting point for a rigorous development starts with 

the following equation: 

 o o o
m m mG H T S∆ = ∆ − ∆  8-36 

Equation 8-36 is from the definition of the molar Gibbs free energy applied to each 

component in a chemical reaction evaluated at the standard state.  By applying Equation 

8-33 to Equation 8-36 yields 

 , , ,
o o o

i m i i m i i m i
i i i

G H T Sν ν ν= −∑ ∑ ∑  8-37 

where the standard molar heat of reaction and standard molar entropy change of reaction are 

related to temperature by the following expressions 

 
0

,
0,

oT
p mo o

m m
T

C
H H R dT

R
∆

∆ = ∆ + ∫  8-38 

 
0

,
0,

oT
p mo o

m m
T

C dTS S R
R T

∆
∆ = ∆ + ∫  8-39 

Equations 8-36, 8-38, and 8-39 are combined to yield 
 

 
0 0

, ,
0, 0,

o oT T
p m p mo o o

m m m
T T

C C dTG H R dT T S RT
R R T

∆ ∆
∆ = ∆ + − ∆ −∫ ∫  8-40 

However, 

 0, 0,
0,

0

o o
m mo

m

H G
S

T
∆ − ∆

∆ =  8-41 
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hence 
 

 ( )
0 0

, ,
0, 0, 0,

0

o oT T
p m p mo o o o

m m m m
T T

C CT dTG H H G R dT RT
T R R T

∆ ∆
∆ = ∆ − ∆ − ∆ + −∫ ∫  8-42 

Finally, division by RT yields 
 

 
0 0

, ,0, 0, 0,

0

1ln
o oo o o T To
p m p mm m mm

i
T T

C CG H HG dTK dT
RT RT RT T R R T

∆ ∆∆ − ∆ ∆∆
− = = + + −∫ ∫  8-43 

The change in heat capacity for the mixture can be expressed as 
 

 ( ) ( ) ( ) ( )2 3 4o
p

JC A B T K C T K D T K E T K
kmol K

⎛ ⎞∆ = ∆ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅⎜ ⎟⋅⎝ ⎠
 8-44 

with 
 i i

i
A v A∆ = ∑  8-45 

With analogous definitions for B∆ , C∆ , D∆ , and E∆ .  Using Equation 8-43 and the 

coefficients for the chemical equilibrium constant given in Table 8.3-11, we can determine 

the coefficients for the aqueous phase infinite dilution molar heat capacity of MEAH+. 

Table 8.3-14.  Coefficients for the Aqueous Phase Infinite Dilution Heat Capacity (J/kmol·K) 
of MEAH+ from 0 – 200 oC based on Equation 8-44. 

Coefficient Estimate 
C1 0.0001 
C2 0.0256 
C3 4.5343 
C4 -0.0089 

 
Coefficients for the aqueous phase infinite dilution molar heat capacity of MEAH+ were 

adjusted to match the form of Equation 8-34. 
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Table 8.3-15.  Coefficients for the Aqueous Phase Infinite Dilution Heat Capacity (J/kmol·K) 
of MEAH+ from 0 – 200 oC based on Equation 8-34. 

Coefficient Estimate Aspen Plus 
Default Estimate 

C1 -1710760 0.0 
C2 7136 295.12 
C3 -8.547 0.0 
C4 1.5206E+08 0.0 
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Figure 8.3-4.  Comparison of the Coefficients for the Aqueous Phase Infinite Dilution Heat 
Capacity (J/kmol·K) of MEAH+ from 0 – 200 oC based on Equation 8-34 to Aspen PlusTM 
Default Parameters.  Lines: ▬, This work, ─ ─, Aspen PlusTM Default Parameters. 

 
Aspen Tech does not provide source documentation for the coefficients assigned to 

MEAH+, but does reference Austgen et al. (1989), even though Austgen et al. (1989) did not 

provide documentation.  In this work, we have compiled a consistent database for 

experimental H2O-MEA data as compared to the work by Austgen et al. (1989).  The 
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difference between the two predictions for the aqueous phase infinite dilution heat capacity 

of MEAH+ accounts for differences is in the model framework.  Austgen et al. (1989) chose 

to describe the liquid phase chemical equilibrium through linear temperature dependent 

functions.  In this work, we chose not to provide the chemical equilibrium constants, but 

rather determine the chemical equilibrium from the reference state free energy of the system.  

Thus, Austgen et al. (1989) was never required to fully describe the standard property 

changes for each ionic species because Aspen PlusTM would rely on the provided chemical 

equilibrium constants for the necessary ionic information (e.g. ∆G, ∆H, ∆CP) as shown in 

Figure 8.3-5. 
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Figure 8.3-5.  Comparison of the Dissociation Equilibrium Constant for MEA (mole fraction 
based) from 0 – 200 oC. Points: ♦, Austgen et al. (1989).  Lines: ▬, Corrected Bates and 
Pinching (1951) based on Table 8.3-11. 
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By determining the coefficients for the aqueous phase infinite dilution molar heat capacity of 

MEAH+ analytically, this work is thermodynamically consistent with published literature for 

the dissociation constant of MEA as shown in Figure 8.3-6. 
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Figure 8.3-6.  Comparison of the Dissociation Equilibrium Constant for MEA (mole fraction 
based) from 0 – 200 oC. Points: ♦, This work.  Lines: ▬, Corrected Bates and Pinching (1951) 
based on Table 8.3-11. 

 

8.4  Optimum Model Predictions 
 

In this work, we have compiled a large database of consistent high quality data 

needed to obtain a unique set of binary interaction parameters to describe the H2O-MEA 

system.  The remainder of this chapter will be devoted to using our model as a predictive 

tool as described in the subsequent sections. 
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8.4.1  Total Vapor Pressure 
 

With the determination of the estimates for the energy parameter coefficients known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-MEA energy parameter coefficients against literature data.  Figures 

8.4-1 and 8.4-2 compare estimated and experimental total pressure measurements from Nath 

and Bender (1983) and Touhara et al. (1982), for aqueous MEA mixtures from 25.0 – 91.7 

oC.  The optimum model exhibits systematic error and under predicts the total vapor 

pressure with a maximum error of ± 6.99 % for concentrations less than 40 mole percent of 

MEA even though all the predictions of the model were within an AARD of ± 2.01 %, with 

the exception of a few outliers.  Figure 8.4-1 and Figure 8.4-2 illustrates the departure from 

an ideal solution behavior vis-à-vis Raoult’s Law as compared to predictions from the 

elecNRTL model.  Over the temperature range from 25 to 91.7 oC, Raoult’s Law adequately 

describes the vapor pressure of H2O-MEA mixtures below 0.1MEAx = , but as the 

concentration of MEA increases so does the importance of including activities to describe 

the vapor-liquid equilibrium. 

 Overall, the optimum model adequately describes the total vapor pressure data in 

MEA mixtures within an average absolute relative error of ± 2.21 percent. 

8.4.2  Vapor-Liquid Equilibrium 
 

Figure 8.4-3 gives the results of fit for experimental isobaric (Txy) vapor-liquid 

equilibrium (VLE) data from Park and Lee (1997) and Cai et al. (1996) versus the 

concentration of water at 101.325 kPa.  To describe the Txy behavior of H2O-MEA mixtures 
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at atmospheric pressure given the degree of scatter between Park and Lee (1997) and Cai et 

al. (1996) allows Raoult’s Law and the elecNRTL model to describe systematic trends 

presented in both data sets adequately.  Overall, the optimum model adequately describes 

the Txy data within an average absolute relative error of ± 2.82 percent. 

Figure 8.4-4 compares estimated and experimental isothermal (Pxy) VLE data from 

Tochigi et al. (1999) versus the concentration of water at 90.0 oC.  To describe the liquid 

phase we see from Figure 8.4-4 the extent of this departure from an ideal solution to a real 

solution as illustrated by predictions from the elecNRTL model.   
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Figure 8.4-1.  Comparison of Nath and Bender (1983) Total Pressure data to elecNRTL 
Model Predictions from 60.0 – 91.7 oC.  Lines: ▬, elecNRTL Predictions, - - - , Raoult’s Law. 
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Figure 8.4-2.  Comparison of Touhara (1982) Total Pressure data to elecNRTL Model 
Predictions from 25.0 – 35.0 oC.  Lines: ▬, elecNRTL Predictions, - - - , Raoult’s Law. 
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Figure 8.4-3.  Comparison of Park and Lee (1997) and Cai et al. (1996) Isobaric Txy data to 
elecNRTL Model Predictions at 101.325 kPa.  Points: ♦, Park and Lee (1997) and ▲, Cai et 
al. (1996).  Lines: ▬, elecNRTL Predictions, - - - , Raoult’s Law. 

2562



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
233 

0

10

20

30

40

50

60

70

80

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

H2O Mole Fraction (xH2O, yH2O)

P
re

ss
ur

e 
(k

P
a)

Vapor phase

Liquid phase

90.0 oC

 

Figure 8.4-4.  Comparison of Tochigi et al. (1999) Isothermal Pxy data to elecNRTL Model 
Predictions at 90.0 oC.  Points: ♦,Tochigi et al. (1999).  Lines: ▬, elecNRTL Predictions, - - - 
, Raoult’s Law. 

 
Overall, the optimum model adequately describes the Pxy data within an average absolute 

relative error of ± 4.81 percent. 

One of the main goals of this work was to describe the amine volatility at absorber 

and stripper conditions.  Figure 8.4-5 and Figure 8.4-6 compares estimated and experimental 

amine volatility data from this work to predictions from the elecNRTL model up to 120 oC. 
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Figure 8.4-5.  Comparison of Amine Volatility (e.g. Partial Pressure of MEA) from this work 
to elecNRTL Model Predictions from 30 – 120 oC.  Points: experimental data from this work 
■, 3.5 m (mole/kg-H2O), ▲, 7 m, ♦, 11 m, •, 23.8 m.  Lines: ▬, elecNRTL Predictions. 

 
We chose to concentrate our modeling efforts to describe the partial pressure of 

MEA between 3.5 and 7.0 m MEA due to limited data at 11.0 and 23.8 m MEA.  Overall, 

the optimum model adequately describes the partial pressure of MEA within an average 

absolute relative error of ± 4.28 percent, with the exception of a few outliers.  In addition, 

the optimum model adequately described the partial pressure of water within an average 

absolute relative error of ± 6.64 percent, with the exception of a few outliers.  We would 

recommend that future work should endeavor to describe the binary system at stripper 

conditions (e.g. temperatures between 80 - 120 oC) to complete this analysis.  Modifications 
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to the reactor used in this work would need the ability to perform at high temperatures and 

high pressures to obtain high quality data. 
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Figure 8.4-6.  Comparison of Amine Volatility (e.g. Partial Pressure of Water) from this work 
to elecNRTL Model Predictions from 30 – 120 oC.  Points: experimental data from this work 
■, 3.5 m (mole/kg-H2O), ▲, 7 m, •, 11 m, ♦, 23.8 m.  Lines: ▬, 3.5 m (mole/kg-H2O) 
elecNRTL Predictions, ─  ─, 7 m, - - -, 11 m, ─ ·, 23.8 m. 

 
 

8.4.3  Specific Heat Capacity 
 

To describe the specific heat capacity of H2O-MEA solutions, we chose to 

concentrate our modeling efforts to describe the specific heat capacity from Chiu and Li 

(1999) and from this work due to the agreement between the two sources where specific 
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heat capacity from Pagé et al. (1993) and Weiland et al. (1997) were limited to temperatures 

below 40 oC. 
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Figure 8.4-7.  Comparison of Specific Heat Capacity from Pagé et al. (1993), Chiu and Li 
(1999), Weiland et al. (1997), and from this work to elecNRTL Model Predictions at 25.0 (A), 
40.0 (B), 60.0 (C), and 80.0 oC (D). 

 
Figure 8.4-7 compares estimated and experimental specific heat capacities from 25 to 

80 oC over the full range of concentrations.  Figure 8.4-7 also illustrates that the optimum 

model is consistent with the pure component specific heat capacities as discussed in Chapter 

VIII.  To use the H2O and MEA parameters for an NRTL property model, please refer to 
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Chapter VIII for more information on the pure component parameters.  Otherwise, the 

specific heat capacity for the mixture will not have the correct pure component specific heat 

capacity for water as shown in Figure 8.4-8.  
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Figure 8.4-8.  Comparison of Specific Heat Capacity from Pagé et al. (1993) and Weiland et 
al. (1997) to NRTL Model Predictions at 25.0 oC based on the default parameters for the 
DIPPR Heat of Vaporization Equation for H2O. 

 
Specific heat capacity predictions from this work are shown in Figure 8.4-9.  Overall, 

the optimum model adequately describes the specific heat capacity for aqueous mixtures of 

MEA within an average absolute relative error of ± 1.38 percent, with the exception of a few 

outliers. 
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Figure 8.4-9.  Comparison of Specific Heat Capacity from this work to elecNRTL Model 
Predictions for 2.89 – 23.80 m MEA. 

 

8.4.4  Freezing Point Depression 
 

Figure 8.4-10 compares estimated and experimental freezing point depression vis-à-

vis vapor pressure of water from Chang et al. (1993) for aqueous MEA mixtures over the 

concentration range 0.86 – 0.995 mole fraction of H2O from -20.5 to -0.5 oC.  The optimum 

model reproduces the vapor pressure of water within an AARD of ± 0.35 percent. 
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Figure 8.4-10.  Comparison of Model Predictions with Experimental Data for Chang et al. 
(1993) Vapor Pressure Depression from  - 20.5 to -0.5 oC. 

 

8.4.5  Excess Enthalpy Predictions for H2O-MEA 
 

As stated at the beginning of this chapter, the elecNRTL model was never designed 

to regress excess enthalpy data thus we were required to reserve literature data from Touhara 

et al. (1982) and Posey (1996) until a comparison can be made from predictions based on an 

optimum set of binary interaction parameters.  Thus, using the optimum model as a purely 

predictive model, the excess enthalpy for aqueous MEA mixtures were calculated based on 

Equation 8-15.  On the other hand, Aspen PlusTM gives the following equation as an 
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alternative procedure to calculate the excess enthalpy.  Results based on the two methods are 

presented in Figures 8.4-11 and 8.4-12. 

 , *,E l l l
m m i i

i
H H x H= − ∑  8-46 

Where 
,E l

mH  is the liquid molar excess enthalpy of the mixture, 
l
mH is the liquid molar enthalpy of the mixture, 

ix  is the mole fraction of component i, 
*,l
mH is the pure liquid molar enthalpy of component i. 
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Figure 8.4-11.  Comparison of Model Predictions with Experimental Excess Enthalpy Data 
for Touhara et al. (1982) and Posey (1996) at 25 and 70 oC Based on Equation 8-23.  Points:  
♦, Touhara et al. (1982) and ■, Posey (1996) at 25 oC, •, Posey (1996) at 70 oC. 

 
Figure 8.4-11 illustrates two important issues: one, the model was unable to predict 

the liquid enthalpy of pure water; two, the model does under predict the temperature 
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dependence of the activity coefficients for MEA and H2O.  The above results would then 

contradict the previous discussion, vis-à-vis the representation of the optimum model to 

adequately represents the regressed literature data.  Figure 8.4-12 validates previous work by 

demonstrating Equation 8-15 to calculate the excess enthalpy.  
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Figure 8.4-12.  Comparison of Model Predictions with Experimental Excess Enthalpy Data 
for Touhara et al. (1982) and Posey (1996) at 25 and 70 oC Based on Equation 8-15.  Points:  
♦, Touhara et al. (1982) and ■, Posey (1996) at 25 oC, •, Posey (1996) at 70 oC. 

 
Even though the optimum model does not capture the excess enthalpy temperature 

dependence, the model does characterize the experimental data within an average absolute 

relative error of ± 9.17 percent.  We would then recommend to Aspen PlusTM to include the 

excess enthalpy calculation route, based on equation 8-15, as part of the simulation package 

in the elecNRTL model. 
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8.4.6  Activity Coefficient Predictions for H2O-MEA 
 

Several authors have presented activity-based models to calculate the activity 

coefficient of MEA in aqueous MEA mixtures.  Works include: 

Author Model 
Deshmukh and Mather (1981) Applying Guggenheim extension of the Debye-Hückel theory 
Austgen et al. (1989) Electrolyte-NRTL (Aspen Plus) 
Weiland et al. (1993) Applying Deshmukh-Mather Model 
Li and Mather (1994) Pitzer Equation 
Lee (1996) UNIFAC Group Contribution Method 
Posey (1996) Electrolyte-NRTL (Aspen Plus) 
Kaewsichan et al. (2001) Electrolyte-UNIQUAC Model 
Poplsteinova (2004) UNIFAC Group Contribution Method 

 
All of the above authors had a limited database of experimental literature data to 

describe interactions between H2O and MEA.  In this work, we have compiled an extensive 

database of consistent high quality literature data.  Thus, the subsequent discussion on 

predicting the activity coefficients for MEA in aqueous MEA mixtures will provide the most 

realistic values to date.  Figure 8.4-13 compares activity coefficient predictions based on the 

works by Lee (1996), Prausnitz et al. (1999), and Poplsteinove (2004) described by the 

UNIFAC Group Contribution Method and the Wilson Equation as presented by 

Poplsteinove (2004). 

Poplsteinove (2004) described predictions from Lee (1996) as producing a 

concentration dependent minimum with respect to the activity coefficient of MEA 

indicating an “azeotropic behavior.”  Lee (1996) based his work on excess enthalpy [Touhara 

et al. (1982) and Posey (1996)], vapor-liquid equilibrium [The Dow Chemical Company 

(1981)], and total pressure [Nath and Bender (1983) and Touhara et al. (1982)] data.  In this 

work, we have increased the amount of literature data by including additional vapor-liquid 
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equilibrium, amine volatility, specific heat capacity, and water vapor pressure depression 

data.  In the end, Poplsteinove (2004) decided to adopt parameters from Lee (1996) into her 

work based on the agreement with predictions from his model to data found in the 

literature. 

 
Figure 8.4-13.  Predictions of Activity Coefficients for MEA and H2O as Presented by 
Poplsteinove (2004). 

 
In this work, the optimum model also predicted a minimum value for the activity 

coefficient of MEA (xH2O = 0.86, T = 120 oC) as shown in Figure 8.4-14, but the phase 

diagram at this temperature does not indicate the presence of an azeotrope (Figure 8.4-15).  

If we vary the temperature or pressure, results do not indicate the presence of an azeotropic 

state.  Thus, the azeotropic behavior for the activity coefficient of MEA, as reported in 

Poplsteinove (2004), may not adequately describe this situation. 
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Figure 8.4-14.  Model Predictions for the Activity Coefficient of Water and 
Monoethanolamine at 25, 70 and 120 oC. 
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Figure 8.4-15.  Pxy Diagram at 120 oC for H2O-MEA mixtures based on the elecNRTL 
Model. 
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8.5  Abridged elecNRTL Predictive Correlations 
 

To anticipate installation difficulties with the implementation of our model on future 

platforms, we have developed specific correlations based on predictive results from our 

rigorous thermodynamic model for the partial pressure of MEA and liquid phase specific 

heat capacity of H2O-MEA based on experimental results from this work. 

Correlations for the Partial Pressure of MEA 

Predictions for the partial pressure of MEA for 3.5, 7, 11, and 23.8 m MEA based on 

the elecNRTL model, as shown in Figure 8.4-5, where related to the natural logarithm of the 

partial pressure of MEA by the following relation for two predictors: 

 ( )
[ ]

[ ]( ) [ ] [ ]52
1 3 4 6 7 8ln ln lnMEA

CC
P C C T C T C MEA C MEA C MEA T

T MEA
= + + + + + + +  8-47 

Where 
T is the temperature, K, 
[ ]MEA is the concentration of MEA, m (mole/kg-H2O). 
 

Equation 8-47 allows for nonlinearity in the temperature and concentration 

dependence.  The interaction term [ ]( )MEA T allows for twisting of the predictive surface 

versus the two predictors.  Predictions from the elecNRTL model for the partial pressure of 

MEA are tabulated in Table 8.5-1.   

Performing ordinary least squares (OLS) regression for the full model using ARC 

(2004), the following regression summary statistics output for coefficient estimates in 

Equation 8-47 are shown in Table 8.5-2. 
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Table 8.5-1.  Tabulated Predictions for the PMEA (kPa) from the elecNRTL Model. 

 MEA Concentration (mole/kg-H2O) 
Temperature (oC) 3.5 7 11 23.8 

30 0.00111 0.002649 0.00479 0.0128 
35 0.00180 0.004225 0.00754 0.0196 
40 0.00286 0.006617 0.0117 0.0297 
45 0.00448 0.0102 0.0177 0.0440 
50 0.00689 0.0154 0.0264 0.0644 
55 0.0104 0.0230 0.0389 0.0927 
60 0.0156 0.0337 0.0564 0.13 
65 0.0229 0.0488 0.0805 0.18 
70 0.0331 0.0696 0.11 0.26 
75 0.0474 0.0981 0.16 0.35 
80 0.0669 0.14 0.22 0.47 
85 0.0935 0.19 0.30 0.63 
90 0.13 0.26 0.40 0.83 
95 0.18 0.34 0.53 1.09 

100 0.24 0.46 0.70 1.42 
105 0.32 0.61 0.92 1.82 
110 0.42 0.79 1.19 2.33 
120 0.72 1.33 1.95 3.70 

 

Table 8.5-2.  ARC Regression Output for the Predictive Full PMEA Correlation. 

Parameter Estimate σ wrt Estimate 
C1 222 258 
C2 -15856 7607 
C3 -33.0 24.2 
C4 0.0346 0.0239 
C5 0.447 0.548 
C6 1.193 0.139 
C7 0.138 0.00826 
C8 -0.000420 0.000014 

 
Residual Sum of Squares:  0.0385 
Degree of Freedom:   64 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that only one of the estimates (C5) is smaller relative to the standard 

error.  This term might be usefully removed from the model without significant loss of 
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information.  A complete description of the variability of the coefficient estimates requires 

examining the correlations between the estimates as shown in Table 8.5-3. 

Table 8.5-3.  Correlation Matrix of the Coefficient Estimates, for the Full PMEA Model. 

Parameter 1 2 3 4 5 6 7 8
1 1.00        
2 -0.97 1.00       
3 -0.97 0.99 1.00      
4 0.96 -0.97 -0.99 1.00     
5 -0.24 0.00 0.00 0.00 1.00    
6 -0.24 0.00 0.00 0.00 0.99 1.00   
7 0.23 0.00 0.00 0.01 -0.97 -0.98 1.00  
8 0.01 0.00 0.00 -0.07 0.00 0.00 -0.15 1.00

 
Table 8.5-3 shows three highly correlated coefficients between parameter estimates, 

3 2η̂ → ,  3 2η̂ → , and 3 2η̂ → , but the correlation between other coefficients is relatively small, 

suggesting that C3, C4, and C6, might be usefully removed from the model without significant 

loss of information.  Using the Full Model as our base case, we can perform backward 

elimination using ARD to determine the optimum model as shown in Table 8.5-4. 

From Table 8.5-4, the deletion of parameter C5 from the Full Model gives the 

smallest change in the residual sum of squares (RRS) as compared to the other regression 

cases.  We then chose Case 1 as the optimum model; the regression summary statistics 

output for coefficient estimates in Equation 8-47 based on Case 1 are shown in Table 8.5-4. 

 
 
 
 
 
 
 
 
 
 

2577



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
248 

 
Table 8.5-4.  PMEA Backward Elimination Case Summary Results. 

FULL MODEL   RSS 0.039  
      

Case Current terms: (C2 C3 C4 C5 C6 C7 C8) 
  df RSS AARD (%)

1 Delete: C5 65 0.039 1.0
2 Delete: C7 65 0.045 17.9
3 Delete: C4 65 0.076 98.5
4 Delete: C6 65 0.081 111.0
5 Delete: C2 65 0.087 124.7
6 Delete: C3 65 0.189 390.4
7 Delete: C8 65 0.561 1356.1

     
Case Current terms: (C2 C3 C4 C6 C7 C8) 

  df RSS AARD (%)
8 Delete: C4 66 0.077 99.5
9 Delete: C2 66 0.087 125.7

10 Delete: C3 66 0.189 391.4
11 Delete: C7 66 0.209 441.5
12 Delete: C8 66 0.561 1357.1
13 Delete: C6 66 3.194 8195.6

     
Case Current terms: (C2 C3 C6 C7 C8) 

  df RSS AARD (%)
14 Delete: C7 67 0.240 524.1
15 Delete: C8 67 0.583 1413.4
16 Delete: C2 67 2.691 6890.2
17 Delete: C6 67 3.232 8294.1
18 Delete: C3 67 17.390 45065.6

     
Case Current terms: (C2 C3 C6 C8) 

  df RSS AARD (%)
19 Delete: C8 68 0.584 1416.6
20 Delete: C2 68 2.716 6953.9
21 Delete: C6 68 10.644 27545.5
22 Delete: C3 68 18.057 46798.4

     
Case Current terms: (C2 C3 C6) 

  df RSS AARD (%)
23 Delete: C2 69 2.789 7143.9
24 Delete: C3 69 19.375 50219.7
25 Delete: C6 69 39.844 103383.1
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Table 8.5-5.  ARC Regression Output for the Predictive Optimum PMEA Correlation. 

Parameter Estimate σ wrt Estimate 
C1 222 157 
C2 -15856 7587 
C3 -33.0 24.1 
C4 0.0346 0.0238 
C6 1.0804 0.0146 
C7 0.143 0.00501 
C8 -0.000420 0.0000140 

 
Residual Sum of Squares:  0.0388 
Degree of Freedom:   65 
 

Notice that all of the estimates are larger relative to their standard errors.  Comparing 

the estimates from the full model to the optimum model, there was relatively little difference 

between the estimated values.  The proposed optimum model provides the following 

correlations between the estimates as shown in Table 8.3-5. 

Table 8.5-6.  Correlation Matrix of the Coefficient Estimates, for the Optimum PMEA Model. 

Parameter 1 2 3 4 5 6 7
1 1.00       
2 -1.00 1.00      
3 -1.00 0.99 1.00     
4 0.99 -0.97 -0.99 1.00    
5 -0.01 0.00 0.00 0.00 1.00   
6 0.00 0.00 0.00 0.04 -0.76 1.00  
7 0.01 0.00 0.00 -0.07 0.00 -0.61 1.00

 
Table 8.5-6 shows highly negative correlations between all of the temperature 

dependent parameters suggesting that some of the remaining parameters might be usefully 

removed from the model without significant loss of information.  From Table 8.5-4 

illustrated the point with further parameter elimination the deviation between the submodel 

and the full model increases beyond an adequate level for the predictive correlation to 

describe systematic trends in the smoothed data.  Figure 8.5-1 demonstrates the predictive 
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quality of Equation 8-44 based on coefficients from Table 8.5-5 for the optimum model.  

The functional form of Equation 8-45 adequately describes the predictions from the 

elecNRTL model within an average absolute relative error of ± 1.83 percent., presented in 

Figure 8.5 1. 
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[ ] [ ] ( )
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Figure 8.5-1.  Comparison of Amine Volatility Predictions from Equation 8-45 to elecNRTL 
Model Predictions from 30 – 120 oC.  Points: Smooth Prediction at ■, 3.5 m (mole/kg-H2O), 
▲, 7 m, ♦, 11 m, •, 23.8 m.  Lines: ▬, original elecNRTL Predictions. 
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Since there are only minor differences between Equation 8-45 and the predictions 

from the elecNRTL model, we can illustrate thermal effects of the solution equivalent to the 

effective heat of vaporization of MEA from water given by the following equation: 

 ln
1/

MEAd PH
R d T

∆
− =  8-49 

Substituting Equation 8-45 into Equation 8-46 and evaluating the derivative gives the 

following relationship for the effective heat of vaporization of MEA from water. 

 ( ) [ ]( ) ( )2ln 15856 33.0 0.0346 0.000420
1/

MEAd PH T K MEA T K
R d T

∆
− = = − + − +  8-50 

Over absorber and stripper conditions, the effective heat of vaporization of MEA from 

water (kJ/mol) at 3.5, 7, 11, and 23.8 m MEA is given in Table 8.5-7. 

Table 8.5-7.  Effective Heat of Vaporization of MEA from H2O (kJ/mol-MEA). 

 MEA Concentration (mole/kg-H2O) 
Temperature (oC) 3.5 7 11 23.8 

40 -73.01 -71.81 -70.44 -66.04 
80 -69.40 -67.88 -66.13 -60.55 

120 -66.68 -64.79 -62.63 -55.71 
 
The effective heat of vaporization of MEA from H2O given in Table 8.5-7 reflects a 

relatively high heat of solution associated with strong interactions between H2O and MEA.  

Thus, to evolve MEA from the liquid phase requires the heat of vaporization of pure MEA 

plus the effective heat of vaporization of MEA from H2O.  Recovery of MEA in industrial 

applications (i.e. absorber water washing) would require an additional parameter, in this case 

temperature, to design an effective process.   
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Correlations for the Specific Heat Capacity 

Predictions for the specific heat capacity for 2.89, 7, 11, and 23.8 m MEA based on 

the elecNRTL model, as shown in Figure 8.4-9, where related to the following relation for 

two predictors: 

 [ ] [ ] [ ]22
1 2 3 4 5 6

l
p

kJC C C T C T C MEA C MEA C MEA T
kg K

⎛ ⎞
= + + + + +⎜ ⎟⋅⎝ ⎠

 8-51 

Where 
T is the temperature, oC, 
[ ]MEA is the concentration of MEA, m (mole/kg-H2O). 
 

Equation 8-51 allows for nonlinearity in the temperature and concentration 

dependence.  The interaction term [ ]( )MEA T allows for twisting of the predictive surface 

versus the two predictors.  Predictions from the elecNRTL model for the partial pressure of 

MEA are tabulated in Table 8.5-8. 

Table 8.5-8.  Specific Heat Capacity Predictions (kJ/kg-K) from the elecNRTL model. 

 MEA Concentration (mole/kg-H2O) 
Temperature (oC) 2.89 7.0 11.0 23.8 

40 3.926 3.714 3.589 3.387 
50 3.945 3.747 3.630 3.436 
60 3.965 3.781 3.671 3.482 
70 3.986 3.815 3.711 3.527 
80 4.009 3.849 3.751 3.571 
90 4.033 3.885 3.791 3.614 

100 4.059 3.921 3.832 3.657 
110 4.088 3.959 3.873 3.700 
120 4.118 3.998 3.916 3.743 

 
Performing ordinary least squares (OLS) regression for the full model using ARC 

(2004), the following regression summary statistics output for coefficient estimates in 

Equation 8-51 are shown in Table 8.5-9. 
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Table 8.5-9.  ARC Regression Output for the Predictive Full CPMX Correlation. 

Parameter Estimate σ wrt Estimate 
C1 3.93 0.0188 
C2 0.00229 0.000455 
C3 0.000002 0.000003 
C4 -0.0519 0.00114 
C5 0.000904 0.000034 
C6 0.000084 0.000008 

 
Residual Sum of Squares:  0.0092 
Degree of Freedom:   62 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that only one of the estimates (C3) is smaller relative to the standard 

error.  This term might be usefully removed from the model without significant loss of 

information.  A complete description of the variability of the coefficient estimates requires 

examining the correlations between the estimates as shown in Table 8.5-3. 

Table 8.5-10.  Correlation Matrix of the Coefficient Estimates, for the Full PMEA Model. 

Parameter 1 2 3 4 5 6 
1 1.00      
2 -0.93 1.00     
3 0.85 -0.97 1.00    
4 -0.40 0.10 0.00 1.00   
5 0.23 0.00 0.00 -0.83 1.00  
6 0.37 -0.19 0.00 -0.54 0.00 1.00 

 
Table 8.5-3 shows five independent coefficients between parameter estimates, 4 3η̂ → , 

5 2η̂ → ,  5 3η̂ → , 6 3η̂ → , and 6 5η̂ → , but the correlation between other coefficients is relatively 

small, suggesting that C3 and C5, might be usefully removed from the model without 

significant loss of information.  Using the Full Model as our base case, we can perform 
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backward elimination using ARC (2004) to determine the optimum model as shown in Table 

8.5-11. 

With the deletion of parameter C3 from the Full Model gives the smallest change in 

the RRS as compared to the other regression cases.  We then chose Case 1 as the optimum 

model; Table 8.5-12 gives the regression summary statistics output for coefficient estimates 

in Equation 8-51 based on Case 1. 

Table 8.5-11.  CPMX Backward Elimination Case Summary Results. 

FULL MODEL   RSS 0.0092  
      

Case Current terms: (C2 C3 C4 C5 C6) 
  df RSS AARD (%)

1 Delete: C3 63 0.0093 1.2
2 Delete: C2 63 0.0130 40.9
3 Delete: C6 63 0.0267 190.0
4 Delete: C5 63 0.1162 1162.3
4 Delete: C4 63 0.3165 3339.9

     
Case Current terms: (C2 C4 C5 C6) 

  df RSS AARD (%)
6 Delete: C6 64 0.0268 191.1
7 Delete: C2 64 0.1048 1039.4
8 Delete: C5 64 0.1163 1163.4
9 Delete: C4 64 0.3166 3341.1

     
Case Current terms: (C2 C4 C5) 

  df RSS AARD (%)
10 Delete: C5 65 0.1337 1353.4
11 Delete: C4 65 0.3561 3769.8
12 Delete: C2 65 0.5552 5933.7

     
Case Current terms: (C2 C4) 

  df RSS AARD (%)
13 Delete: C2 66 0.6622 7096.0
14 Delete: C4 66 1.7944 19401.0
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Table 8.5-12.  ARC Regression Output for the Predictive Optimum CPMX Correlation. 

Parameter Estimate σ wrt Estimate 
C1 3.92 0.010 
C2 0.00267 0.000105 
C4 -0.0519 0.00114 
C5 0.000904 0.000034 
C6 0.000084 0.000008 

 
Residual Sum of Squares:  0.0093 
Degree of Freedom:   63 
 

Notice that all of the estimates are larger relative to their standard errors.  Comparing 

the estimates from the full model to the optimum model, there was relatively little difference 

between the estimated values.  The proposed optimum model provides the following 

correlations between the estimates as shown in Table 8.5-6. 

Table 8.5-13.  Correlation Matrix of the Coefficient Estimates, for the Optimum PMEA Model. 

Parameter 1 2 3 4 5 
1 1.00     
2 -0.86 1.00    
3 -0.78 0.44 1.00   
4 0.43 0.00 -0.83 1.00  
5 0.71 -0.82 -0.54 0.00 1.00 

 
Table 8.5-6 shows only two independent correlations between all of the parameter estimates 

suggesting that some of the remaining parameters might be usefully removed from the 

model without significant loss of information.  Table 8.5-5 demonstrated that with further 

elimination of parameters, the deviation between the possible submodels and the full model 

increases beyond an adequate level for the predictive correlation to describe systematic 

trends in the smoothed data.   

Figure 8.5-2 demonstrates the predictive quality of Equation 8-48 based on 

coefficients from Table 8.5-12 for the optimum model.  The functional form of Equation 8-
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48 adequately describes the predictions from the elecNRTL model within an average 

absolute relative error of ± 0.25 percent. 

Since there are only minor differences between Equation 8-48 and the predictions 

from the elecNRTL model, we can illustrate nonideality of the solution equivalent to the 

excess specific heat capacity using the Redlich-Kister equation to represent the concentration 

dependence as shown in Equation 8-49. 
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Figure 8.5-2.  Comparison of Specific Heat Capacity Predictions from Equation 8-48 to 
elecNRTL Model Predictions from 40 – 120 oC.  Points: Smooth Prediction at ♦, 2.89 m 
(mole/kg-H2O), ▲, 7 m, ■, 11 m, •, 23.8 m.  Lines: ▬, original elecNRTL Predictions. 

________________________________________________________________________ 

 ( )2 2

* *
, ,

E l
p p H O p H O MEA p MEAC C x C x C= − −  8-52 

Where 
E
pC is the excess specific heat capacity, kJ/kmol-K, 
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l
pC is the molar heat capacity of the mixture, Equation 8-48, 

ix is the mole fraction of component i, 
*

,p iC is the pure component molar heat capacity (ref. Chapter VII). 
 
 In general, the value of the excess specific heat capacity will indicate the degree of 

nonideality of the binary mixture; as the value of the excess specific heat capacity decreases, 

the closer the binary mixture will approach an ideal solution.  Figure 8.5-3 illustrates the 

departure from ideal behavior as compared to predictions from the elecNRTL model. 
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Figure 8.5-3.  Comparison of elecNRTL Model Predictions of Ideal and Solution Specific 
Heat Capacity from 20 – 140 oC.  Lines: - - -, Ideal Behavior, ▬, Solution Behavior. 

 
Figure 8.5-3 demonstrates that as the concentration of MEA increases, the 

nonideality of the solution also increases.   An ideal solution can adequately describe the 

specific heat capacity for 2.89 m MEA within ± 1.0 %, but for concentrations greater than 7 

m MEA, this ability breaks down. As far as the degree of nonideality, the ratio of the excess 
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specific heat capacity to the solution specific heat capacity has been shown to be a suitable 

replacement factor for the absolute value of the excess heat capacity (Chiu and Li (1999)). 
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Figure 8.5-4.  The Ratio of the Excess Specific Heat Capacity to the Mixture Specific Heat 
Capacity based on Predictions from the elecNRTL Model as compared to Chiu and Li (1999) 
at 40, 60, and 80 oC.  Points: Chiu and Li (1999) ♦, 40 oC, , ■, 60 oC, and ▲, 80 oC.  Lines: ▬, 
elecNRTL Predictions. 

 
Figure 8.5-4 illustrates the differences between the two authors to describe the ideal 

solution since we have already shown the elecNRTL model to match the specific heat 

capacity of the solution within ± 1.37 %.  As shown in Chapter XIII, Chiu and Li (1999) 

over predicted the specific heat capacity of H2O and MEA as compared to previous authors.  

This discrepancy would explain the difference shown in Figure 8.5-4 in addition to the 

behavior shown in Figure 8.5-3.  Chiu and Li (1999) described the excess specific heat 
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capacity with a Redlich-Kister expansion taking into account concentration and temperature 

dependences.  Chiu and Li (1999) noted a 60 % AARD between the model predictions and 

calculated results for the excess specific heat capacity, but concluded the calculated values 

looked reasonable. 

Using the elecNRTL model, we can extend the description of the behavior of excess 

properties of liquid H2O-MEA mixtures.  Those of primary interest are the excess Gibbs 

free energy ( )/EG RT  in addition to the excess enthalpy or heat of mixing ( )/EH RT  

which is related to the temperature derivative of the excess Gibbs free energy, where the 

excess entropy is normally calculated from the following equation 

 E E EG H TS= −  8-53 

Figure 8.5-5 demonstrates the composition dependence of GE, HE, TSE, and CP
E for H2O-

MEA mixtures at 40 oC.  Even though the system exhibits a diverse behavior, we can note 

some common features for excess properties: 

1. All excess properties are zero for each pure component. 

2. GE may exhibit a parabolic shape, the structure of HE and TSE predictions are 

concentration dependent. 

Figure 8.5-5 exhibits only one sign for the value of the excess properties, but the relative 

magnitudes of these quantities are useful for describing the solution behavior, in particular, 

the behavior of GE in relation to HE contributions.  Abbott et al. (1994) presented a visual 

scheme to identify patterns in different mixture types based on a dimensionless form of 

Equation 8-50 
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E E EG H S

RT RT R
= −  8-54 

where each contribution for the three excess properties defined a region on a plot of GE/RT 

versus HE/RT.   
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Figure 8.5-5.  Excess Properties for H2O-MEA Mixtures at 40 oC.  Lines: ▬, GEx, ─ ─, TSEx, 
and  - - -, HEx. 

 
 For mixtures of H2O-MEA, Figure 8.5-6 illustrates the enthalpy dominates the 

solution behavior over the absorption and regeneration temperature range because, mixtures 

of H2O-MEA offer a variety of opportunities for hydrogen-bonded dimers by either 

solvation or by association with respect to the molecular functional groups.  
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Figure 8.5-6.  Equimolar Excess Properties for H2O-MEA Mixtures at 40, 80 and 120 oC. 

 

8.6  Conclusions 
 

To sum up, in this work we chose to use Equation 8-24 to represent the infinite 

dilution activity coefficient of monoethanolamine due to the small variations between 

Equation 8-24 and Equation 8-25.  Based on the optimum model, parameters were fitted to 

a more extensive database than previous authors, thus infinite dilution activity coefficients 

predicted with the optimum model may give more realistic activity coefficients as a function 

of temperature and composition as compared to data found in the literature. 

We saw that Figure 8.3-3 illustrated similar trends presented in Figure 8.3-2 where 

predictions for the infinite dilution activity coefficient for MEA reported by Austgen et al. 

(1989) as compared to predictions from this work crossed at 45 oC.  Since both works used 
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Bates and Pinching (1951) to describe the dissociation of MEA, the only differences between 

the two reported K-values would be in the treatment of the infinite dilution activity 

coefficient of MEA applied to the linearization of the chemical equilibrium constant to the 

temperature dependent functional form.   

In addition, the difference between the two predictions for the aqueous phase 

infinite dilution heat capacity of MEAH+ accounted for differences is in the treatment of the 

activity coefficient of MEA at infinite dilution as shown in Figure 8.3-2 and in the 

linearization of the equilibrium constant for MEA. 

Figure 8.4-1 and Figure 8.4-2 illustrated the departure from an ideal solution 

behavior vis-à-vis Raoult’s Law as compared to predictions from the elecNRTL model.  

Over the temperature range from 25 to 91.7 oC, Raoult’s Law adequately described the vapor 

pressure of H2O-MEA mixtures below 0.1MEAx = , but as the concentration of MEA 

increases so does the importance of including activities to describe the vapor-liquid 

equilibrium. 

Figure 8.4-3 gave the results of fit for experimental isobaric (Txy) vapor-liquid 

equilibrium (VLE) data from Park and Lee (1997) and Cai et al. (1996) versus the 

concentration of water at 101.325 kPa.  Given the degree of scatter between Park and Lee 

(1997) and Cai et al. (1996) to describe Txy behavior of H2O-MEA mixtures at atmospheric 

pressure allowed Raoult’s Law and the elecNRTL model to describes systematic trends 

presented in both data sets adequately.  Overall, the optimum model adequately describes 

the Txy data within an average absolute relative error of ± 2.82 percent. 
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We chose to concentrate our modeling efforts to describe the partial pressure of 

MEA (amine volatility) between 3.5 and 7.0 m MEA due to limited data at 11.0 and 23.8 m 

MEA.  Overall, the optimum model adequately describes the partial pressure of MEA within 

an average absolute relative error of ± 4.28 percent, with the exception of a few outliers.  In 

addition, the optimum model adequately described the partial pressure of water within an 

average absolute relative error of ± 6.64 percent, with the exception of a few outliers.  We 

would recommend that future work should endeavor to describe the binary system at 

stripper conditions (e.g. temperatures between 80 - 120 oC) to complete this analysis. 

In terms of excess enthalpy, Figure 8.4-11 illustrated two important issues: one, the 

proposed Aspen method was unable to predict the liquid enthalpy of pure water; two, the 

method under predicted the temperature dependence of the activity coefficients for MEA 

and H2O.  The above results would then contradict the previous discussion, vis-à-vis the 

representation of the optimum model to adequately represent the regressed literature data.  

Figure 8.4-12 validated previous work by demonstrating Equation 8-15’s ability to calculate 

the excess enthalpy.  Even though the optimum model does not capture the excess enthalpy 

temperature dependence, the model does characterize the experimental data within an 

average absolute relative error of ± 9.17 percent. 

In this work, the optimum model predicted a minimum value for the activity 

coefficient of MEA (xH2O = 0.86, T = 120 oC) as shown in Figure 8.4-14, but the phase 

diagram at this temperature did not indicate the presence of an azeotrope (Figure 8.4-15).  If 

we vary the temperature or pressure, results do not indicate the presence of an azeotropic 
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state.  Thus, the azeotropic behavior for the activity coefficient of MEA, as reported in 

Poplsteinove (2004), may not adequately describe this situation. 

The effective heat of vaporization of MEA from H2O given in Table 8.5-7 reflects a 

relatively high heat of solution associated with strong interactions between H2O and MEA.  

Thus, to evolve MEA from the liquid phase requires the heat of vaporization of pure MEA 

plus the effective heat of vaporization of MEA from H2O.  Recovery of MEA in industrial 

applications (i.e. absorber water washing) would require an additional parameter, in this case 

temperature, to design an effective process. 

Figure 8.5-4 illustrated the differences between Chiu and Li (1999) and this work to 

describe the ideal.  As shown in Chapter XIII, Chiu and Li (1999) over predicted the specific 

heat capacity of H2O and MEA as compared to previous authors.  This discrepancy would 

explain the difference shown in Figure 8.5-4 in addition to the behavior shown in Figure 

8.5-3.  Chiu and Li (1999) described the excess specific heat capacity with a Redlich-Kister 

expansion taking into account concentration and temperature dependences, but noted a 60 

% AARD between the model predictions and calculated results for the excess specific heat 

capacity.  They concluded the calculated values looked reasonable. 

For mixtures of H2O-MEA, Figure 8.5-6 illustrated that as compared to the excess 

Gibbs free energy the enthalpy dominates the solution behavior over the absorption and 

regeneration temperature range because, mixtures of H2O-MEA offer a variety of 

opportunities for hydrogen-bonded dimers by either solvation or by association. 

Overall, the results presented above indicate that the elecNRTL model, through 

simultaneous regression gave a set of optimum binary interaction parameters for the H2O-
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MEA system.  The optimum model adequately represents the literature data for aqueous 

MEA mixtures. 
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_________________ 

CHAPTER IX  Binary Systems: 
 H2O-PZ 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

9.1  Introduction 
 

We continue the thermodynamic model development by describing the second 

binary system with molecule-molecule interactions between water and piperazine (PZ).  This 

chapter describes the data regression and model predictions for the H2O-PZ system based 

on previous literature data and experimental results from this work.  The results for the 

binary interaction parameters for the electrolyte-NRTL (elecNRTL) model in Aspen PlusTM 

are then presented, showing good statistical fit to the literature data with an average absolute 

relative error of ± 5.84 % with the exception of a few outliers. 
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9.2  H2O-PZ System 
 

Recall from Chapter VI that as the concentration of ions in an electrolyte solution 

approaches zero, the elecNRTL model reduces in theory to the NRTL Model of Renon and 

Prausnitz (1968).  As shown in Chapter VII, the calculation routes for physical properties 

between the NRTL and the elecNRTL property models are different.  In this section we 

present background on the NRTL model for clarification purposes only since we will be 

using the elecNRTL property model for all future chapters to describe molecular and ionic 

interactions. 

The NRTL model is an excess Gibbs energy model given by the following form for a 

binary system: 

 21 21 12 12
1 2

1 2 21 2 1 12

ex G GG x x
RT x x G x x G

τ τ⎛ ⎞
= +⎜ ⎟+ +⎝ ⎠

 9-1 

Where 
i is the species index, 1: H2O and 2: PZ, 
j is the species index, 1: H2O and 2: PZ, 

ix is the liquid mole fraction of component i, 

ijτ is the binary interaction parameter between component i and j, 

ijα is the molecule-molecule nonrandomness factor, 0.2, 
12 12

12G e α τ−= , 
21 21

21G e α τ−= . 
 
The molecule-molecule binary interaction parameters were assumed to be temperature 

dependent and were fitted to the following function of temperature: 

 12
12 12 12 12ln( )BA C T D T

T
τ = + + +  9-2 
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 21
21 21 21 21ln( )BA C T D T

T
τ = + + +  9-3 

Taking the appropriate derivative of Equation 9-1, an expression for the activity 

coefficient of PZ can then be derived from thermodynamic relationships. 

 
( )/

ln
ex

i
i

nG RT
n

δ
γ

δ

⎡ ⎤
⎢ ⎥=
⎢ ⎥⎣ ⎦

 9-4 

 
( )

2
2 12 21 21

2 1 12 2
2 1 12 1 2 21

ln G Gx
x x G x x G

τγ τ
⎡ ⎤⎛ ⎞
⎢ ⎥= +⎜ ⎟+ +⎢ ⎥⎝ ⎠⎣ ⎦

 9-5 

By taking the limit as the mole fraction of PZ ( )2x approaches zero, we get an 

explicit form of Equation 9-1 for the infinite dilution activity coefficient of PZ as given 

below: 

 12 21
2 12 21ln e α τγ τ τ −∞ = +  9-6 

Where 
2γ ∞ is the infinite dilution activity coefficient for piperazine. 

  
From Equation 9-6, we can see how excess Gibbs energy and activity coefficients are 

related through model parameters.  The creation of the H2O-PZ model begins with the 

regression of literature data.  Four data sets have been regressed with the elecNRTL model 

to represent the phase equilibrium of a single solvent system through regression of total 

vapor pressure [Wilson and Wilding (1994) and Xia et al. (2003)], vapor-liquid equilibrium 

[this work], specific heat capacity [this work], and PZ solid solubility [Bishnoi et al. (2002) 

and from this work] data over piperazine solutions.   We will reserve piperazine solid 

solubility literature data from Bishnoi et al. (2002) and this work until a comparison can be 
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made from predictions based on an optimum set of binary interaction parameters.  For more 

information, please refer to Section 9.4.1. 

The following stoichiometric chemical equilibrium expressions for the dissociation 

of piperazine are given below: 

 ( )PZ PZ l H+ +↔ +  9-7 

 2PZ PZ H+ + +↔ +  9-8 

Equation 9-7 describes the dissociation of protonated piperazine ( )PZ + ion to aqueous 

piperazine and proton ( )H + ion.  Equation 9-8 describes the dissociation of diprotonated 

piperazine ( )2PZ + ion to aqueous protonated piperazine and proton ion.  The chemical 

equilibrium constants for the above reactions were determined analytically from pKa data 

reported by Hetzer et al. (1968) and corrected, based on the optimum binary interaction 

model parameters for the symmetric reference state for the activity coefficient of piperazine 

from infinite dilution in water to infinite dilution in amine solvent.  We were then able to 

determine the following standard state properties: the infinite dilution aqueous phase free 

energy of formation ( ),aq
fG∞∆ and the infinite dilution aqueous phase enthalpy of formation 

( ),aq
fH ∞∆  for protonated and diprotonated piperazine. 

The following section describes the different types of data used in the creation of the 

binary H2O-PZ elecNRTL model. 
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9.2.1  Total Vapor Pressure 
 

Data in the form of total vapor pressure from aqueous piperazine solutions as a 

function of concentration and temperature was used to adjust the activity coefficients of 

piperazine and water through the simultaneous regression of the binary interaction 

parameters in the elecNRTL model.  For the binary system, the following equation can be 

used to represent the equilibrium for the total vapor pressure data. 

 
2 2 2

0 0
PZ PZ PZ H O H O H OP x P x Pγ γ= +  9-9 

 
2 2 2

0 0
MEA MEA MEA H O H O H OP x P x Pγ γ= +  9-10 

Where 
P is the total pressure of the system, 

ix is the apparent mole fraction of component i, 

iγ is the symmetric activity coefficient of component i, 
0

iP is the Extended Antoine pure vapor pressure of component i. 
 
Note, total vapor pressure data does not allow for the direct calculation of individual 

component activity coefficients or extrapolation to infinite dilution.  Therefore, activity 

coefficients regressed from total pressure data cannot be accurately determined.  An example 

of the experimental total vapor pressure data used in this work by Wilson and Wilding 

(1994) and Xia et al. (2003) from 113 – 199 oC are shown in Figure 9.2-1. 
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Figure 9.2-1.  Total Vapor Pressure at 113, 120, and 199 oC.  Points: ♦,■, Wilson and Wilding 
(1994) at 113 and 199 oC, respectively; ▲, Xia et al. (2003) at 120 oC. 

 

9.2.2  Vapor-Liquid Equilibrium 
 

Data in the form of vapor-liquid equilibrium (VLE), which measures the vapor and 

liquid compositions in aqueous piperazine solutions, as a function of concentration and 

temperature were also used to adjust the activity coefficients of monoethanolamine and 

water through the simultaneous regression of the binary interaction parameters in the NRTL 

model.  For the binary system, Equation 9-11 can be used to represent the vapor-liquid 

equilibrium data. 

 0
i i i iy P x Pγ=  9-11 

Where 
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iy is the vapor mole fraction of component i, 
P is the total pressure of the system, 

ix is the liquid mole fraction of component i, 

iγ is the symmetric activity coefficient of component i, 
0

iP is the Extended Antoine pure vapor pressure of component i. 
 

Examples of vapor-liquid equilibrium, as amine volatility, from this work between 

0.9 and 5.0 m (mole/kg-H2O) PZ is presented in Figure 9.2-2. 
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Figure 9.2-2.  Amine Volatility from 0.9 – 5.0 m PZ from this work.  Points: ♦, 0.9 m PZ, ■, 
1.8 m PZ, ▲, 2.5 m PZ, ●, 3.6 m PZ, and ×, 5.0 m PZ. 

 
9.2.3  Specific Heat Capacity 
 

As stated in Chapter VI, Aspen PlusTM calculates the liquid phase heat capacity of a 

mixture (CPMX) by taking the derivative of the liquid enthalpy at constant pressure: 
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 ( ) ( ) ,

T T
l l l
i i p i

T

H T T H T C dT
+∆

+ ∆ − = ∫  9-12 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

i i i i
i

H T x H H= +∑  9-13 

 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  9-14 

Where 
T∆  is the perturbation in temperature from T, 
E
iH  is the excess enthalpy of component i, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i. 

 
Data in the form of specific heat capacity of a mixture as a function of concentration 

and temperature were used to adjust the activity coefficients of piperazine and water through 

the simultaneous regression of the binary interaction parameters by taking the derivative of 

the NRTL model, vis-à-vis excess enthalpy.  Thus, specific heat capacity effects are limited 

only to the second and third terms of Equations 9-2 and 9-3.  Examples of experimental 

specific heat capacity from this work at 2.0 and 3.6 m PZ from 40 – 120 oC are shown in 

Figure 9.2-3. 
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Figure 9.2-3.  Specific Heat Capacity in 2.0 and 3.6 m PZ from this work.  Points: ♦, 2.0 m 
PZ and ■, 3.6 m PZ. 

 

9.2.4  Solid Solubility 
 

Data in the form of solid solubility, which measures the dissolution temperature of 

the solid phase, vis-à-vis synthetic method, as function of concentration and temperature, 

was used to adjust the temperature dependent equilibrium constants for the following 

reactions: 

 2 26 6PZ H O PZ H O⋅ ↔ +  9-15 

 anhPZ PZ↔  9-16 

Where 
26PZ H O⋅ is piperazine hexahydrate, 
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anhPZ is anhydrous piperazine. 
 

We chose not to include the anhydrous precipitation reaction in our model because 

conditions where anhydrous piperazine (wPZ>0.6) would precipitate from an aqueous 

solution are well beyond the salt concentrations of interest in connection with carbon 

capture processes and its modifications.  Experimental solubility from Bishnoi et al. (2002) 

and from this work were used to regress coefficients in Equation 9-15 through optimum 

model predictions for the H2O-PZ system. 

An example of the experimental solid solubility used in this work from Bishnoi et al. 

(2002) and from this work for aqueous piperazine mixtures is shown in Figure 9.2-4. 
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Figure 9.2-4.  Solid Solubility of Aqueous PZ mixtures.  Points: ♦, Bishnoi et al. (2002), ■, 
this work. 
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9.2.5  Dissociation Constant of Piperazine 
 

Recall from Chapter VI that the chemical equilibrium or dissociation constant for 

Equations 9-7 and 9-8 in terms of the activity are given by the following relationships: 

 * PZ H

PZH

a a
K

a
+

+

⋅
=  9-17 

 
2

* PZH H

PZH

a a
K

a
+ +

+

⋅
=  9-18 

where the thermodynamic equilibrium constant can be defined as 
 

 *ln
o
mGK

RT
⎛ ⎞−∆

= ⎜ ⎟
⎝ ⎠

 9-19 

 o o
m i i

i
G ν µ∆ = ∑  9-20 

Where 
*K is the asymmetric chemical equilibrium constant for Equations 9-7 and 9-8 (molality 

based), 
ia is the activity of component i, 

o
mG∆ is the standard molar Gibbs free energy change for Equations 9-7 and 9-8, 

iν is the stoichiometric coefficient of component i, 
o
iµ is the reference chemical potential for component i.  

 
The chemical equilibrium constant vis-à-vis component activities provides the 

connection between the standard Gibbs free energy change of reaction to the standard 

(reference) states of the individual species activities in a given reaction.  In this work, H2O 

and PZ were regarded as solvents and the solution was treated as a mixed-solvent system 

and described by the symmetric reference state convention where the activity coefficient 

approaches one as the mole fraction of the species approaches its pure liquid state. 
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Experimental pKa data from Hetzer et al. (1968) (Figure 9.2-5) were used analytically 

to determine the chemical equilibrium constant for Equations 9-7 and 9-8 for the 

dissociation constant of piperazine and protonated piperazine.  We were then able to 

determine the following standard state infinite dilution aqueous phase properties: the free 

energy of formation ( ),aq
fG∞∆ , the enthalpy of formation ( ),aq

fH ∞∆ , and coefficients for the 

temperature dependent heat capacity ( ),aq
pC∞∆  of protonated and diprotonated piperazine. 

Chemical equilibria reported in literature are normally referenced to infinite dilution 

in water (molality based), treating piperazine as a solute.  Solute and ionic activity coefficients 

are described by the asymmetric reference state convention which states that as the activity 

coefficient approaches one, the mole fraction of the species approaches zero in pure water. 
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Figure 9.2-5.  Experimental pKa for the First and Second Dissociation Constant of 
Piperazine (molality based) from Hetzer et al. (1968). 
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Hetzer et al. (1968) found it helpful to express the chemical equilibrium as a p-

function where the p-function is the negative logarithm (base 10) of the number as given by 

the following expression: 

 ( )10logpK K= −  9-21 

Where 
p is the p-function of a numerical datum. 

 
 In this work, chemical equilibrium constants are defined in terms of mole fractions; 

therefore the chemical equilibrium constant reported by Hetzer et al. (1968) has to be 

converted.  However, due to the asymmetric reference state convention, the chemical 

equilibrium constant of piperazine requires an additional conversion to the symmetric 

reference state convention since all subsequent piperazine based ionic equilibrium constants 

are determined based on the asymmetric reference state convention referenced to infinite 

dilution in piperazine.  These two reference state conventions are related for piperazine by 

the following expression: 

 * 0
lim
PZ

PZ
PZ PZx

PZ

γ γ γ
γ

∞

→
= =  9-22 

Where 
MEAγ is the symmetric activity coefficient for piperazine, 
*
MEAγ is the asymmetric activity coefficient for piperazine as the solution approaches its pure 

solute reference state. 
 
Thus, the chemical equilibrium constant of piperazine (Equations 9-7 and 9-8) referenced to 

the symmetric reference state convention used in this work is related by the following 

expression: 
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 * 1000ln ln ln lni PZ
i ww

K K
MW

ν γ ∞

≠

⎛ ⎞
= + +⎜ ⎟

⎝ ⎠
∑  9-23 

Where 
wMW is the molecular weight of H2O, 18.01528 gm/mole, 

K is the symmetric chemical equilibrium constant (mole fraction based). 
 

The infinite dilution activity coefficient of piperazine is calculated from the binary 

interaction parameters for the water-piperazine system using the elecNRTL model.  The 

resulting values were then re-regressed to the standard temperature dependent form of the 

chemical equilibrium constant given in Chapter VI and compared to Equation 9-6.  This 

modified chemical equilibrium constant for piperazine was then utilized in the elecNRTL 

model within Aspen PlusTM to specify the infinite dilution standard state free energy and 

enthalpy of formation, respectively, for protonated and diprotonated piperazine.  Therefore, 

chemical equilibrium constants reported in this work must be corrected for the infinite 

dilution activity coefficient of piperazine prior to comparison with other work. 

 

9.3  Data Regression 
 

For the elecNRTL model, binary interaction parameters for molecule-molecule 

interactions were given a default value of zero.   

Through simultaneous regression, the molecule-molecule binary interaction 

parameters for the H2O-PZ system were obtained through the regression of total vapor 

pressure [Wilson and Wilding (1994) and Xia et al. (2003)], vapor-liquid equilibrium [this 

work], and specific heat capacity [this work] data over piperazine solutions.  A list of the 

aqueous electrolyte data sets that were examined in this work is given in Table 9.3-1.  The 

2610



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
281 

column labels Tσ , Pσ , Cpσ ,
ixσ , 

iyσ , give standard error associated with the temperature, 

pressure, specific heat capacity, liquid mole fraction, and the vapor mole fraction, 

respectively, with each data set.  DRS suggested standard error default values were assigned 

unless otherwise stated by the author. 

Table 9.3-1.  Experimental data used in the regression of the H2O-PZ system. 

 Obs. T (oC) σT σP σx σy Source 
TP 29 113.0 – 199.0 0.01 5% 0.1% 10% Wilson and Wilding (1994) 

 2 120.0 0.01 5% 0.1% 10% Xia et al. (2003), 
        
 Obs. T (oC) σT σP σx σy Source 

VLE 48 101.2 – 167.0 0.01 0.1% 0.1% 0 This work 
        
 Obs. T (oC) σT σx σCp  Source 

Cp 34 40.0 – 120.0 0.01 0.1% 0.1%  This work 
 
 

After performing a nonlinear regression for the full model using DRS, the following 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients is shown in Table 9.3-2. 

Table 9.3-2.  DRS Regression Output for Full H2O-PZ System Model. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m H2O PZ -0.395 56.3 
2-Bm,m H2O PZ -1935 9281 
3-Cm,m H2O PZ 0.318 6.76 
4-Dm,m H2O PZ -0.000138 0.0423 
5-Am,m PZ H2O -1.86 133 
6-Bm,m PZ H2O 228 8141 
7-Cm,m PZ H2O -0.227 23.0 
8-Dm,m PZ H2O 0.0155 0.0530 

 
Residual Sum of Squares:  272,103 
Residual Root Mean Square:  51.398 
Degree of Freedom:   105 
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Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that all of the estimates are smaller relative to their standard errors.  A 

complete description of the variability of the coefficient estimates requires examining the 

correlations between the estimates as shown in Table 9.3-3. 

Table 9.3-3.  Correlation Matrix of the Coefficient Estimates for the Full H2O-PZ Model. 

Parameter 1 2 3 4 5 6 7 8
1 1.00               
2 -0.87 1.00             
3 -0.99 0.82 1.00           
4 0.83 -0.47 -0.88 1.00         
5 -0.79 0.77 0.76 -0.57 1.00       
6 0.68 -0.86 -0.61 0.26 -0.91 1.00     
7 0.80 -0.74 -0.78 0.62 -1.00 0.86 1.00   
8 -0.77 0.50 0.79 -0.84 0.86 -0.57 -0.90 1.00

 

Table 9.3-3 shows a high negative correlation between 3 1η̂ → for the first energy 

parameter estimate, 
2 /H O PZτ , but the correlation between other coefficients is relatively small, 

suggesting that 3η̂ might be usefully removed from the model without significant loss of 

information.  On the other hand, Table 9.3-3 shows three highly correlated coefficients for 

2/PZ H Oτ  where a submodel containing fewer coefficients for the 
2/PZ H Oτ  expression might be 

useful without a significant loss of information.     

After performing backward elimination using DRS, the following optimum model 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients is shown in Table 9.3-4.   
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Table 9.3-4.  DRS Regression Output for Optimum H2O-PZ Model. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m H2O PZ -7.68 1.44 
2-Dm,m H2O PZ 0.0107 0.00343 
3-Am,m PZ H2O -6.42 0.685 
4-Dm,m PZ H2O 0.0249 0.00373 

 
Residual Sum of Squares:  740,215 
Residual Root Mean Square:  49.673 
Degree of Freedom:   301 
 

Notice that all of the estimates are larger relative to their standard errors.  Comparing 

the estimates from the full model to the optimum model, there was relatively little difference 

between the estimated values.  The proposed optimum model provides the following 

correlations between the estimates as shown in Table 9.3-5. 

Table 9.3-5.  Correlation Matrix of the Coefficient Estimates for the Optimum H2O-PZ 
Model 

Parameter 1 2 3 4
1 1.00       
2 -0.97 1.00     
3 0.62 -0.77 1.00   
4 -0.98 0.95 -0.64 1.00

 
Table 9.3-5 again shows highly negative correlations between two of the 

2 /H O PZτ  

parameters suggesting that some of the remaining parameters might be usefully removed 

from the model without significant loss of information. 
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9.3.1  Optimum Model Results 
 

With the determination of the estimates for the binary interaction parameters known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-PZ model against literature data.  For each data point, the deviation 

between the experimental and estimated values is expressed in terms of the average absolute 

relative deviation (AARD).  Table 9.3-6 gives the percent AARD and the maximum percent 

AARD for the model predictions. 

Table 9.3-6.  Absolute Percent Relative Error for the H2O-PZ Optimum Model 

  AARD(%) Max. AARD
TP Wilson and Wilding (1994) 11.85 45.95 

 Xia et al. (2003) 3.84 4.21 
VLE This work 13.03 29.43 
Cp This work 0.25 0.53 

Overall 5.84 45.95 
 
 

Overall, the model adequately describes the H2O-PZ property data listed above 

within an average absolute relative error of ± 5.84 percent, with the exception of a few 

outliers. 

9.3.2  Chemical Equilibrium Constant 
 

With the determination of the estimates for the binary interaction parameters known 

for the optimum model, we can directly evaluate the infinite dilution activity coefficient of 

piperazine (Equation 9-6) as given by the following expression: 

 ( ) ( ) ( )0.2 6.42 0.0249 ( )
ln 7.68 0.0107 ( ) 6.42 0.0249 ( )PZ

T K
T K T K eγ ∞ − − +

= − + + − +  9-24 
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Previous authors chose to linearize the above expression into the temperature 

dependent form used for the chemical equilibrium constants as given by the following 

expression: 

 
( ) ( )2782ln 12.76 1.25lnPZ T K

T K
γ ∞ = − −  9-25 

Using Equation 9-25, we can illustrate thermal effects of the solution equivalent to the 

infinite dilution excess enthalpy given by the following equation for PZ: 

 ( )ln 2782 1.25
1/

E
PZdH T K

R d T
γ ∞∆

− = = − + ⋅  9-26 

At 25 and 80 oC, the infinite dilution excess enthalpy (kJ/mol) is -20.04 and -19.47, 

respectively.  Figure 9.3-1 illustrates experimental values for the phase change of PZ between 

the heat of dissolution and the heat of fusion, vis-à-vis the heat of solution, reported by 

Steele et al. (1997) and Enea and Berthon (1973) and predicted [Hilliard (2005)] UNIFAC 

values for the infinite dilution excess enthalpy for PZ from 20 to 160 oC.  Experimental 

values for the infinite dilution excess enthalpy for PZ from Steele et al. (1997) and Enea and 

Berthon (1973) are the difference between the maximum and minimum reported values at 

25 and 111 oC.  Hilliard (2005) predicted the activity coefficient of PZ from the UNIFAC 

[Dortmund Modified (DMD)] Method [Weidlich and Gmehling (1987) and Gmehling et al. 

(1993)], where the activity coefficients were predicted from group contributions and were 

assumed accurate due to the lack of experimental information.  The modified UNIFAC 

model treated cyclic PZ as an aliphatic molecule with respect to predicating the effect of 

substituent groups to the amine’s structure, thereby affecting how the molecule will interact 

in an aqueous environment with increasing temperature. 
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Figure 9.3-1.  Infinite Dilution Excess Enthalpy for PZ from 20 to 160 oC.  Points: ■, Hilliard 
(2005), ♦, this work.  Line: Difference between the ∆Hdis and the ∆Hfus from Steele et al. 
(1997) and Enea and Berthon (1973). 
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Figure 9.3-2.  Infinite Dilution Activity Coefficient for PZ from 20 to 160 oC.  Points: ■, 
Hilliard (2005), ♦, this work. 
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One striking feature of Figure 9.3-1 is the temperature dependence of the infinite 

dilution excess enthalpy.  This difference is a magnification of the temperature effect on the 

infinite dilution activity coefficient of PZ as shown in Figure 9.3-2. 

For most activity coefficient models, the reference state for solutes is defined as 

infinite dilution in pure solvent; at 25 oC we can see that there is a large difference even at 

this temperature.  The optimum model parameters were fitted to a more extensive database 

than the previous author; thus infinite dilution activity coefficients predicted with the 

optimum model may give more realistic activity coefficients as a function of temperature and 

composition as compared to data found in the literature. 

With the determination of Equation 9-25 known, we can then regress Equation 9-23 

to the standard temperature dependent form of the chemical equilibrium constant given in 

Chapter VI based on experimental data reported by Hetzer et al. (1968) as shown in Table 

9.3-7. 

Table 9.3-7.  Estimates for the Chemical Equilibrium Coefficients for the H2O-PZ System 
(mole fraction basis). 

Equation 
Number A σA B σB C σC D σD 

9-17 -64.4 18.5 -4899 821 8.90 2.76 0.0 - 
9-18 -67.8 17.5 -3091 775 10.2 2.61 0.0 - 

Data Reference: Hetzer et al. (1968) 
ln K = A + B/T(K) + C·lnT(K) + D·T(K) 

 
As stated previously, Equation 9-19 relates the equilibrium constant for the 

dissociation of PZ to the standard Gibbs free energy change of reaction. 

 ln
oG K

RT
∆

= −  9-27 
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( ) ( ) ( )ln

oG BA C T K D T K
RT T K

⎛ ⎞∆
= − + + ⋅ + ⋅⎜ ⎟⎜ ⎟

⎝ ⎠
 9-28 

By taking the partial derivative of Equation 9-28 with respect to temperature, Equation 9-29 

relates the standard enthalpy of reaction to the standard Gibbs free energy. 

 
( )/oo d G RTH

RT dT
∆∆

− =  9-29 

 
( ) ( ) ( )2 2ln lno d K d BH RT RT A C T K D T K

dT dT T K
⎛ ⎞

∆ = = + + ⋅ + ⋅⎜ ⎟⎜ ⎟
⎝ ⎠

 9-30 

 
( ) ( )

2
2

o B CH RT D
T KT K

⎛ ⎞
∆ = − + +⎜ ⎟

⎜ ⎟
⎝ ⎠

 9-31 

 ( ) ( )( )2oH R B C T K D T K∆ = − + ⋅ + ⋅  9-32 

Where the standard property changes of reaction ( e.g. Gibbs free energy and enthalpy) are 

defined as the difference between the standard property change of the products and 

reactants, weighted by their stoichiometric coefficients. 

 o o
i i

i
M Mν∆ = ∑  9-33 

For ionic species the aqueous phase infinite dilution molar heat capacity is described by the 

following equation: 

 ( ) ( ) ( )
2 4,,

, 1, 2, 3,
iaq

p i i i i

CJC C C T K C T K
kmol K T K

∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠
 9-34 

The molar heat capacity of PZ was described in Chapter VII by the following equation: 

 ( ) ( )2,*
, 115228 99.98 0.231l

p PZ
JC T K T K

kmol K
⎛ ⎞ = + ⋅ + ⋅⎜ ⎟⋅⎝ ⎠

 9-35 
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Based on Equations 9-27 to 9-32, Table 9.3-8 reports the standard property changes of 

formation as compared to literature values, and Table 9.3-9 reports the coefficients for the 

aqueous phase infinite dilution heat capacity for a proton. 

Table 9.3-8.  Standard Property Changes of Formation at 298.15 K for Molecular and Ionic 
Components. 

 This work. DIPPR Literature* 
Component ∆Go (kcal/mol) ∆Ho (kcal/mol) ∆Go (kcal/mol) ∆Ho (kcal/mol)

PZH2
+2 17.3889† -34.0497†   

PZH+ 24.4600† -21.8646†   
PZ(l) 37.5332‡ -8.1589‡ 39.6006* -10.8914* 
H+ 0.0 0.0   

  *Rowley et al. (2004) – DIPPR: Model Predictions. 
    †Calculated based on Equation 9-23. 
    ‡Based on Chapter VII. 
 
Table 9.3-9.  Coefficients for the Aqueous Phase Infinite Dilution Heat Capacity (J/kmol·K). 

Component C1 C2 C3 C4

H+ 0.0 0.0 0.0 0.0
 
For a given temperature, the molar aqueous phase infinite dilution heat capacity of PZ+2 and 

PZH+ can then be determined analytically.  A starting point for a rigorous development 

starts with the following equation: 

 o o o
m m mG H T S∆ = ∆ − ∆  9-36 

Equation 9-36 is from the definition of the molar Gibbs free energy applied to each 

component in a chemical reaction evaluated at the standard state.  Applying Equation 9-33 

to Equation 9-36 yields 

 , , ,
o o o

i m i i m i i m i
i i i

G H T Sν ν ν= −∑ ∑ ∑  9-37 

where the standard molar heat of reaction and standard molar entropy change of reaction are 

related to temperature by the following expressions: 
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0

,
0,

oT
p mo o

m m
T

C
H H R dT

R
∆

∆ = ∆ + ∫  9-38 

 
0

,
0,

oT
p mo o

m m
T

C dTS S R
R T

∆
∆ = ∆ + ∫  9-39 

Equations 9-36, 9-38, and 9-39 are combined to yield 
 

 
0 0

, ,
0, 0,

o oT T
p m p mo o o

m m m
T T

C C dTG H R dT T S RT
R R T

∆ ∆
∆ = ∆ + − ∆ −∫ ∫  9-40 

However, 

 0, 0,
0,

0

o o
m mo

m

H G
S

T
∆ − ∆

∆ =  9-41 

hence 
 

 ( )
0 0

, ,
0, 0, 0,

0

o oT T
p m p mo o o o

m m m m
T T

C CT dTG H H G R dT RT
T R R T

∆ ∆
∆ = ∆ − ∆ − ∆ + −∫ ∫  9-42 

Finally, division by RT yields 
 

 
0 0

, ,0, 0, 0,

0

1ln
o oo o o T To
p m p mm m mm

i
T T

C CG H HG dTK dT
RT RT RT T R R T

∆ ∆∆ − ∆ ∆∆
− = = + + −∫ ∫  9-43 

The change in heat capacity for the mixture can be expressed as 
 

 ( ) ( ) ( ) ( )2 3 4o
p

JC A B T K C T K D T K E T K
kmol K

⎛ ⎞∆ = ∆ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅⎜ ⎟⋅⎝ ⎠
 9-44 

with 
 i i

i
A v A∆ = ∑  9-45 

with analogous definitions for B∆ , C∆ , D∆ , and E∆ .  Using Equation 9-43 and the 

coefficients for the chemical equilibrium constant given in Table 9.3-10, we can determine 
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the coefficients for the aqueous phase infinite dilution molar heat capacity of PZH2
+2 and 

PZH+. 

Table 9.3-10.  Coefficients for the Aqueous Phase Infinite Dilution Heat Capacity (J/kmol·K) 
of PZH2+2 amd PZH+ from 0 – 200 oC based on Equation 9-44. 

Coefficient PZH2
+2 PZH+ 

C1 -9.929E-05 -5.440E-05
C2 -1.415E-02 -3.460E-03
C3 -2.287E+00 -4.499E-01
C4 6.361E-03 3.137E-03

 
Coefficients for the aqueous phase infinite dilution molar heat capacity of MEAH+ were 

adjusted to match the form of Equation 9-34. 

Table 9.3-11.  Coefficients for the Aqueous Phase Infinite Dilution Heat Capacity (J/kmol·K) 
of PZH2+2 amd PZH+ from 0 – 200 oC based on Equation 9-34. 

Coefficient PZH2
+2 PZH+ 

C1 1.224E+06 6.035E+05
C2 -5.105E+03 -2.517E+03
C3 7.071E+00 4.165E+00
C4 -1.088E+08 -5.364E+07

 
Hilliard (2005) did not provide source documentation for the coefficients assigned to 

PZH2
+2 or PZH+.  In this work, we have compiled a consistent database for experimental 

H2O-PZ data as compared to the work by Hilliard (2005).  The difference between the two 

predictions for the aqueous phase infinite dilution heat capacity of PZH2
+2 and PZH+ 

accounts for differences is in the model framework.  Hilliard (2005) chose to describe the 

liquid phase chemical equilibrium through linear temperature dependent functions.  In this 

work, we chose not to provide the chemical equilibrium constants, but rather to determine 

the chemical equilibrium from the reference state free energy of the system.  Thus, Hilliard 

(2005) was never required to fully describe the standard property changes for each ionic 
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species because Aspen PlusTM would rely on the provided chemical equilibrium constants for 

the necessary ionic information (e.g. ∆G, ∆H, ∆CP).  By determining the coefficients for the 

aqueous phase infinite dilution molar heat capacity of PZH2
+2 and PZH+ analytically, this 

work is thermodynamically consistent with published literature for the dissociation constant 

of PZ as shown in Figure 9.3-3. 
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Figure 9.3-3.  Comparison of the Dissociation Equilibrium Constant for PZ (mole fraction 
based) from 0 – 200 oC. Points: ♦ and ■, This work.  Lines: ▬, Corrected Hetzer (1968) 
based on Table 9.3-11. 
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9.4  Optimum Model Predictions 
 

In this work, we have compiled a large database of consistent high quality data 

needed to obtain a unique set of binary interaction parameters to describe the H2O-PZ 

system.  The remainder of this chapter will be devoted to using our model as a predictive 

tool as described in the subsequent sections. 

 

9.4.1  Solid Solubility 
 

In this work, we have compiled a database to describe experimental solid solubility 

data for precipitating salts, vis-à-vis piperazine hexahydrate and anhydrous piperazine.  We 

chose not to include the precipitation of anhydrous piperazine because for concentrations 

were anhydrous piperazine would precipitate from an aqueous solution are well beyond the 

piperazine concentrations of interest in connection with the carbon capture processes and its 

modifications. 

To describe the salt chemical equilibrium constant for Equations 9-15 and 9-16, 

predictions from the optimum model were used to express the activity of component i as 

given by the following relationship: 

 ,i j
j i

i

K aν= ∏  9-46 

Where 
jK is the chemical equilibrium constant, 

,i jν is the reaction stoichiometric coefficient of component i, 

ia is the activity of component i. 
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In this work, for Equations 9-15 and 9-16, we chose to define the chemical 

equilibrium constants as linear temperature dependent functions due to the limited 

thermodynamic information associated with the precipitation of the solid phase. 

 
( ) ( ) ( )ln lni
BK A C T K D T K

T K
= + + + ⋅  9-47 

We have included coefficients for the anhydrous piperazine precipitation equilibrium 

reaction for inclusion by the end user as shown in Table 9.4-1. 

Table 9.4-1.  Chemical Equilibrium Coefficients for the Salt Precipitation of Piperazine 
Hexahydrate and Anhydrous Piperazine Based on Equation 9-46 (mole fraction basis). 

Equation 
Number A B C D 

9-15 -291 0.0 56.5 -0.128
9-16 316 0.0 -69.9 0.261

Data Reference: Bishnoi et al. (2002) and from this work 
ln K = A + B/T(K) + C·lnT(K) + D·T(K) 

 
 
Figure 9.4-1 illustrates the calculated chemical equilibrium salt precipitation reactions 

for piperazine hexahydrate and anhydrous piperazine as compared to model predictions for 

experimental solid solubility data from Bishnoi et al. (2002) and from this work within 

Regions 1, 2, and 4 as shown in Figure 9.4-2. 

Experimental solid solubility data were separated into different regions according to 

experimental VLE boundary (Region 1), formation of piperazine hexahydrate as a single salt 

(Region 2), formation of double salts (Region 3), and formation of piperazine anhydrous as a 

single salt (Region 4).  Predictions for anhydrous piperazine were included in Figure 9.4-2 

but were not included as a feature in the optimum model and left to the discretion of the 

end user. 
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Figure 9.4-1.  Chemical Equilibrium Salt Precipitation Reactions for Piperazine Hexahydrate 
(♦) and Anhydrous Piperazine (■) to elecNRTL Model Predictions. 
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Figure 9.4-2.  Solubility Product Predictions of Piperazine Hexahydrate and Anhydrous 
Piperazine in Water.  Points: ♦, Bishnoi et al. (2002), ■, this work.  Lines: elecNRTL Model 
Predictions. 
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9.4.2 Total Vapor Pressure 
 

With the determination of the estimates for the energy parameter coefficients known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-PZ energy parameter coefficients against literature data.  Figure 9.4-3 

compares estimated and experimental total pressure measurements from Wilson and Wilding 

(1994) and Xia et al. (2003) for aqueous PZ mixtures from 113 – 199 oC.   
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Figure 9.4-3.  Comparison of Wilson and Wilding (1994) and Xia et al. (2003) Total Pressure 
data to elecNRTL Model Predictions from 113 to 199 oC.  Points: ♦ and ■, Wilson and 
Wilding (1994), ▲, Xia et al. (2003).  Lines: ▬, elecNRTL Predictions, - - -, Raoult’s Law. 

 
The optimum model exhibits systematic error and under predicts the total vapor 

pressure with a maximum error of ± 45.95 % for concentrations greater than 50 mole 
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percent of PZ from 113 and 120 oC even though all the predictions of the model were 

within an AARD of ± 11.95 %, with the exception of a few outliers.  Figure 9.4-3 illustrates 

the departure from an ideal solution behavior vis-à-vis Raoult’s Law as compared to 

predictions from the elecNRTL model.  Over the temperature range from 113 and 120 oC, 

Raoult’s Law adequately describes the vapor pressure of H2O-PZ mixtures below 0.2PZx = , 

but as the concentration of PZ increases so does the importance of including activities to 

describe the vapor-liquid equilibrium.  Overall, the optimum model adequately describes the 

total vapor pressure data in PZ mixtures within an average absolute relative error of ± 7.85 

percent. 

9.4.3  Vapor-Liquid Equilibrium 
 

One of the main goals of this work was to describe the amine volatility at absorber 

and stripper conditions.  Figure 9.4-4 through Figure 9.4-10 compares estimated and 

experimental amine volatility data from this work to predictions from the elecNRTL model.  

We have included salt precipitation effects on piperazine volatility as described by the dashed 

lines.  From the figures, the volatility of piperazine increases with increasing temperature and 

concentration.   

Figure 9.4-10 illustrates predictions from the optimum model for piperazine 

concentrations from 0.5 to 10 m and over a temperature range from 20 to 120 oC.  Volatility 

of 10 m PZ illustrates an interesting point: where below 50 oC, the predicted partial pressure 

occurs over a saturated salt solution and thereby increased the amine volatility.  As the 

temperature increases, the precipitated salt melts and the solution becomes a homogenous 

liquid phase. 
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In addition, Figure 9.4-4 through Figure 9.4-10 illustrates the departure from an ideal 

solution behavior vis-à-vis Raoult’s Law as compared to predictions from the elecNRTL 

model.  Over the temperature range from 20 to 80 oC, Raoult’s Law overestimates the vapor 

pressure of PZ in binary mixtures of H2O-PZ by a factor of 20 as shown in Table 9.4-2.   

 

Table 9.4-2.  Comparison of PZ Volatility Based on Predictions from the elecNRTL Model 
and Raoult’s Law at 40 oC. 

 PPZ (ppmv) 
PZ (m) elecNRTL Raoult’s Law

0.9 8 180 
1.8 16 354 
2.0 18 392 
2.5 22 486 
3.6 33 687 
5.0 39 932 

 
 
 

Overall, the optimum model adequately describes the partial pressure PZ within an 

average absolute relative error of ± 13.03 percent with the exception of a few outliers.  We 

would recommend that future work should endeavor to describe the binary system at 

stripper conditions (e.g. temperatures between 80 – 120 oC) to complete this analysis.   
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Figure 9.4-4.  Comparison of Amine Volatility in 0.9 m PZ.  Solid line: ▬, elecNRTL 
Predictions.  Dash line: Raoult’s Law Approximations. 
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Figure 9.4-5.  Comparison of Amine Volatility in 1.8 m PZ.  Solid line: ▬, elecNRTL 
Predictions.  Dash line: Raoult’s Law Approximations. 
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Figure 9.4-6.  Comparison of Amine Volatility in 2.0 m PZ.  Solid line: ▬, elecNRTL 
Predictions.  Dash line: Raoult’s Law Approximations.  Vertical line: Solid Solubility 
Boundary. 
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Figure 9.4-7.  Comparison of Amine Volatility in 2.5 m PZ.  Solid line: ▬, elecNRTL 
Predictions.  Dash line: Raoult’s Law Approximations.  Vertical line: Solid Solubility 
Boundary. 
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Figure 9.4-8.  Comparison of Amine Volatility in 3.6 m PZ.  Solid line: ▬, elecNRTL 
Predictions.  Dash line: Raoult’s Law Approximations.  Vertical line: Solid Solubility 
Boundary. 
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Figure 9.4-9.  Comparison of Amine Volatility in 5.0 m PZ.  Solid line: ▬, elecNRTL 
Predictions.  Dash line: Raoult’s Law Approximations.  Vertical line: Solid Solubility 
Boundary. 

2631



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
302 

0.00001

0.0001

0.001

0.01

0.1

1

10

0 20 40 60 80 100 120 140

Temperature (oC)

P
Z

 P
ar

ti
al

 P
re

ss
ur

e 
(k

P
a)

0.5 m PZ

2.0 m

4.0 m
8.0 m10.0 m

 
Figure 9.4-10.  Predictions of Amine Volatility from the elecNRTL model of 0.5 to 10 m PZ 
from 20 to 120 oC with Salt Precipitation Effects. 

 

9.4.4  Specific Heat Capacity 
 

To describe the specific heat capacity of H2O-PZ solutions, Figure 9.4-11 compares 

estimated and experimental specific heat capacities from 25 to 120 oC for 2 and 3.6 m PZ.  

Specific heat capacity for 2.0 m PZ above 80 oC were excluded from the optimum model 

regression due to an inconsistent trend in the overall specific heat capacity data but were 

included in Figure 9.4-11 for clarification.  Figure 9.4-11 also illustrates optimum model 

predictions for 1.0 and 5.0 m PZ.  Overall, the optimum model adequately describes the 

specific heat capacity for aqueous mixtures of PZ within an average absolute relative error of 

± 0.25 percent, with the exception of a few outliers. 
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Figure 9.4-11.  Comparison of Specific Heat Capacity from this work to elecNRTL Model 
Predictions for 2.0 and 3.6 m PZ.  Points: ♦, 2.0 m PZ, ■, 3.6 m PZ.  Lines: elecNRTL Model 
Predictions. 

 

9.4.5  Activity Coefficient Predictions for H2O-PZ 
 

Several authors have presented activity-based models to calculate the activity 

coefficient of PZ in aqueous PZ mixtures.  Works include: 

Author Model H2O-PZ Activity Coefficients 
Bishnoi et al. (2002) Electrolyte-NRTL Predicted from UNIFAC (DMD) 
Aroua and Salleh (2004) Kent-Eisenberg Neglected 
Kamps et al. (2003) Pitzer Equation Neglected 
Cullinane (2005) Electrolyte-NRTL Predicted from UNIFAC (DMD) 
Derks et al. (2005) Electrolyte EoS Predicted from UNIFAC (DMD) 
Hilliard (2005) Electrolyte-NRTL (Aspen Plus) Predicted from UNIFAC (DMD) 
Ermatchkov et al. (2006) Pitzer Equation Neglected 
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All of the above authors chose to neglect interactions between PZ and water or to 

predict the activity coefficients based on the UNIFAC (DMD) Model due to a limited 

experimental date.  In this work, we have compiled an extensive database of consistent high 

quality literature data.  Thus, the subsequent discussion on predicting the activity coefficients 

for PZ in aqueous PZ mixtures will provide the most realistic values to date.  Figure 9.4-12 

compares activity coefficient predictions based on UNIFAC (DMD) predictions by Hilliard 

(2005) to this work.  

0.01

0.1

1

10

100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Piperazine (mole fraction)

A
ct

iv
it

y 
C

oe
ff

ic
ie

n
t 

of
 P

Z

40 oC

40 oC

70 oC

120 oC

70 oC

120 oC

 

Figure 9.4-12.  Predictions for the Activity Coefficient of PZ from Hilliard (2005) to this work 
at 40, 70, and 120 oC.  Lines: dashed, Hilliard (2005); solid, this work. 

 

As stated previously, Hilliard (2005) predicted the activity coefficient of PZ from the 

UNIFAC [Dortmund Modified (DMD)] Method [Weidlich and Gmehling (1987) and 

Gmehling et al. (1993)], where the activity coefficients were predicted from group 

contributions and were assumed accurate due to the lack of experimental information.  The 
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modified UNIFAC model treated cyclic PZ as an aliphatic molecule with respect to 

predicating the effect of substituent groups to the amine’s structure, thereby affecting how 

the molecule will interact in an aqueous environment with increasing temperature as shown 

in Figure 9.4-12 as compared to this work. 

Smith et al. (1996) noted for a binary system to remain stable (single phase) and not 

split into two phases the change in the Gibbs free energy at constant temperature and 

pressure and the first and second derivatives must be continuous functions with respect to 

concentration.  Smith et al. (1996) gave the following criterion of the stability for a single 

phase in a binary system: 

 ( )2

2
1

/
0

d G RT
dx

∆
>  9-48 

This criterion can then be applied to an excess Gibbs energy expression for a binary system 

as given by the following expression: 

 
( )2

2
1 1 2

/ 1
Exd G RT

dx x x
> −  9-49 

Where for a binary system, 
 

 1 1 2 2ln ln
ExG x x x x

RT
= +  9-50 

 
 
Equation 9-49 combined with Equation 9-48 yields 
 

 
( )2

1 2
2
1 1 2

/ ln lnExd G RT d d
dx dx dx

γ γ
= −  9-51 
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Applying the Gibbs-Duhem equation to Equation 9-50 results in the following criterion in 

terms of the activity coefficient of component i. 

 ln 1i

i i

d
dx x

γ
> −  9-52 

Figure 9.4-13 illustrates predictions for the single phase stability of aqueous PZ mixtures at 

40 and 120 oC from the optimum model binary interaction parameters.  Figure 9.4-13 shows 

that a second phase will not appear over the operating range considered in this work. 
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Figure 9.4-13.  Model Predictions for the Phase Stability Criterion for Aqueous PZ Mixtures 
at 40 and 120 oC. 
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9.5  Conclusions 
 

In conclusion, parameters for the H2O-PZ system were fitted to a more extensive 

database than previous authors; thus infinite dilution activity coefficients predicted with the 

optimum model may give more realistic activity coefficients as a function of temperature and 

composition as compared to data found in the literature. 

For total vapor pressure, the optimum model exhibited a systematic error and under 

predicted the total vapor pressure with a maximum error of ± 45.95 % for concentrations 

greater than 50 mole percent of PZ from 113 and 120 oC even though all the predictions of 

the model were within an AARD of ± 11.95 %, with the exception of a few outliers.  Figure 

9.4-3 illustrated the departure from an ideal solution behavior vis-à-vis Raoult’s Law as 

compared to predictions from the elecNRTL model.  Over the temperature range from 113 

and 120 oC, it was shown that Raoult’s Law adequately described the vapor pressure of H2O-

PZ mixtures below 0.2PZx = , but as the concentration of PZ increases so did the 

importance of including activities to describe the vapor-liquid equilibrium.  Overall, the 

optimum model adequately described the total vapor pressure data in PZ mixtures within an 

average absolute relative error of ± 7.85 percent. 

One of the main goals of this work was to describe the amine volatility at absorber 

and stripper conditions.  Figure 9.4-4 through Figure 9.4-10 compared estimated and 

experimental amine volatility data from this work to predictions from the elecNRTL model.  

We chose to include salt precipitation effects on piperazine volatility.  It was shown that the 

volatility of piperazine increased with increasing temperature and concentration.  In addition, 
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Figure 9.4-4 through Figure 9.4-10 illustrated the departure from an ideal solution behavior 

vis-à-vis Raoult’s Law as compared to predictions from the elecNRTL model.  Over the 

temperature range from 20 to 80 oC, Raoult’s Law overestimated the vapor pressure of PZ in 

binary mixtures of H2O-PZ by a factor of 20 as shown in Table 9.4-2.  Figure 9.4-10 

illustrated predictions from the optimum model for piperazine concentrations from 0.5 to 10 

m and over a temperature range from 20 to 120 oC.  Overall, the optimum model adequately 

described the partial pressure PZ within an average absolute relative error of ± 13.03 

percent, with the exception of a few outliers.  We also recommend that future work should 

describe the binary system at stripper conditions (e.g. temperatures between 80 – 120 oC) to 

complete this analysis. 

In terms of activity coefficients, previous authors chose to either neglect interactions 

between PZ and water or to predict the activity coefficients based on the UNIFAC (DMD) 

Model due to limited experimental data.  In this work we have compiled an extensive 

database of consistent high quality literature data.  Thus, predictions of the activity 

coefficients for PZ in aqueous PZ mixtures will provide the most realistic values to date.  

For instance, the infinite dilution activity coefficient for PZ was illustrated in Figure 9.3-2 to 

vary from 0.0219 – 0.288 over the temperature range from 20 to 160 oC as compared to 

predictions from the Hilliard (2005) model which varied from 0.161 – 31.6. 

Overall, the results presented above indicate that the elecNRTL model, through 

simultaneous regression, gave a set of optimum binary interaction parameters for the H2O-

PZ system.  The optimum model adequately represents the literature data for aqueous PZ 

mixtures. 
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_________________ 

CHAPTER X  Ternary Systems: 
 H2O-MEA-PZ 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

10.1  Introduction 
 

Chapter VIII and IX described the molecule-molecule interactions between water 

(H2O) and monoethanolamine (MEA) and piperazine (PZ), respectively.  In this chapter, we 

continue the thermodynamic model development by describing the binary interactions 

associated when two binary systems are combined.   This chapter describes the data 

regression and model predictions for the unreactive H2O-MEA-PZ system based on data 

from this work.  The results for the binary interaction parameters for the electrolyte-NRTL 

(elecNRTL) model in Aspen PlusTM are then presented; showing good statistical fit to the 

data with an average absolute relative error of ± 9.32 % with the exception of a few outliers. 
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10.2  H2O-MEA-PZ System 
 

Up to this point for the H2O-MEA-PZ system, we have been able to describe the 

molecule-molecule interactions between H2O-MEA and H2O-PZ given in Chapters VIII and 

IX.  Molecular interactions between MEA and PZ in the presence of H2O will be described 

by the elecNRTL model which reduces in theory to the NRTL Model of Renon and 

Prausnitz (1968) when the concentration of ions in an electrolyte solution approaches zero 

within Aspen Plus.  In this section, we present background on the NRTL model for 

clarification purposes only since we will be using the elecNRTL property model for all future 

chapters to describe molecular and ionic interactions. 

The NRTL model is an excess Gibbs energy model given by the following form after 

taking the partial derivative of the excess Gibbs energy to describe the activity coefficients 

for n components: 

 ln
j ji ji m mj mj

j j jj m
i ij

jk ki k kj k kj
k k k

x G x Gx G
x G x G x G

τ τ
γ τ

⎛ ⎞
⎜ ⎟= + −⎜ ⎟
⎜ ⎟
⎝ ⎠

∑ ∑
∑∑ ∑ ∑

 10-1 

Where 
i, j, k are the species indices, 1: H2O, 2: MEA, 3: PZ, 

ix is the liquid mole fraction of component i, 

ijτ is the binary interaction parameter between component i and j, 

ijα is the molecule-molecule nonrandomness factor, 0.2, 
ij ij

ijG e α τ−= . 
 

The molecule-molecule binary interaction parameters were assumed to be 

temperature dependent and were fitted to the following function of temperature: 
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 ln( )ij
ij ij ij ij

B
A C T D T

T
τ = + + +  10-2 

 Interactions parameters for H2O-MEA and H2O-PZ were given in Chapters VIII 

and IX as shown in Table 10.2-1. 

Table 10.2-1.  Binary Interaction Parameters for H2O-MEA and H2O-PZ Systems. 

 Interaction Species  
Parameter i j Estimate

1-Am,m H2O MEA -4.46 
2-Bm,m H2O MEA -85.3 
3-Dm,m H2O MEA 0.0149 
4-Am,m MEA H2O 2.90 
5-Bm,m MEA H2O -456 
6-Dm,m MEA H2O -0.0079 
7-Am,m H2O PZ -7.68 
8-Dm,m H2O PZ 0.0107 
9-Am,m PZ H2O -6.42 

10-Dm,m PZ H2O 0.0249 
 

The above set of binary interaction parameters represents two unique sets for 

describing each system separately.  In this chapter we will compare experimental data for the 

H2O-MEA-PZ system to model predictions based on the combination of the binary systems 

and from additional binary interaction parameters for MEA-PZ regressed from experimental 

data. 

The creation of the H2O-MEA-PZ model begins with the regression of experimental 

data from this work.  Two data sets have been regressed with the elecNRTL model to 

represent the phase equilibrium through regression of vapor-liquid equilibrium and specific 
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heat capacity data over monoethanolamine plus piperazine solutions.  The following section 

describes the different types of data used in the creation of the ternary H2O-MEA-PZ 

model. 

 
10.2.1  Vapor-Liquid Equilibrium 
 

Data in the form of vapor-liquid equilibrium (VLE), which measures the vapor and 

liquid compositions in aqueous MEA plus piperazine solutions, as a function of 

concentration and temperature, were used to adjust the activity coefficients of MEA, PZ, 

and H2O through simultaneous regression of binary interaction parameters in the NRTL 

model.  For the ternary system, Equation 10-3 can be used to represent the vapor-liquid 

equilibrium data. 

 
( )0

0 0ˆ ˆ exp
l

i iv
i i i i i i

V P P
y P x P

RT
φ γ φ

⎡ ⎤−
⎢ ⎥=
⎢ ⎥⎣ ⎦

 10-3 

Where 

îφ is the fugacity coefficient of component i, 
P si the total pressure of the system, 

0
iP is the Extended Antoine pure vapor pressure of component i, 

iγ is the symmetric activity coefficient of component i, 
l

iV is the Brelvi-O’Connel molar volume of the pure component at the system temperature 
and saturation pressure, and, 

iy and ix  are the true mole fractions in the vapor and liquid phases of component i. 
 

Examples of experimental amine volatility from this work between 3.5 m MEA plus 

1.8 m PZ and 7 m MEA plus 3.6 m PZ are shown in Figures 10.2-1 through 10.2-4 as 

compared to predictions from the binary system models. 
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Figure 10.2-1.  Comparison of Experimental MEA Volatility in 3.5 m MEA + 1.8 m PZ to 3.5 
m MEA Binary elecNRTL Model Predictions. 
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Figure 10.2-2.  Comparison of Experimental PZ Volatility in 3.5 m MEA + 1.8 m PZ to 1.8 m 
PZ Binary elecNRTL Model Predictions. 
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Figure 10.2-3.  Comparison of Experimental MEA Volatility in 7 m MEA + 3.6 m PZ to 7 m 
MEA Binary elecNRTL Model Predictions. 
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Figure 10.2-4.  Comparison of Experimental PZ Volatility in 7 m MEA + 3.6 m PZ to 3.6 m 
PZ Binary elecNRTL Model Predictions. 
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The above figures illustrate that the binary models adequately describe the volatility 

of each amine in the mixture of MEA plus PZ between 40 and 70 oC.  The amine volatility 

of the mixtures indicates that MEA and PZ have approximately the same volatility as 

compared to the same concentration associated with a binary mixture.  Figure 10.2-4 

illustrates an effect due to hydrogen bonding association of PZ with the addition of 7 m 

MEA.  In the ternary mixture, the solubility of PZ is enhanced and does not precipitate to 

piperazine hexahydrate (PZ·6H2O) as in the binary solution. 

Overall, for each data point, the deviation between experimental and estimated 

values based on binary model predictions is expressed in terms of the average absolute 

relative deviation (AARD).  Table 10.2-2 and Table 10.2-3 give the percent AARD and the 

maximum percent AARD for the binary model predictions. 

Table 10.2-2.  Absolute Percent Relative Error for Experimental MEA Volatility Data. 

   AARD (%) Max. AARD 

PMEA 3.5 m MEA + 1.8 m PZ 2.76 7.52 

 3.5 m MEA + 2.0 m PZ 6.85 12.56 

 3.5 m MEA + 3.6 m PZ 5.56 10.54 

 7.0 m MEA + 1.8 m PZ 2.82 8.48 

 7.0 m MEA + 2.0 m PZ 4.59 4.70 

 7.0 m MEA + 3.6 m PZ 3.81 6.69 

Overall 4.40 12.56 
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Table 10.2-3.  Absolute Percent Relative Error for Experimental PZ Volatility Data. 

   AARD (%) Max. AARD 

PPZ 3.5 m MEA + 1.8 m PZ 3.48 8.39 

 3.5 m MEA + 2.0 m PZ 10.48 11.70 

 3.5 m MEA + 3.6 m PZ 4.25 7.42 

 7.0 m MEA + 1.8 m PZ 3.74 7.07 

 7.0 m MEA + 2.0 m PZ 7.65 12.07 

 7.0 m MEA + 3.6 m PZ 4.52 13.34 

Overall 5.69 13.34 

 
Overall, separate binary model predictions adequately describes the MEA and PZ 

volatility data listed above within an average absolute relative error of ± 4.40 and 5.69 

percent, respectively, with the exception of a few outliers.  This would suggest there may not 

be a need for additional parameters to describe the ternary mixture. 

 

10.2.2  Specific Heat Capacity 
 

As stated in Chapter VI, Aspen Plus calculates the liquid phase heat capacity of a 

molecular mixture by taking the derivative of the liquid enthalpy at constant pressure: 

 ( ) ( ) ,

T T
l l l
i i p i

T

H T T H T C dT
+∆

+ ∆ − = ∫  10-4 

where the liquid enthalpy of a mixture is calculated by the following equation: 

 ( )l E
i i i i

i
H T x H H= +∑  10-5 
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 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  10-6 

Where 
T∆  is the perturbation in temperature from T, 
E
iH  is the excess enthalpy of component i, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i. 

 
Data in the form of specific heat capacity of a mixture as a function of concentration 

and temperature were used to adjust the activity coefficients of monoethanolamine, 

piperazine, and water through the simultaneous regression of the binary interaction 

parameters by taking the derivative of the NRTL model, vis-à-vis excess enthalpy.  Thus, 

specific heat capacity effects are limited only to the second and third terms of Equation 10-2.  

Examples of experimental specific heat capacity used in this work for 3.5 m MEA plus 2 m 

PZ and 7 m MEA plus 2 m PZ are shown in Figure 10.2-5 and Figure 10.2-6, respectively, as 

compared to the specific heat capacity for the binary mixtures. 

Figure 10.2-5 illustrates that the experimental specific heat capacity may be similar to 

the combination of the specific heat capacity of the binary mixtures.  The experimental 

specific heat capacity is lower than predictions for the binary mixtures, but is still within the 

accuracy of the data quality, vis-à-vis ± 1.0 % error.  Figure 10.2-6 shows that the 

experimental specific heat capacity for 7 m MEA plus 2 m PZ may not be similar to the 

combination of the binary mixtures which may be due to error in the experimental 

measurement or a difference in the excess enthalpy of the ternary mixture. 
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Figure 10.2-5.  Comparison of 3.5 m MEA plus 2 m PZ Experimental Specific Heat Capacity 
from this work to elecNRTL Binary Mixture Predictions. 

 

3.4

3.5

3.6

3.7

3.8

3.9

4

4.1

20 40 60 80 100 120 140

Temperature (oC)

Sp
ec

if
ic

 H
ea

t 
C

ap
ac

it
y 

(k
J/

kg
-K

)

H2O-MEA

H2O-PZ

H2O-MEA-PZ

H2O-MEA + H2O-PZ

 
Figure 10.2-6.  Comparison of 7 m MEA plus 2 m PZ Experimental Specific Heat Capacity 
from this work to elecNRTL Binary Mixture Predictions. 

 

2648



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
319 

 
 Figure 10.2-5 and 10.2-6 also illustrate the combined binary model predictions for 

the specific heat capacity without the regression of additional binary interaction parameters.  

The figure illustrates that the combined binary model adequately predicts the specific heat 

capacity of 3.5 m MEA plus 2 m PZ and 7 m MEA plus 2 m PZ within ± 3.16 and 3.14 

percent, respectively.  This error may be resolved if all three models were regressed 

simultaneously or the quality of the data may be subject to interpretation and additional 

verification. 

10.3  Data Regression 
 

For the elecNRTL model, binary interaction parameters for molecule-molecule 

interactions were given a default value of zero. 

Through simultaneous regression, the molecule-molecule binary interaction 

parameters for the H2O-MEA-PZ system were obtained through the regression of vapor-

liquid equilibrium and specific heat capacity data from this work over monoethanolamine 

plus piperazine solutions. 

A list of the aqueous electrolyte data sets that were examined in this work is given in 

Table 10.3-1.  The column labels Tσ , Pσ , Cpσ ,
ixσ , 

iyσ , give standard error associated with 

the temperature, pressure, specific heat capacity, liquid mole fraction, and the vapor mole 

fraction, respectively, with each data set.  DRS suggested standard error default values were 

assigned unless otherwise stated by the author. 
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Table 10.3-1.  Experimental data used in the regression of the H2O-MEA-PZ system. 

 Obs. T (oC) σT σP σx σy Source 
VLE 80 31.5 – 61.4 0.1 2.0% 0.1% 0 This work 

        
 Obs. T (oC) σT σx σCp  Source 

Cp 34 40.0 – 120.0 0.01 0.1% 0.1%  This work 
 

 After performing a nonlinear regression for the full model using DRS, the following 

regression summary statistics output for estimates of the adjustable binary parameters 

coefficients are shown in Table 10.3-2. 

Table 10.3-2.  DRS Regression Output for Full H2O-MEA-PZ System Model. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m MEA PZ 53.4 1054 
2-Bm,m MEA PZ 1004 180873 
3-Cm,m MEA PZ 8.74 249 
4-Dm,m MEA PZ -0.259 1.54 
5-Am,m PZ MEA 7.21 706 
6-Bm,m PZ MEA -2592 26014 
7-Cm,m PZ MEA 2.60 124 
8-Dm,m PZ MEA -0.0377 0.244 

 
Residual Sum of Squares:  33,774 
Residual Root Mean Square:  17.850 
Degree of Freedom:   106 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that all of the estimates are smaller relative to their standard errors.  A 

complete description of the variability of the coefficient estimates requires examining the 

correlations between the estimates as shown in Table 10.3-3. 
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Table 10.3-3.  Correlation Matrix of the Coefficient Estimates for the Full H2O-MEA-PZ 
Model. 

Parameter 1 2 3 4 5 6 7 8
1 1.00               
2 -0.18 1.00             
3 -0.71 -0.56 1.00           
4 0.15 0.94 -0.80 1.00         
5 0.00 -0.23 0.16 -0.21 1.00       
6 0.00 -0.07 0.05 -0.06 -0.76 1.00     
7 0.00 0.28 -0.19 0.26 -0.99 0.65 1.00   
8 0.00 -0.45 0.30 -0.42 0.77 -0.17 -0.85 1.00

 
Table 10.3-3 shows two high negative correlations, but the correlation between other 

coefficients is relatively small, suggesting that 4η̂ and/or  7η̂ might be usefully removed from 

the model without significant loss of information.       

After performing backward elimination using DRS, the following optimum model 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients are shown in Table 10.3-4.  Please refer to Appendix O for more information 

about the backward elimination procedure to determine the optimal set of binary interaction 

parameters for the H2O-MEA-PZ system. 

Table 10.3-4.  DRS Regression Output for the Optimum H2O-MEA-PZ Model. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m MEA PZ 61.8 14.0 
2-Dm,m MEA PZ -0.138 0.0369 
3-Am,m PZ MEA 1.64 0.540 

 
Residual Sum of Squares:  35,762 
Residual Root Mean Square:  17.949 
Degree of Freedom:   111 
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Notice that all of the estimates are larger relative to their standard errors.  Comparing 

the estimates from the full model to the optimum model, there was relatively little difference 

between the estimated values.  The proposed optimum model provides the following 

correlations between the estimates as shown in Table 10.3-5. 

Table 10.3-5.  Correlation Matrix of the Coefficient Estimates for the Optimum H2O-MEA-
PZ Model. 

Parameter 1 2 3
1 1.00     
2 -0.98 1.00   
3 0.14 -0.10 1.00

 
Table again shows a highly negative correlation between the temperature dependent 

parameter suggesting that some of the remaining parameters might be usefully removed 

from the model without significant loss of information. 

10.3.1  Optimum Model Results 
 

With the determination of the estimates for the binary interaction parameters known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-MEA-PZ model against literature data.  For each data point, the 

deviation between the experimental and estimated values is expressed in terms of the average 

absolute relative deviation (AARD).  Table 10.3-6 gives the percent AARD and the 

maximum percent AARD for the model predictions. 

Table 10.3-6.  Absolute Percent Relative Error for the H2O-MEA-PZ Optimum Model. 

  AARD(%) Max. AARD
PMEA This work 11.84 34.59 
PPZ This work 13.29 37.31 
Cp This work 2.84 3.93 

Overall 9.32 37.31 
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Overall, the model adequately describes the H2O-MEA property data listed above 

within an average absolute relative error of ± 9.32 percent, with the exception of a few 

outliers.  For this reason, we chose not to include the optimum binary interaction parameters 

from this regression into future models due an increased in the relative error associated with 

the additional binary interaction parameters.  The rest of the chapter will illustrate VLE 

predictions based on the combined binary models for H2O-MEA and H2O-PZ for all of the 

experimental amine volatility data. 

10.3.2  Vapor-Liquid Equilibrium 
 
 One of the main goals of this work was to describe the amine volatility at absorber 

and stripper conditions.  Figures 10.3-7 through 10.3-12 compare estimated and 

experimental amine volatility from this work to predictions from the elecNRTL binary and 

combined binary models. 

 As mentioned previously, the combined binary model adequately predicts the amine 

volatility in MEA plus PZ mixtures.  Figures 10.3-9 and 10.3-12 illustrates an effect due to 

hydrogen bonding association of PZ with the addition of 3.5 and 7 m MEA, respectively.  In 

the ternary mixture, the solubility of PZ is enhanced and does not precipitate to piperazine 

hexahydrate (PZ·6H2O) as in the binary solution.   

In terms of amine volatility and the effect of MEA and PZ with varying levels and 

the departure from an ideal solution behavior vis-à-vis Raoult’s Law; Figure 10.3-13 

illustrates the effect of 7 m MEA on 1.8 to 5.0 m PZ from 20 – 120 oC based on combined 

binary model predictions.  
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Table 10.3-7.  Comparison of Experimental Amine Volatility in 3.5 m MEA Plus 1.8 m PZ to 
elecNRTL Combined Binary Model Predictions. 
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Table 10.3-8.  Comparison of Experimental Amine Volatility in 3.5 m MEA Plus 2.0 m PZ to 
elecNRTL Combined Binary Model Predictions. 
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Table 10.3-9.  Comparison of Experimental Amine Volatility in 3.5 m MEA Plus 3.6 m PZ to 
elecNRTL Combined Binary Model Predictions. 

 

0.0001

0.001

0.01

0.1

1

10

20 30 40 50 60 70 80 90 100 110 120

Temperature (oC)

A
m

in
e 

P
ar

ti
al

 P
re

ss
u

re
 (

kP
a)

PZ

MEA

 
Table 10.3-10.  Comparison of Experimental Amine Volatility in 7.0 m MEA Plus 1.8 m PZ to 
elecNRTL Combined Binary Model Predictions. 
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Table 10.3-11.  Comparison of Experimental Amine Volatility in 7.0 m MEA Plus 2.0 m PZ to 
elecNRTL Combined Binary Model Predictions. 
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Table 10.3-12.  Comparison of Experimental Amine Volatility in 7.0 m MEA Plus 3.6 m PZ to 
elecNRTL Combined Binary Model Predictions. 
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Table 10.3-13.  Comparison of Predicted Amine Volatility in 7.0 m MEA Plus 1.8 – 5.0 m PZ 
to elecNRTL Combined Binary Model Predictions and the Deviation from Raoult’s Law.  
Points: Combined Model Predictions.  Solid lines: Binary Model Predictions.  Dash lines: 
Raoult’s Law Approximations. 

 
 

Figure 10.3-14 illustrates the effect of 2 m PZ on 3.5 to 23.8 m MEA from 20 – 120 

oC based on combined binary model predictions.  Figure 10.3-13 shows a small effect of 

MEA on the volatility of PZ and could be contributed in a decreased in the activity 

coefficient of PZ, whereas the effect of PZ on MEA as shown in Figure 10.3-14 showed 

little or no effect due to the small concentration of PZ in the system.  In terms of the 

departure of an ideal solution behavior, the effect of the activity coefficient on the partial 

pressure of PZ is shown in Figure 10.3-13.  Predictions based on Raoult’s Law do not 

adequately describe the vapor pressure of PZ and over estimates on the order of 1000 ppmv.  
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On the other hand, predictions for MEA volatility based on Raoult’s Law are adequate but 

may not be advisable at low concentrations of MEA. 
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Table 10.3-14.  Comparison of Predicted Amine Volatility in 2.0 m PZ Plus 3.5 – 23.8 m MEA 
to elecNRTL Combined Binary Model Predictions and the Deviation from Raoult’s Law.  
Points: Combined Model Predictions.  Solid lines: Binary Model Predictions.  Dash lines: 
Raoult’s Law Approximations. 

 

10.4  Conclusions 
 

In conclusion, binary models were shown to adequately describe the volatility of 

each amine in mixtures of MEA plus PZ between 40 and 70 oC.  The amine volatility of the 

mixtures indicates that MEA and PZ have approximately the same volatility as compared to 

the same concentration associated with a binary mixture.   

In terms of the solubility of PZ, Figure 10.2-4 illustrated the effect of hydrogen 

bonding of PZ with the addition of 7 m MEA where in the ternary mixture, the solubility of 
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PZ is enhanced and does not precipitate to piperazine hexahydrate (PZ·6H2O) as in the 

binary solution. 

Figure 10.2-5 illustrated that experimental specific heat capacity may be similar to the 

combination of the specific heat capacity of the binary mixtures at low concentrations.  Even 

though the combined binary model was unable to adequately describe the experimental 

specific heat capacity data, this error may be resolved if all three models were regressed 

simultaneously.  On the other hand, the quality of the data may be subject to interpretation 

and verification of the experimental specific heat capacity is recommended. 

In terms of the departure of an ideal solution behavior, the effect of the activity 

coefficient on the partial pressure of PZ was shown in Figure 10.3-13.  Predictions based on 

Raoult’s Law were unable to adequately describe the vapor pressure of PZ and over 

estimated on the order of 1000 ppm.  On the other hand, predictions for MEA volatility 

based on Raoult’s Law are adequate but may not be advisable at low concentrations of 

MEA. 

Overall, the results presented above indicate that the elecNRTL model, through 

combination of the binary models adequately represents experimental amine volatility and 

specific heat capacity from this work for aqueous MEA plus PZ mixtures. 
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_________________ 

CHAPTER XI  Ternary Systems: 
 H2O-MEA-N2O 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

11.1  Introduction 
 

We continue the thermodynamic model development by describing the molecule-

molecule interactions between monoethanolamine (MEA) and carbon dioxide (CO2) 

utilizing the CO2-N2O analogy.  Interactions between piperazine and carbon dioxide will be 

addressed in Chapter XII.  This chapter describes the data regression and model predictions 

for the unreacted H2O-MEA-CO2 system based on previous literature data.  The results for 

the binary interaction parameters for the electrolyte-NRTL (elecNRTL) model in Aspen 

PlusTM are then presented, showing good statistical fit to the literature data with an average 

absolute relative error of ± 3.48 % with the exception of a few outliers. 
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11.2  H2O-MEA-N2O System 
 

Up to this point for the H2O-MEA-N2O system, we have been able to describe the 

molecule-molecule interactions between H2O and MEA given in Chapter IX.  Molecular 

interactions between H2O and CO2 are described by the Henry’s constant for CO2 in H2O as 

reported by Chen et al. (1979), but interactions between MEA and CO2 can not be directly 

measured.  To account for molecule-molecule interactions between MEA and CO2, Clarke 

(1964) proposed the CO2-N2O analogy method.  Clarke proposed that if CO2 reacts with a 

solvent, H2O or MEA, the true solubility of CO2 in the solvent can be determined by the 

proportionality to the solubility of a similar unreactive gas as in this case N2O.  N2O is very 

similar to CO2 in terms of their molecular weights, configurations, volumes, structures, and 

Lennard-Jones potentials.  Plus, N2O is unreactive to alkanolamines such as MEA and PZ.  

To describe molecular interactions between MEA and CO2, N2O solubility data in aqueous 

MEA mixtures were used to adjust the binary interaction parameters by using the CO2-N2O 

analogy method in the form of the Henry’s constant. 

 2

2 2 2

2 2

N O MEA
CO MEA CO H O

N O H O

H
H H

H
−

− −
−

=  11-1 

Where  

2N OH is the solubility of N2O in MEA and aqueous solutions as reported by Versteeg and 
van Swaaij (1988). 
 

Recall from Chapter VI the representation of the solvent (e.g. H2O or MEA) vapor-

liquid equilibrium is given by the following equation. 
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( )0

0 0ˆ ˆ exp
l

i iv
i i i i i i

V P P
y P x P

RT
φ γ φ

⎡ ⎤−
⎢ ⎥=
⎢ ⎥⎣ ⎦

 11-2 

and the vapor-liquid equilibrium for supercritical components (e.g. CO2) is given by 
 

 
( )2

, 0

,
ˆ exp

aq
i H Ov i

i i i i aq
i

V P PHy P x
RT

φ γ
γ

∞

∞

⎡ ⎤−⎛ ⎞
⎢ ⎥= ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎣ ⎦

 11-3 

and 

 ( ) ( ) ( ) ( )
( )2

0 52
1 3 4 2ln , lni H O

CCH T P C C T K C T K
T K T K

= + + + +  11-4 

Where 
iH  is the Henry’s constant for CO2 in H2O at the system temperature and saturation 

pressure of water, 
2

0
H OP , 

,aq
iγ ∞  is the infinite dilution activity coefficient for CO2 in H2O at the system temperature, 
l

iV  is the molar volume of the pure solvent at the system temperature and saturation 
pressure, 

,aq
iV ∞  is the Brelvi-O’Connell partial molar volume for CO2 at infinite dilution in H2O at 

system temperature and 
2

0
H OP , and, 

ix  is the true mole fraction in the liquid phase of component i. 
 
 Table 11.2-1 gives the coefficients used in this work for the Henry’s constant for 

CO2 in H2O given by Chen et al. (1979) based on Equation 11-4. 

Table 11.2-1.  Coefficients for the Henry’s Constant of CO2 in H2O (Pa/mole fraction). 

C1 C2 C3 C4 C5 

170.7126 -8477.711 -21.95743 0.005781 0.0 

ln H = C1 + C2/T(K) + C3·lnT(K) + C4·T(K) + C5/T(K)2 
 

 In this work, we chose to describe the solubility of CO2 in water using the Chen et al. 

(1979) correlation for the Henry’s constant for CO2 in H2O.  Chen et al. (1979) developed 
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their correlation based on the experimental work of Ellis and Golding (1963).  In the 

literature, another key author, Edwards et al. (1978), developed a correlation for the Henry’s 

constant for CO2 in H2O.  Edwards et al. (1978) based their correlation on the work of 

Houghton et al. (1957), Stewart and Munjal (1970), Malinin (1959), and Malinin (1975).  The 

two correlations adequately describe the solubility of CO2 in H2O as shown in Figure 11.2-1, 

even though the two correlations start to diverge above 120 oC, due to extrapolation 

differences. 
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Figure 11.2-1.  Solubility of CO2 in H2O as a Function of Temperature.  Lines: ─ ─, Chen et 
al. (1979) and ▬, Edwards et al. (1978). 

 
In this work, Aspen PlusTM 2006.5 allowed for the user to choose the infinite dilution 

reference state of CO2 as either infinite dilution in aqueous solvent or infinite dilution in 
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mixed solvent.  In the latter, Aspen PlusTM utilized a volume weighted mixing rule to 

describe the Henry’s constant of CO2 in mixed solvent as shown below.  

 ,

,

ln ln i Ai
A

Ai i A

HH w
γ γ∞ ∞

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

∑  11-5 

 This convention normalizes the reference state of CO2 to infinite dilution in 

solution, but in loaded alkanolamine solutions the reference state for the activity coefficient 

of CO2 at infinite dilution is not zero; therefore to account for this, Aspen PlusTM defines the 

asymmetric activity coefficient: 

 * i
i

i

γγ
γ ∞=  11-6 

Thus, Aspen PlusTM calculates iγ ∞ at any loading by setting the CO2 concentration to zero 

while allowing all of the other ionic species to remain at the loaded concentration values.  

This results in a floating reference state for CO2 and for other CO2-related species as a 

function of loading.  

The following section describes the different types of data used in the creation of the 

ternary H2O-MEA-CO2 elecNRTL model. 

 
11.2.1  N2O Solubility 
 

Data in the form of N2O solubility in aqueous monoethanolamine solutions as a 

function of concentration and temperature was used to adjust the activity coefficients of 

monoethanolamine and carbon dioxide through the simultaneous regression of the 

molecule-molecule binary interaction parameters in the elecNRTL model based on the CO2-

N2O analogy method.  Recall from Chapter VI that as the concentration of ions in an 
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electrolyte solution approaches zero, the elecNRTL model reduces in theory to the NRTL 

Model of Renon and Prausnitz (1968).  In this section, we present background on the NRTL 

model for clarification purposes only since we will be using the elecNRTL property model 

for all future chapters to describe molecular and ionic interactions 

The NRTL model is an excess Gibbs energy model given by the following form after 

taking the partial derivative of the excess Gibbs energy to describe the activity coefficient for 

n components: 

 ln
j ji ji m mj mj

j j jj m
i ij

jk ki k kj k kj
k k k

x G x Gx G
x G x G x G

τ τ
γ τ

⎛ ⎞
⎜ ⎟= + −⎜ ⎟
⎜ ⎟
⎝ ⎠

∑ ∑
∑∑ ∑ ∑

 11-7 

Where 
i, j, k are the species indices, 1: H2O, 2: MEA, 3: CO2, 

ix is the liquid mole fraction of component i, 

ijτ is the binary interaction parameter between component i and j, 

ijα is the molecule-molecule nonrandomness factor, 0.2, 
ij ij

ijG e α τ−= . 
 
The molecule-molecule binary interaction parameters were assumed to be temperature 

dependent and were fitted to the following function of temperature: 

 ln( )ij
ij ij ij ij

B
A C T D T

T
τ = + + +  11-8 

The creation of the H2O-MEA-CO2 model begins with the regression of literature 

data.  Five data sets have been regressed with the elecNRTL model to represent the phase 

equilibrium of a single solvent system through regression of N2O solubility [Sada and Kito 

(1972), Little et al. (1992), Li and Lai (1995), Tsai et al. (2000), and Mandal et al. (2005)]data 

over monoethanolamine solutions. 
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From the experimental N2O solubility data over monoethanolamine solutions, we 

assumed a partial pressure of CO2 equal to 10.1325 kPa to determine the concentration of 

CO2 in the liquid phase based on Equation 11-1 and the following expression for the partial 

pressure of CO2 over monoethanolamine solutions: 

 
2 2 2CO CO COP c H=  11-9 

Solving for the concentration of CO2 yields 
 

 2

2 2 2 2

2 2

1

N O MEA
CO CO CO H O

N O H O

H
c P H

H

−

−
−

−

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
 11-10 

Where 

2COc is the concentration of CO2 in the liquid phase, kmole/m3, 

2COP is the partial pressure of CO2, kPa. 
 
The molar concentrations of CO2 and MEA were then converted to mole fractions by 

assuming the density of the original H2O-MEA-N2O solution to be equivalent to an H2O-

MEA solution based on the work by Hsu and Li (1997). 

An example of the experimental N2O solubility data used in this work from Sada and 

Kito (1972), Little et al. (1992), Tsai et al. (2000), and Mandal et al. (2005) from 15 to 60 oC 

is shown in Figure 11.2-2.  N2O solubility reported from Li and Lai (1995) were excluded 

from the data regression due to inconstancies between the experimental data as compared to 

other works. 
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Figure 11.2-2.  Solubility of N2O in MEA Solutions as a Function of Concentration.  
Temperature: A) 15 oC, B) 25 oC, C) 30 oC, D) 35 oC, E) 40 oC, and F) 60 oC.  Points: ♦, Sada 
and Kito (1972), •, Little et al. (1992), ∆,Li and Lai (1995), ▲,Tsai et al. (2000), and, ■, 
Mandal et al. (2005). 
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11.3  Data Regression 
 

For the elecNRTL model, binary interaction parameters for molecule-molecule 

interactions were given a default value equal to the molecule-molecule interactions between 

H2O and CO2. 

Table 11.3-1.  Aspen PlusTM Default Binary Interaction Parameters between H2O and CO2. 

 Interacting Species  
Parameter i j Estimate 

1-Am,m H2O CO2 10.064 
2-Bm,m H2O CO2 -3268.14 
3-Cm,m H2O CO2 0.0 
4-Dm,m H2O CO2 0.0 
5-Am,m CO2 H2O 10.064 
6-Bm,m CO2 H2O -3268.14 
7-Cm,m CO2 H2O 0.0 
8-Dm,m CO2 H2O 0.0 

 
A list of the aqueous electrolyte data sets that were examined in this work is given in 

Table 11.3-2.  The column labels Tσ , Pσ ,
ixσ , 

iyσ , give standard error associated with the 

temperature, pressure, liquid mole fraction, and the vapor mole fraction, respectively, with 

each data set.  DRS suggested standard error default values were assigned unless otherwise 

stated by the author. 

Table 11.3-2.  Experimental data used in the regression of the Unreacted H2O-MEA-CO2 
system. 

 Obs. T (oC) σT σP σx σy Source 
PCO2 15 15 & 25 0.01 0 0.1% 0 Sada and Kito (1972) 

 15 30 & 60 0.01 0 0.1% 0 Little et al. (1992) 
 18 30, 35, & 40 0.01 0 0.1% 0 Tsai et al. (2000) 
 15 20.0 – 40.0 0.01 0 0.1% 0 Mandal et al. (2005) 
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Table 11.3-3 shows the following regression summary statistics output for estimates 

of the adjustable binary parameter coefficients after performing a nonlinear regression for 

the full model using DRS 

Table 11.3-3.  DRS Regression Output for Full Unreacted H2O-MEA-CO2 System Model. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m MEA CO2 -1.79 17.8 
2-Bm,m MEA CO2 -828 6061 
3-Cm,m MEA CO2 -2.03 3.06 
4-Dm,m MEA CO2 0.0375 0.0503 
5-Am,m CO2 MEA 10.2 870 
6-Bm,m CO2 MEA -1753 75239 
7-Cm,m CO2 MEA -0.0421 89.5 
8-Dm,m CO2 MEA 0.00182 1.77 

 
Residual Sum of Squares:  13,952 
Residual Root Mean Square:  15.927 
Degree of Freedom:   55 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that all of the estimates are small relative to their standard errors.  A 

complete description of the variability of the coefficient estimates requires examining the 

correlations between the estimates as shown in Table 11.3-4. 

Table 11.3-4.  Correlation Matrix of the Coefficient Estimates, for the Full Unreacted H2O-
MEA-CO2 Model. 

Parameter 1 2 3 4 5 6 7 8
1 1.00               
2 -0.58 1.00             
3 -0.07 -0.48 1.00           
4 -0.36 -0.03 -0.46 1.00         
5 0.01 -0.49 0.01 0.57 1.00       
6 0.15 0.29 0.15 -0.68 -0.84 1.00     
7 -0.02 -0.03 -0.02 0.08 -0.49 0.05 1.00   
8 -0.06 0.67 -0.06 -0.70 -0.75 0.82 -0.18 1.00
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Table 11.3-4 does not show either highly positive or negative correlations between 

any of the energy parameter estimates, but correlations between some of the other 

coefficients are relatively small, suggesting that some of the energy parameter estimates 

might be usefully removed from the model without significant loss of information.     

After performing backward elimination using DRS, the following optimum model 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients are shown in Table 11.3-5.   

Table 11.3-5.  DRS Regression Output for Optimum Unreacted H2O-MEA-CO2 Model. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m MEA CO2 8.22 8.22 
2-Am,m CO2 MEA 0.756 0.00227 
3-Bm,m CO2 MEA 181 0.544 

 
Residual Sum of Squares:  14,891 
Residual Root Mean Square:  15.754 
Degree of Freedom:   60 
 

Notice that all of the estimates are larger relative to their standard errors.  Comparing 

the estimates from the full model to the optimum model, there was a noticeable difference 

between the estimated values.  The proposed optimum model provides the following 

correlations between the estimates as shown in Table 11.3-6. 

Table 11.3-6.  Correlation Matrix of the Coefficient Estimates, for the Optimum Unreacted  
H2O-MEA-CO2 Model. 

Parameter 1 2 3
1 1.00     
2 0.76 1.00   
3 -0.55 -0.96 1.00
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Table 11.3-6 shows a highly negative correlation between the 
2 /CO MEAτ  parameters 

suggesting that some of the remaining parameters might be usefully removed from the 

model without significant loss of information. 

Results from the previous section show that dropping a term from the optimum 

model may provide a submodel that may have a decrease in the correlation between the 

estimate coefficients and improve the reliability of the model.  Testing whether any subset of 

the regression estimate coefficients may be zero plays an important role in many analyses 

which leads to the following hypotheses: 

 NH: ,3 0m mC =     Submodel function applies 
 AH: At lease one ,3 0m mC ≠  Optimum model function applies 
 
We can perform an F-Test to compare the purposed submodel with the optimum model.  

Significance levels for this test are obtained by comparing the observed value of F to the 

,NH AH AHdf df dfF −  distribution.  The p-value is then computed as an upper-tail test and gives the 

probability associated with evidence to reject the null hypothesis which will then be 

compared to the results given by the submodel. 

If we were to remove the highly correlated parameters from the optimum model, the 

following submodel regression summary statistics output for estimates of the adjustable 

binary parameter coefficients is shown in Table 11.3-7. 
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Table 11.3-7.  DRS Regression Output for Unreacted H2O-MEA-CO2 Submodel. 

 Interacting Species   
Parameter i j Estimate σ wrt Estimate 

1-Am,m MEA CO2 104 1.24E+09 
2-Am,m CO2 MEA 113 3.68E+09 

 
Residual Sum of Squares:  2,729,433 
Residual Root Mean Square:  211.530 
Degree of Freedom:   61 
 

Notice that all of the estimates are smaller relative to the standard errors.  Comparing 

the estimates from the submodel to the optimum model, there was large difference between 

the estimated values with respect to the order of magnitude.  The residual sum of squares 

and the standard errors for the submodel have increased as compared to the optimum 

model.  The proposed submodel provides the following estimated covariances between the 

estimates as shown in Table 11.3-8. 

Table 11.3-8.  Correlation Matrix of the Coefficient Estimates for the Unreacted H2O-MEA-
CO2 Submodel. 

Parameter 1 2
1 1.00   
2 -1.00 1.00

 
Table 11.3-8 shows parameter ( ),2 m mA is highly correlated to the first 

coefficient, ( ),1 m mA , suggesting that 2η̂ might be usefully removed from the model without 

significant loss of information. 

The two models were then compared using the test statistic F applied to the null 

hypothesis versus the alternative: 
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 ( )

2729433 14891
61 60 ~ 10937.65 1,60
14891

60

−⎡ ⎤
⎢ ⎥−⎣ ⎦

⎡ ⎤
⎢ ⎥⎣ ⎦

 

We can then calculate the probability for a F-distribution, df = 1, 60, upper-tail. 
 

F dist. with (1, 60) df, value = 10937.65, upper-tail probability = 0 
 

The finding of 0p =  provides strong evidence against the null hypothesis that ,3 0m mC = .  

Since a value of F this strong would be observed zero times out of a hundred if the null 

hypothesis were true, the submodel will not give an adequate description of the data over the 

range of temperatures and concentration available in the data. 

11.3.1  Optimum Model Results 
 

With the determination of the estimates for the binary interaction parameters known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the unreacted H2O-MEA-CO2 model against literature data.  For each data 

point, the deviation between the experimental and estimated values is expressed in terms of 

the average absolute relative deviation (AARD).  Table 11.3-9 gives the percent AARD and 

the maximum percent AARD for the model predictions. 

Table 11.3-9.  Absolute Percent Relative Error for the Unreacted H2O-MEA-CO2 Optimum 
Model. 

  AARD(%) Max. AARD
PCO2 Sada and Kito (1972) 3.65 11.77 

 Little et al. (1992) 2.74 8.18 
 Tsai et al. (2000) 2.09 4.39 

 Mandal et al. (2005) 5.42 11.17 
Overall 3.48 11.77 

2674



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
345 

 
 

Overall, the model adequately describes the unreacted H2O-MEA-CO2 property data 

listed above within an average absolute relative error of ± 3.48 percent, with the exception 

of a few outliers. 

From the optimum model interaction parameters listed in Table 11.3-5, we can 

evaluate the interaction parameters, τ, as a function of temperature using Equation 11-8 as 

shown in Figure 11.3-1 and Figure 11.3-2. 
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Figure 11.3-1.  Evaluated Binary Interaction Parameters Between H2O-CO2 and MEA-CO2.  
Lines: elecNRTL Model Predictions. 

 
 Figure 11.3-1 shows a large difference between the tau parameters for H2O-CO2 and 

MEA-CO2.  For interactions between H2O and CO2, the average value of tau is 0.69, from -
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20.0 oC to 170.0 oC, but interactions between MEA-CO2 were found not to exhibit a 

temperature dependence in the optimum model. 
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Figure 11.3-2.  Evaluated Binary Interaction Parameters Between CO2-H2O and CO2-MEA.  
Lines: elecNRTL Model Predictions. 

 
 Figure 11.3-2 shows the temperature dependency of the binary interaction 

parameters between CO2-H2O and CO2-MEA where the two functions cross at -14.13 oC.  

Figure 11.3-3 demonstrates that there is a sufficient difference between the two interaction 

parameters to warrant the inclusion of the CO2-MEA interactions.  Previous authors 

assumed that the Henry’s constant for CO2 in MEA would be the same as the Henry’s 

constant for CO2 in H2O vis-à-vis the binary interaction parameters.  This assumption may 

affect the final model because interaction parameters associated with the activity coefficient 
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in Equation 11-3 would be adjusted on the basis of CO2 only interacting with H2O.  This 

would affect the activity coefficients of H2O and MEA, the partial pressure of the two 

species, and this effect would increase as the concentration of MEA increases.  
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Figure 11.3-3.  Evaluated Binary Interaction Parameter Ratio Between CO2-MEA and CO2-
H2O.  Lines: elecNRTL Model Predictions. 

 

11.4  Optimum Model Predictions 
 

In this work, we have compiled all available literature data into a database of 

consistent high quality data needed to obtain a unique set of binary interaction parameters to 

describe the unreacted H2O-MEA-CO2 system.  The remainder of this chapter will be 

devoted to using our model as a predictive tool as described in the subsequent sections. 
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11.4.1  N2O Solubility 
 

With the determination of the estimates for the energy parameter coefficients known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the MEA-CO2 energy parameter coefficients against literature data.  Figure 

11.4-1 to Figure 11.4-6 compares estimated and experimental N2O solubility measurements 

from Sada and Kito (1972), Little et al. (1992), Li and Lai (1995), Tsai et al. (2000), and 

Mandal et al. (2005), in terms of the Henry’s constant of N2O in aqueous MEA mixtures 

from 15.0 – 60.0 oC.  The optimum model exhibits systematic error and under predicts the 

N2O solubility with a maximum error of ± 11.77 % as compared to experimental N2O 

solubility from Mandal et al. (2005) at 35.0 and 40.0 oC due to a high degree of scatter within 

the data sets.  All the predictions of the model were within an AARD of ± 3.48 %, with the 

exception of a few outliers. 

In Table 11.4-1, we can compare our model predictions to Tsai et al. (2000), who 

used a semiemprical model proposed by Wang et al. (1992) to represent the solubility of 

N2O in aqueous MEA solutions.  Overall both models adequately describe the systematic 

trends presented in the available literature data. 

Table 11.4-1.  Comparison Between the Model of Tsai et al. (2000) to This Work based on the 
Percent Average Absolute Relative Deviation (AARD) Between Experimental Literature 
Data and Model Predictions. 

  This Work. Tsai et al. (2000) 
 Sada and Kito (1972) 3.65 2.6 

 Little et al. (1992) 2.74 6.6 
 Tsai et al. (2000) 2.09 1.5 

Overall 2.82 3.57 
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Figure 11.4-1.  Experimental N2O Solubility in MEA Solutions as Compared to elecNRTL 
Model Predictions at 15 oC.  Points: ♦, Sada and Kito (1972). Lines: ▬, elecNRTL Model. 
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Figure 11.4-2.  Experimental N2O Solubility in MEA Solutions as Compared to elecNRTL 
Model Predictions at 25 oC.  Points: ♦, Sada and Kito (1972) and ■, Mandal et al. (2005). 
Lines: ▬, elecNRTL Model. 
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Figure 11.4-3.  Experimental N2O Solubility in MEA Solutions as Compared to elecNRTL 
Model Predictions at 30 oC.  Points: •, Little et al. (1992), ∆,Li and Lai (1995), ▲,Tsai et al. 
(2000), and ■, Mandal et al. (2005). Lines: ▬, elecNRTL Model. 
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Figure 11.4-4.  Experimental N2O Solubility in MEA Solutions as Compared to elecNRTL 
Model Predictions at 35 oC.  Points: ∆,Li and Lai (1995), ▲,Tsai et al. (2000), and ■, Mandal 
et al. (2005). Lines: ▬, elecNRTL Model 
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Figure 11.4-5.  Experimental N2O Solubility in MEA Solutions as Compared to elecNRTL 
Model Predictions at 40 oC.  Points: ∆,Li and Lai (1995), ▲,Tsai et al. (2000), and ■, Mandal 
et al. (2005). Lines: ▬, elecNRTL Model 
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Figure 11.4-6.  Experimental N2O Solubility in MEA Solutions as Compared to elecNRTL 
Model Predictions at 60 oC.  Points: •, Little et al. (1992). Lines: ▬, elecNRTL Model 
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11.5  Conclusions 
. 

In conclusion, Figure 11.3-3 demonstrates, there is a sufficient difference between 

the two interaction parameters to warrant the inclusion of the CO2-MEA interactions.  

Previous authors assumed that the Henry’s constant for CO2 in MEA would be the same as 

the Henry’s constant for CO2 in H2O vis-à-vis the binary interaction parameters.  This 

assumption may affect the final model because interaction parameters associated with the 

activity coefficient in Equation 11-3 would be adjusted on the basis of CO2 only interacting 

with H2O.  This would affect the activity coefficients of H2O and MEA, the partial pressure 

of the two species, and this effect would increase as the concentration of MEA increases. 

Overall, the results presented above indicate that the elecNRTL model, through 

simultaneous regression, gave a set of optimum binary interaction parameters for the 

unreacted H2O-MEA-CO2 system.  The optimum model adequately represents the solubility 

of N2O for aqueous MEA mixtures. 
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_________________ 

CHAPTER XII  Ternary Systems: 
 H2O-K2CO3-CO2 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

12.1  Introduction 
 

To this point in the thermodynamic model development, we described only 

molecule-molecule interactions.  For an electrolyte system, there are interactions between 

molecules and electrolytes, as between water and ionic species, and interactions between 

electrolytes, or between two different salts.  This chapter describes the data regression and 

model predictions for the ternary {H2O-Potassium carbonate (K2CO3)-Carbon dioxide 

(CO2)} and binary {H2O-K2CO3 and H2O-Potassium bicarbonate (KHCO3)} systems based 

on previous literature data.  The results for the binary interaction parameters for the 

electrolyte-NRTL (elecNRTL) model within Aspen PlusTM are then presented, showing good 

statistical fit to the literature data with an average absolute relative error of ± 3.85 %, with 

the exception of a few outliers. 
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12.2  H2O-K2CO3 System 
 

The creation of the H2O-K2CO3-CO2 model begins with the regression of H2O-

K2CO3 literature data.  Three data sets have been regressed with the elecNRTL model to 

represent the phase equilibrium of a single solvent system through regression of mean ionic 

activity coefficient [Aseyev and Zaytsev (1996)], water vapor pressure depression [Aseyev 

(1999) and Puchkov and Kurochkina (1970)], and specific heat capacity [Aseyev and Zaytsev 

(1996)] over potassium carbonate solutions.  The data provides a wide range of both 

temperature and concentration from 25 to 130 oC and 0.014 to 50 weight percent (wt%) or 

approximately 0.001 to 7.5 moles K2CO3 per kg water (m) respectively.  Potassium carbonate 

was assumed to completely dissociate in an aqueous solution resulting in the formation of 

two potassium ions, K + , and one carbonate ion, 2
3CO− , given by the following aqueous 

dissociation reaction. 

 2
2 3 32K CO K CO+ −→ +  12-1 

In this work, the concentrations of K2CO3 studied did warrant the inclusion of the salt 

precipitation equilibrium reaction.  Two data sets [Linke and Seidell (1965) and Moore et al. 

(1997)] were regressed with the elecNRTL model to describe the solid-liquid equilibrium 

associated with the temperature dependant equilibrium constant for the formation of 

hydrated potassium carbonate (K2CO3·1.5H2O). 

 ( ) 2
2 3 2 3 2

1 11 2 1
2 2

K CO H O s K CO H O+ −⋅ ↔ + +  12-2 
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12.3  H2O-KHCO3 System 
 

The next step in the creation of the H2O-K2CO3-CO2 model continues with the 

regression of H2O-KHCO3 literature data.  Two data sets have been regressed with the 

elecNRTL model to represent the phase equilibrium of a single solvent system through 

regression of vapor pressure depression [Aseyev (1999) ] and specific heat capacity [Aseyev 

and Zaytsev (1996)] over potassium bicarbonate solutions.  The data provide a wide range of 

both temperature and concentration from 5 to 130 oC and 2 to 20 wt% or approximately 0.2 

to 2.5 m of KHCO3, respectively.  Potassium bicarbonate was assumed to completely 

dissociate in an aqueous solution resulting in the formation of one potassium ion, K + , and 

one bicarbonate ion, 1
3HCO− , given by the following aqueous dissociation reaction. 

 1
3 3KHCO K HCO+ −→ +  12-3 

In this work, the concentrations of KHCO3 studied did warrant the inclusion of the salt 

precipitation equilibrium reaction.  Literature data from Linke and Seidell (1965) was 

regressed with the elecNRTL model to describe the solid-liquid equilibrium associated with 

the temperature dependant equilibrium constant for the formation of potassium bicarbonate. 

 ( ) 1
3 3KHCO s K HCO+ −↔ +  12-4 

12.4  H2O-K2CO3-CO2 System 
 

For the completion of the H2O-K2CO3-CO2 model, CO2 solubility in potassium 

carbonate as reported by Tosh et al. (1959) was regressed with the electrolyte NRTL model 

to represent the phase equilibrium of H2O-K2CO3-KHCO3 mixtures through the regression 

of the equilibrium partial pressure of CO2, 2COP .  The data provide a wide range of both 
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temperature and concentration from 69 to 140 oC and 20 to 40 % equivalent concentration 

of K2CO3 or approximately 0.33 to 9.12 m K2CO3, respectively, at various fractional 

conversions (loadings) to KHCO3 from approximately 0.1 to 0.9 mol CO2
tot/mol K2CO3.  

“Equivalent concentration of K2CO3” refers to a solution where only K2CO3 and H2O are 

present.  For example, a 20 % equivalent solution contains 20 grams (gm) of K2CO3 and 80 

gm of H2O if all of the bicarbonate in the system was converted back to carbonate.  

The following stoichiometric chemical equilibrium expression for the absorption of 

carbon dioxide by an aqueous solution of K2CO3 is given below: 

 2 3 2 2 32K CO CO H O KHCO+ + ↔  12-5 

12.5  Chemical and Vapor-liquid Equilibrium of K2CO3 
 

Figure 12.5-1 illustrates the proposed system to correlate/predict the solubility of 

CO2 in aqueous solutions of K2CO3. 

 
 
 
 
 
 
 
 
 2R1:            H O H OH+ −↔ +                   12-6 

 1
2 2 3R2:            CO +H O H HCO+ −↔ +      12-7 

                                   1 2
3 3R3:            HCO H CO− + −↔ +               12-8 

 
 
Figure 12.5-1.  Chemical and Vapor-liquid Equilibrium of K2CO3. 

2CO

2CO

2H O

2H O
Vapor  Phase

Liquid Phase
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Reaction 12-6 describes the ionization of water to proton ( )H + and hydroxide   

ions ( )OH − ; Reaction 12-7 describes the hydrolysis and ionization of dissolved CO2 to H+ 

and bicarbonate ( )3HCO− ions; Reaction 12-8 describes the dissociation of HCO3
- to H+ and 

carbonate ( )2
3CO− ions.  The chemical equilibrium constant for the above j equations are 

expressed in Aspen PlusTM in terms of the activity of component i as given by the following 

relationship: 

 ,i j
j i

i

K aν= ∏  12-9 

Where 
jK is the chemical equilibrium constant, 

,i jν is the reaction stoichiometric coefficient of component i, 

ia is the activity of component i. 
 

In this work, for Reactions 12-6 to 12-8 we did not define the chemical equilibrium 

constants as linear temperature dependent functions, but rather in terms of the reference 

state free energy of the system: 

 ln
o

j
GK

RT
∆

= −  12-10 

Where 

,i j

oG is the standard free energy of formation of component i. 
 

The previous framework allows our rigorous thermodynamic model to be internally 

consistent with respect to governing thermodynamic definitions.  Table 12.5-1 reports 
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standard state conditions at 25 oC associated with the species in Reactions 12-6 to 12-8.  

Standard state conditions are consistent with published literature by Edwards et al. (1978). 

Table 12.5-1.  Standard State Property Values for Reactions 12-6 to 12-8 at 25 oC. 

Species Gf
o (kcal/mole) Hf

o (kcal/mole) 
H2O(l) -56.6828 -68.2755 
H+(aq) 0.0 0.0 
OH-(aq) -37.5571 -54.9331 
CO2(aq) -92.18974 -98.83443 
CO3

-2(aq) -128.584 -161.7321 
HCO3

-1(aq) -140.291 -164.9871 
 
Table 12.5-2.  Chemical Equilibrium Coefficients for the H2O-K2CO3-CO2 System reported 
by Edwards et al. (1978) (mole fraction basis). 

Equation #  A B C D  

14-6  132.8989 -13445.9 -22.4773 0.0  
14-7  231.4654 -12092.1 -36.7816 0.0  
14-8  216.0504 -12431.7 -35.4819 0.0  

ln K = A + B/T(K) + C·lnT(K) + D·T(K) 
 

As stated previously, Equation 12-10 relates the chemical equilibrium constant to the 

standard Gibbs free energy change of reaction. 

 ln
oG K

RT
∆

= −  12-11 

Where the standard property changes of reaction ( e.g. Gibbs free energy and enthalpy) are 

defined as the difference between the standard property change of the products and 

reactants, weighted by their stoichiometric coefficients. 

 o o
i i

i
M Mν∆ = ∑  12-12 

For molecular solutes (e.g. CO2), the standard Gibbs free energy is described based on the 

ideal gas reference state by following equation: 
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 ( ) ( ) ( )
2

2 2
ln COo ig

CO CO ref

H T
G T G T RT

P
= +  12-13 

Where 

2

ig
COG is the ideal gas Gibbs free energy, J/kmol, 

2COH is the Henry’s Constant for CO2 in H2O (Chen et al. 1979), atm, 
refP is the reference pressure, 1 atm. 

 
For ionic species the aqueous phase infinite dilution molar heat capacity is described by the 

following equation: 

 ( ) ( ) ( )
2 4,,

, 1, 2, 3,
iaq

p i i i i

CJC C C T K C T K
kmol K T K

∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠
 12-14 

The molar heat capacity of H2O was described in Chapter VII by the following equation: 
 

 
( ) ( )

( ) ( )

2

2,*
,

3 46

189366 1171 4.53 ...

                      ... 0.00795 5.4723 10

l
p H O

JC T K T K
kmol K

T K T K−

⎛ ⎞ = − ⋅ + ⋅ −⎜ ⎟⋅⎝ ⎠

− ⋅ + × ⋅

 12-15 

For a given temperature, the molar aqueous phase infinite dilution heat capacity of 

bicarbonate and carbonate can then be determined analytically.  A starting point for a 

rigorous development starts with the following equation: 

 o o o
m m mG H T S∆ = ∆ − ∆  12-16 

Equation 12-16 is from the definition of the molar Gibbs free energy applied to each 

component in a chemical reaction evaluated at the standard state.  Applying Equation 12-12 

to Equation 12-16 yields 

 , , ,
o o o

i m i i m i i m i
i i i

G H T Sν ν ν= −∑ ∑ ∑  12-17 
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where the standard molar heat of reaction and standard molar entropy change of reaction are 

related to temperature by the following expressions 

 
0

,
0,

oT
p mo o

m m
T

C
H H R dT

R
∆

∆ = ∆ + ∫  12-18 

 
0

,
0,

oT
p mo o

m m
T

C dTS S R
R T

∆
∆ = ∆ + ∫  12-19 

Equations 12-16, 12-18, and 12-19 are combined to yield 
 

 
0 0

, ,
0, 0,

o oT T
p m p mo o o

m m m
T T

C C dTG H R dT T S RT
R R T

∆ ∆
∆ = ∆ + − ∆ −∫ ∫  12-20 

However, 

 0, 0,
0,

0

o o
m mo

m

H G
S

T
∆ − ∆

∆ =  12-21 

hence 
 

 ( )
0 0

, ,
0, 0, 0,

0

o oT T
p m p mo o o o

m m m m
T T

C CT dTG H H G R dT RT
T R R T

∆ ∆
∆ = ∆ − ∆ − ∆ + −∫ ∫  12-22 

Finally, division by RT yields 
 

 
0 0

, ,0, 0, 0,

0

1ln
o oo o o T To
p m p mm m mm

i
T T

C CG H HG dTK dT
RT RT RT T R R T

∆ ∆∆ − ∆ ∆∆
− = = + + −∫ ∫  12-23 

The change in heat capacity for the mixture can be expressed as 
 

 ( ) ( ) ( ) ( )2 3 4o
p

JC A B T K C T K D T K E T K
kmol K

⎛ ⎞∆ = ∆ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅⎜ ⎟⋅⎝ ⎠
 12-24 

with 
 i i

i
A v A∆ = ∑  12-25 
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with analogous definitions for B∆ , C∆ , D∆ , and E∆ .  Using Equation 12-24 and the 

coefficients for the chemical equilibrium constant given in Table 12.5-2, we can determine 

the coefficients for the aqueous phase infinite dilution molar heat capacity of bicarbonate 

and carbonate ion. 

Table 12.5-3.  Coefficients for the Aqueous Phase Infinite Dilution Heat Capacity (J/kmol·K) 
of bicarbonate and carbonate from 0 – 200 oC based on Equation 12-24. 

 Estimate 
Coefficient HCO3

-1 CO3
-2 

C1 -0.0000232 -0.00013 
C2 -0.00454 -0.0288 
C3 -0.742 -5.01 
C4 0.00110 0.00693 

 
Coefficients for the aqueous phase infinite dilution molar heat capacity of bicarbonate and 

carbonate were adjusted to match the form of Equation 12-14. 

Table 12.5-4.  Coefficients for the Aqueous Phase Infinite Dilution Heat Capacity (J/kmol·K) 
of bicarbonate and carbonate from 0 – 200 oC based on Equation 12-14. 

 Estimate 
Coefficient HCO3

-1 CO3
-2 

C1 211387 1334017 
C2 -882 -5565 
C3 0.875 5.19 
C4 -1.9E+07 -1.2E+08 

 

Aspen Tech does not provide source documentation for the coefficients assigned to 

bicarbonate and carbonate, but does reference Austgen et al. (1989), even though Austgen et 

al. (1989) did not provide documentation.  In this work, we have compiled a consistent 

database for experimental H2O-K2CO3-CO2 data as compared to the work by Austgen et al. 

(1989).  The difference between the two predictions for the aqueous phase infinite dilution 

2691



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
362 

heat capacity of bicarbonate and carbonate accounts for differences in the model framework.  

Austgen et al. (1989) chose to describe the liquid phase chemical equilibrium through linear 

temperature dependent functions.  In this work, we chose not to provide the chemical 

equilibrium constants, but rather determine the chemical equilibrium from the reference 

state free energy of the system.  Thus, Austgen et al. (1989) was never required to fully 

describe the standard property changes for each ionic species because Aspen PlusTM would 

rely on the provided chemical equilibrium constants for the necessary ionic information (e.g. 

∆G, ∆H, ∆CP) as shown in Figure 12.5-2. 
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Figure 12.5-2.   Comparison of the Dissociation Equilibrium Constant for HCO3-1 and CO3-2 
(mole fraction based) from 0 – 200 oC. Points: ♦ and ▲, Austgen et al. (1989).  Lines: ▬, 
Edwards et al. (1978) based on Table 12.5-2. 

 
By analytically determining the coefficients for the aqueous phase infinite dilution molar heat 

capacity of bicarbonate and carbonate, this work is thermodynamically consistent with 

Edwards et al. (1978) as shown in Figure 12.5-3. 
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Figure 12.5-3.  Comparison of the Dissociation Equilibrium Constant for HCO3-1 and CO3-2 
(mole fraction based) from 0 – 200 oC. Points: ♦ and ▲, This work.  Lines: ▬, Edwards et al. 
(1978) based on Table 12.5-2. 

 
In the carbon capture processes, the deposition of a salt in the process needs to be 

avoided.  Thus, for carbon capture process utilizing a salt and/or amine for the chemical 

solvent, knowledge about the range of conditions where salt precipitation is possible is very 

important.  For salt precipitation reactions 12-2 and 12-4, we chose to describe the salt 

precipitation equilibrium reactions as temperature dependent linear functions due to the 

limited thermodynamic information associated with the precipitating solid phase through 

simultaneous regressions with binary interaction parameters in the elecNRTL model for the 

H2O-K2CO3-CO2 system. 

 
( ) ( ) ( )ln lni
BK A C T K D T K

T K
= + + + ⋅  12-26 
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We chose to neglect the influence of pressure on Equation 12-26.  If the activity product for 

each system is below the solubility product, potassium carbonate or potassium bicarbonate 

will not precipitate from the liquid mixture. 

 Hill (1930) and Lyudkovskaya et al. (1965) reported a third stable solid phase: 

K2CO3·2KHCO3·1.5H2O, between 5 – 50 oC, 49.48 – 50.90 wt % K2CO3, and 1.72 – 7.10 

wt% KHCO3.  We chose not to include this third solid phase in our model, but have 

included coefficients for the salt precipitation equilibrium reaction, Equation 12-27, based 

on our optimum model in Section 12.8.5 for inclusion by the end user. 

 ( ) 2 1
2 3 3 2 3 3 2

1 12 1 4 2 1
2 2

K CO KHCO H O s K CO HCO H O+ − −⋅ ⋅ ↔ + + +  12-27 

12.6  Data Types 
 
12.6.1  Vapor Pressure Depression 
 

Data in the form of vapor pressure depression which measures the partial pressure 

of water,
2H OP , as a function of molality and temperature was used to adjust the activity 

coefficient of water for the H2O-K2CO3  and H2O-KHCO3 systems through the 

simultaneous regression of the binary interaction parameters in the elecNRTL model for the 

H2O-K2CO3-CO2 system. 

An example of the experimental vapor pressure depression data used in this work 

from two literature sources, Aseyev (1999) and Puchkov and Kurochkina (1970) from 40 to 

80 oC, is shown in Figure 12.6-1.  Apelbat (1992) and Sarbar et al. (1982) reported vapor 

pressures of water over aqueous potassium carbonate solutions, but systematic deviations 
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(∆max~5.8 %) from Aseyev (1999) and Puchkov and Kurochkina (1970) required the 

exclusion of these two data sets from this work. 
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Figure 12.6-1.  Vapor Pressure of Water in Aqueous Potassium Carbonate Mixtures at 40, 60, 
and 80 oC. 

________________________________________________________________________ 
 
12.6.2  Mean Ionic Activity Coefficient 
 

Data in the form of the mean ionic activity coefficient,γ ± , which relates the ionic 

activity coefficients to the mean activity coefficient for a single salt solution as a function of 

molality, was used to adjust the ionic activity coefficients of K + and 2
3CO− in the H2O-K2CO3 

system through the simultaneous regression of the binary interaction parameters in the 

elecNRTL model for the H2O-K2CO3-CO2 system.   

In general, mean ionic activity coefficient is given by the following equation 
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 ( )1 2
νν νγ γ γ± + −=  12-28 

Where 
γ + andγ − are the individual ionic activity coefficients, unitless, 

1ν and 2ν  are the charge numbers of the respective ions, unitless, 
ν is the sum of the respective ions charge numbers, [=] 1 2ν ν+ . 
 

An example of the experimental mean ionic activity coefficient data used in this 

work from Aseyev and Zaytsev (1996) at 25 oC is shown in Figure 12.6-2. 
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Figure 12.6-2.  Mean Ionic Activity Coefficient from Aseyev and Zaytsev (1996) in Aqueous 
Potassium Carbonate Mixtures at 25 oC. 
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12.6.3  Specific Heat Capacity 
 

As stated in Chapter VI, Aspen PlusTM calculates the liquid phase heat capacity of a 

mixture (CPMX) by taking the derivative of the liquid enthalpy at constant pressure: 

 ( ) ( ) ,

T T
l l l
m m p m

T

H T T H T C dT
+∆

+ ∆ − = ∫  12-29 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

m i i k k m
i k

H T x H x H H∞= + +∑ ∑  12-30 

for solvents: 

 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  12-31 

for molecular solutes, cations, or anions: 
 

 ( ) ( ), ,
ref

T
ref

k f k p k
T

H T H T C dT∞ ∞ ∞= ∆ + ∫  12-32 

Where 
T∆  is the perturbation in temperature from T, 

E
mH  is the excess enthalpy of the mixture, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i, 

kH ∞ is the infinite dilution aqueous enthalpy of component k, 

( ),
ref

f kH T∞∆ is the infinite dilution aqueous phase standard enthalpy of formation of 

component k at refT , 
,p kC∞ is the infinite dilution aqueous phase heat capacity polynomial of component k. 
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Table 12.6-1 gives the coefficients for the infinite dilution aqueous phase heat 

capacity used in Aspen PlusTM based on the following expression: 

 ( ) ( ) ( )
2 4

, 1 2 3p k
CJC C C T K C T K

kmol K T K
∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠

 12-33 

Table 12.6-1.  Infinite Dilution Aqueous Phase Heat Capacity Default Coefficients. 

Parameter Symbol H+ OH- K+ HCO3
-1  CO3

-2 
CPAQ0-1 C1 0.0 0.0 19886 211387 1334017 
CPAQ0-2 C2 0.0 -497.9 72.80 -882 -5565 
CPAQ0-3 C3 0.0 0.0 0.0 0.875 5.19 
CPAQ0-4 C4 0.0 0.0 0.0 -1.9E+07 -1.2E+08 

 
 
 

Data in the form of specific heat capacity of a mixture as a function of molality and 

temperature were used to adjust the coefficients for the binary interaction parameters of the 

elecNRTL model.  An example of the experimental specific heat capacity used in this work 

from Aseyev and Zaytsev (1996) from 40 to 120 oC for H2O-K2CO3 and H2O-KHCO3 

systems is shown in Figures 12.6-2 and 12.6-3, respectively. 
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Table 12.6-2.  Specific Heat Capacity in Aqueous K2CO3 Mixtures from 40 to 120 oC. 
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Table 12.6-3.  Specific Heat Capacity in Aqueous KHCO3 Mixtures from 40 to 120 oC. 
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12.6.4  CO2 Solubility 

 
Data in the form of CO2 solubility, which measures the partial pressure of CO2 over 

aqueous potassium carbonate/bicarbonate solutions, 
2COP , as a function of the fractional 

conversion (loading) of K2CO3 to KHCO3 and temperature were used to adjust the partial 

pressure of CO2 for the H2O-K2CO3-CO2 system through the simultaneous regression of the 

binary interaction parameters in the elecNRTL model for the H2O-K2CO3-CO2 system.  

Tosh et al. (1959) reported the equilibrium total pressure and the partial pressure of 

CO2 and H2O, where the volume percent of CO2 and H2O was determined by mass 

spectroscopy; thus the vapor fraction of CO2 and H2O were used to calculate the partial 

pressure of the respective species by the following relation: 

 i iP y P=  12-34 

Where 
iP is the partial pressure of species i, kPa, 

iy is the vapor fraction of species i, unitless, 
P is the equilibrium total pressure of the system, kPa. 
 

Examples of the experimental CO2 solubility used in this work from Tosh et al. 

(1959) at 20, 30, and 40 % equivalent concentration of K2CO3, are shown in Figures 12.6-3, 

12.6-4, and 12.6-5.  Perez-Salado Kamps et al. (2007) reported total vapor pressures over 

loaded (α = 1 - 4 mol CO2/mol K2CO3) potassium carbonate solutions over the 

concentration and temperature rage of 0.43 to 1.7 m K2CO3 and from 40 to 120 oC, 

respectively.   Total vapor pressure reported by Perez-Salado Kamps et al. (2007) were 

excluded due to the high CO2 loadings that were beyond the range of interest in this work. 
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Figure 12.6-3.  CO2 Solubility in a 20 % equivalent concentration of aqueous solution of 
K2CO3. 
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Figure 12.6-4.  CO2 Solubility in a 30 % equivalent concentration of aqueous solution of 
K2CO3. 
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Figure 12.6-5.  CO2 Solubility in a 40 % equivalent concentration of aqueous solution of 
K2CO3. 

 
12.6.5  Solid Solubility 
 

Data in the form of solid solubility, which measures the dissolution temperature of 

the solid phase, vis-à-vis synthetic method, as function of molality and temperature, was 

used to adjust the temperature dependent equilibrium constants for Reactions 12-2 and 12-4.  

Experimental solid solubility data from Linke and Seidell (1965) and Moore et al. (1997) for 

H2O-K2CO3, H2O-KHCO3, and H2O-K2CO3-KHCO3 systems were used in the regression 

for coefficients in Equation 12-26 through the simultaneous regression with the binary 

interaction parameters in the elecNRTL model for the H2O-K2CO3-CO2 system. 

Examples of the experimental solid solubility used in this work from Linke and 

Seidell (1965) and Moore et al. (1997) for aqueous K2CO3 and KHCO3 mixtures are shown 
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in Figure 12.6-6.  In this work, we have concentrated our efforts to describe SLV for 1.8 m 

< K2CO3 < 5 m in loaded solutions, where the major solid phase is KHCO3(s) as shown in 

Figure 12.6-6. 

0

20

40

60

80

100

120

140

0
2

4
6

8
10

12
14

16

0
2

4
6

8

Te
m

pe
ra

tu
re

 (o C)

K 2C
O 3 (

m)

KHCO
3 (m)

Linke and Seidell (1965)
Moore et al. (1997)

 

Figure 12.6-6.  Solid Solubility of Aqueous K2CO3 and KHCO3 Mixtures. 

 

12.7  Data Regression 
 

Recall from Chapter VI that there are three types of binary interaction parameters in 

the elecNRTL model: molecule-molecule, ',m m
τ and ' ,m m

τ ; molecule-electrolyte, ,m caτ and ,ca mτ ; 

electrolyte-electrolyte (with a common cation or anion) , 'ca caτ and ',ca caτ or , 'ca c aτ and ' ,c a caτ ; and 

the molecule-electrolyte nonrandomness factor, ,ca mα .  Chen and Evans (1986) noted that in 

their regression attempts it was not always possible to obtain statistically significant results 

for all four types of binary interaction parameters.  In this work, the molecule-electrolyte 
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nonrandomness parameter was set to an arbitrary value of , 0.2ca mα =  for all correlations 

involving electrolyte systems as suggested by Chen and Evans (1986).  In this work, the 

electrolyte – electrolyte parameters are generally negligible and were assumed to be zero.  

For the elecNRTL model, default values given for molecule-electrolyte and 

electrolyte-molecule interactions are given in Table 12.7-1. 

Table 12.7-1.  Default Binary Interaction Parameters for the elecNRTL Model in Aspen 
PlusTM. 

Binary Interaction Pairs τ
Molecule-electrolyte 10
Electrolyte-molecule -2

Water-electrolyte 8
Electrolyte-water -4  

 
The energy parameters are adjusted to provide the best fit to the data.  The binary 

interaction parameters were assumed to be temperature dependent and were fitted to the 

following function of temperature: 

 
( ),

, , , ln
ref

m ca
m ca m ca m ca ref

T TB TA C
T T T

τ
⎡ ⎤− ⎛ ⎞⎢ ⎥= + + + ⎜ ⎟

⎝ ⎠⎢ ⎥⎣ ⎦
 12-35 

 
( ),

, , , ln
ref

ca m
ca m ca m ca m ref

T TB TA C
T T T

τ
⎡ ⎤− ⎛ ⎞⎢ ⎥= + + + ⎜ ⎟

⎝ ⎠⎢ ⎥⎣ ⎦
 12-36 

where electrolyte-electrolyte interactions follow a similar form as given above. 

A list of the aqueous electrolyte data sets that were examined in this work is given in 

Table 12.7-2.  The column labels Tσ , Pσ , γσ ± , 2PH Oσ , 2PCOσ ,
ixσ ,

iyσ , Cpσ , give standard error 

associated with the temperature, pressure, mean ionic activity coefficient, partial pressure of 

water, partial pressure of CO2, liquid mole fraction, vapor mole fraction, the specific heat 

2704



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
375 

capacity, and solid solubility, respectively, with each data set.  DRS suggested standard error 

default values were assigned unless otherwise stated by the author. 

Table 12.7-2.  Experimental data used for regression of the H2O-K2CO3-CO2 systems. 

H2O-K2CO3 System 

 Obs. T (oC) σT σP σx σγ± Source 

γ± 53 25.0 0.1 0.1% 0.1% 1.0% Aseyev and Zaytsev (1996) 
        
 Obs. T (oC) σT σPH2O σx σy Source 

 PH2O 543 25.0 – 130.0 0.1 0.5% 0.1% 0 Aseyev (1999) 
 42 25.0 – 90.0 0.1 0.6% 0.1% 0 Puchkov and Kurochkina (1970) 

        
 Obs. T (oC) σT σx σCp  Source 

Cp 298 10.0 – 130.0 0.1 0.1% 0.5%  Aseyev and Zaytsev (1996) 
        
 Obs. T (oC) σT σx   Source 

Salt 19 0.0 – 130.0 0.1 0.1%   Linke and Seidell (1965) 
 8 111.0 – 133.0 0.1 0.1%   Moore et al. (1997) 
        

H2O-KHCO3 System 
 Obs. T (oC) σT σPH2O σx σy Source 

PH2O 10 25.0 0.1 0.5% 0.1% 0 Aseyev (1999) 
        
 Obs. T (oC) σT σx σCp  Source 

Cp 214 5.0 – 130.0 0.1 0.1% 0.5%  Aseyev and Zaytsev (1996) 
        
 Obs. T (oC) σT σx   Source 

Salt 17 0.0 – 70.0 0.1 0.1%   Linke and Seidell (1965) 
        

H2O-K2CO3-CO2 System 
 Obs. T (oC) σT σPCO2 σx σy Source 

PCO2 113 70.0 – 130.0 0.01 5.0% 0.1% 0 Tosh et al. (1959) 
        
 Obs. T (oC) σT σx   Source 

Salt 21 5.0 – 50.0 0.1 0.1%   Linke and Seidell (1965) 
 

Overall, 1,338 experimental data points were included in the model regression.  Over 

the course of the model regression, three attempts were made to determine an optimum set 
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of model parameters to adequately describe the H2O-K2CO3-CO2 system.  The following 

discussion outlines each regression case. 

In Case I, coefficients for the infinite dilution aqueous phase heat capacity 

polynomial of HCO3
-1 and CO3

-2 and molecule-electrolyte and electrolyte-molecule binary 

interaction parameters were regressed to the experimental database outlined in Table 14.7-2.  

Electrolyte-electrolyte binary interaction parameters were set to zero.  In this case, what we 

found was that even though the model was able to predict the correct CO2 solubility and 

specific heat capacity, etc., the model was inconsistent with published pKa data for the 

dissociation of bicarbonate and the formation of carbonate at infinite dilution.  Since this 

information was never a part of the database, the model was unbounded and allowed to 

wander off even though at 25 oC the ∆Gf and ∆Hf of bicarbonate and carbonate were 

consistent with Edwards et al. (1978). 

In Case II, coefficients for the infinite dilution aqueous phase heat capacity 

polynomial of HCO3
-1 and CO3

-2 were adjusted to match pKa predictions by Edwards et al. 

(1978) and were fixed through the regressions (ref. Section 12.5).  Molecule-electrolyte and 

electrolyte-molecule binary interaction parameters were regressed to the experimental 

database outlined in Table 12.7-2.  Electrolyte-electrolyte binary interaction parameters were 

set to zero.  In Case II, we found that the model was unable to adequately describe 

systematic trends in the CO2 solubility data from Tosh et al. (1959) even though predictions 

for H2O-K2CO3 system data were acceptable. 

In our final and successful attempt, Case III, coefficients for the infinite dilution 

aqueous phase heat capacity polynomial of HCO3
-1 and CO3

-2 were fixed through the 
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regressions as described in Case II.  Molecule-electrolyte, electrolyte-molecule, and 

electrolyte-electrolyte binary interaction parameters were regressed to the experimental 

database outlined in Table 12.7-2, resulting in a very reasonable description of the 

experimental data. 

Throughout the above three regression cases, solid solubility measurements were 

regressed simultaneously in the DRS data regression case.  We found that chemical 

equilibrium constants describing K2CO3 and KHCO3 salt precipitation sequentially regressed 

did not accurately describe systematic trends presented in the data.  Hilliard (2005) reported 

parameters sequentially regressed for H2O-K2CO3 and H2O-KHCO3 systems did not 

accurately describe CO2 solubility data from Tosh et al. (1959); nor did parameters regressed 

by Aspen PlusTM for the H2O-K2CO3-CO2 system were unable to capture systematic 

temperature trends apart of the CO2 solubility data from Tosh et al. (1959).   

With a reliable regression methodology determined, Table 12.7-3 shows the 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients after performing a nonlinear regression, Case III, for the full model using DRS 

in Aspen PlusTM. 
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Table 12.7-3.  DRS Regression Output for Full H2O-K2CO3-CO2 System Model. 

                                   Interacting Species 
Parameter i j k Estimate σ wrt Estimate 

1-Aca,m K+ CO3-2 H2O -4.49 0.123 
2-Bca,m K+ CO3-2 H2O -32.3 37.8 
3-Cca,m K+ CO3-2 H2O 0.296 0.241 
4-Am,ca H2O K+ CO3-2 10.71 0.615 
5-Bm,ca H2O K+ CO3-2 -447 186 
6-Cm,ca H2O K+ CO3-2 4.12 0.814 
7-Aca,m K+ HCO3-1 H2O -5.42 0.647 
8-Bca,m K+ HCO3-1 H2O 158 214 
9-Cca,m K+ HCO3-1 H2O 4.51 3.15 

10-Am,ca H2O K+ HCO3-1 11.9 1.45 
11-Bm,ca H2O K+ HCO3-1 -269 488 
12-Cm,ca H2O K+ HCO3-1 -8.94 5.70 
13-Aca,ca K+ CO3-2 K+ HCO3-1  12.17 2.22 
14-Bca,ca K+ CO3-2 K+ HCO3-1  -3182 737 
15-Cca,ca K+ CO3-2 K+ HCO3-1  -37.8 8.31 
16-Aca,ca K+ HCO3-1 K+ CO3-2  0.202 0.566 
17-Bca,ca K+ HCO3-1 K+ CO3-2  -636 183 
18-Cca,ca K+ HCO3-1 K+ CO3-2  -8.61 3.50 
19-Ksp-A K2CO3(s)   1.59 5.84 
20-Ksp-B K2CO3(s)   -779 479 
21-Ksp-C K2CO3(s)   1.25 1.08 
22-Ksp-D K2CO3(s)   -0.0411 0.00344 
23-Ksp-A KHCO3(s)   -80.3 6.06 
24-Ksp-B KHCO3(s)   5432 987 
25-Ksp-C KHCO3(s)   4.89 1.68 
26-Ksp-D KHCO3(s)   0.0852 0.0142 

  
Residual Sum of Squares:  79,331 
Residual Root Mean Square:  7.860 
Degree of Freedom:   1,312 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that all but five of the estimates are large relative to their standard 

errors.  Table 12.7-4 gives a complete description of the variability of the coefficient 

estimates requires examining the correlations between the estimates. 
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Table 12.7-4.  Correlation Matrix of the Coefficient Estimates for the Full H2O-K2CO3-CO2 
System Model 

 
   

Table 12.7-4 shows 33 highly negative and positive correlations out of a possible 351.  

The highly correlated parameters are between the temperature dependent coefficients and 

the respective constant for each energy parameter estimate, but the correlation between 

other coefficients is relatively small, suggesting the amount of temperature dependant 

parameters might be usefully removed from the model without significant loss of 

information. 

After performing backward elimination using DRS, the following optimum model 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients are shown in Table 12.7-5.   
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Table 12.7-5.  DRS Regression Output for Optimum H2O-K2CO3-CO2 Model. 

                                   Interacting Species 
Parameter i j k Estimate σ wrt Estimate 

1-Aca,m K+ CO3-2 H2O -4.42 0.0851 
2-Bca,m K+ CO3-2 H2O -54.2 26.6 
3-Am,ca H2O K+ CO3-2 10.4 0.419 
4-Bm,ca H2O K+ CO3-2 -365 127 
5-Cm,ca H2O K+ CO3-2 5.01 0.157 
6-Aca,m K+ HCO3-1 H2O -4.94 0.0274 
7-Cca,m K+ HCO3-1 H2O 2.47 0.971 
8-Am,ca H2O K+ HCO3-1 11.1 0.0645 
9-Bm,ca H2O K+ HCO3-1 -5.23 1.89 

10-Aca,ca K+ CO3-2 K+ HCO3-1  11.3 1.88 
11-Bca,ca K+ CO3-2 K+ HCO3-1  -2908 624 
12-Cca,ca K+ CO3-2 K+ HCO3-1  -35.47 7.66 
13-Aca,ca K+ HCO3-1 K+ CO3-2  0.490 0.199 
14-Bca,ca K+ HCO3-1 K+ CO3-2  -726 63.5 
15-Cca,ca K+ HCO3-1 K+ CO3-2  -9.69 1.35 
16-Ksp-A K2CO3(s)   -70.3 6.17 
17-Ksp-B K2CO3(s)   1361 493 
18-Ksp-C K2CO3(s)   13.5 0.991 
19-Ksp-D K2CO3(s)   -0.0582 0.00286 
20-Ksp-A KHCO3(s)   -1421 6.25 
21-Ksp-B KHCO3(s)   40191 511 
22-Ksp-C KHCO3(s)   241 1.29 
23-Ksp-D KHCO3(s)   -0.3145 0.00770 

 
Residual Sum of Squares:  79,427 
Residual Root Mean Square:  7.856 
Degree of Freedom:   1,315 
 

Notice that all of the estimates in Table 12.7-5 are larger relative to their standard 

errors.  In comparing the estimates from the full model to the optimum model, there was 

relatively little difference between the estimated values.  The proposed optimum model 

provides the following correlations between the estimates as shown in Table 12.7-6. 
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Table 12.7-6.  Correlation Matrix of the Coefficient Estimates for the Optimum H2O-K2CO3-
CO2 Model. 

 
 

Table 12.7-6 again shows highly negative and positive correlations between some of 

the temperature dependant parameters, but the correlation between other coefficients is 

relatively small suggesting the amount of temperature dependant parameters might be 

usefully removed from the model without significant loss of information. 

Results from the previous section show that dropping a term from the optimum 

model may provide a submodel that may have a decrease in the correlation between the 

estimate coefficients and improve the reliability of the model.  Testing whether any subset of 

the regression estimate coefficients may be zero plays an important role in many analyses 

which leads to the following hypotheses: 

NH: 2 4 5 8 9 11 12 14 18 0= = = = = = = = =          Submodel function applies 
AH: At lease one 2 4 5 8 9 11 12 14 18 0= = = = = = = = ≠        Optimum model function applies 

 
We can perform an F-Test to compare the purposed submodel with the optimum model.  

Significance levels for this test are obtained by comparing the observed value of F to the 

,NH AH AHdf df dfF −  distribution.  The p-value is then computed as an upper-tail test and gives the 
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probability associated with evidence to reject the null hypothesis which will then be 

compared to the results given by the submodel. 

If we were to remove the highly correlated parameters from the optimum model, the 

following submodel regression summary statistics output for estimates of the adjustable 

binary parameter coefficients is shown in Table 12.7-7. 

Table 12.7-7.  DRS Regression Output for H2O-K2CO3-CO2 Submodel. 

                                   Interacting Species 
Parameter i j k Estimate σ wrt Estimate 

1-Aca,m K+ CO3-2 H2O -4.55 0.0268 
2-Am,ca H2O K+ CO3-2 9.02 0.0867 
3-Aca,m K+ HCO3-1 H2O -3.64 0.0286 
4-Cca,m K+ HCO3-1 H2O -10.7 0.843 
5-Aca,ca K+ CO3-2 K+ HCO3-1  4.69 0.465 
6-Aca,ca K+ HCO3-1 K+ CO3-2  -1.34 0.0292 
7-Cca,ca K+ HCO3-1 K+ CO3-2  -20.4 2.18 
8-Ksp-A K2CO3(s)   -1.06 3.45 
9-Ksp-B K2CO3(s)   -791 583 

10-Ksp-D K2CO3(s)   -0.00788 0.00503 
11-Ksp-A KHCO3(s)   6115 11.9 
12-Ksp-B KHCO3(s)   -158885 1169 
13-Ksp-C KHCO3(s)   -1078 2.61 
14-Ksp-D KHCO3(s)   1.84 0.0177 

 
Residual Sum of Squares:  1,080,253 
Residual Root Mean Square:  28.871 
Degree of Freedom:   1,324 
 

Notice that all but one of the estimates are larger relative to their standard errors.  

Comparing the estimates from the submodel to the optimum model, there was large 

difference between the estimated values with respect to the order of magnitude.  The 

residual sum of squares and the standard errors for the submodel have increased as 

compared to the optimum model.  The proposed submodel provides the following estimated 

covariances between the estimates as shown in Table 12.7-8. 
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Table 12.7-8.  Correlation Matrix of the Coefficient Estimates for the H2O-K2CO3-CO2 
Submodel. 

 

Table 12.7-8 shows that parameters describing the temperature dependence are 

highly correlated.  The two models were then compared using the test statistic F applied to 

the null hypothesis versus the alternative: 

 ( )

1,080, 253 79, 427
1,324 1,315 ~ 1841.08 9,1,315

79, 427
1,315

−⎡ ⎤
⎢ ⎥−⎣ ⎦

⎡ ⎤
⎢ ⎥⎣ ⎦

 

We can then calculate the probability for a F-distribution, df = 9, 1315, upper-tail. 
 

F dist. with (9, 1315) df, value = 1841.08, upper-tail probability = 0 
 

The finding of 0p =  provides strong evidence against the null hypothesis 

that 2 4 5 8 9 11 12 14 18 0= = = = = = = = = .  Since a value of F this strong would be 

observed 0 times out of a hundred if the null hypothesis were true, the submodel will not 

give an adequate description of the data over the range of temperatures and concentration 

available in the data. 
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12.7.1  Optimum Model Results 
 

With the determination of the estimates for the binary interaction parameters known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-K2CO3-CO2 model against literature data.  For each data point, the 

deviation between the experimental and estimated values is expressed in terms of the average 

absolute relative deviation (AARD).  Table 12.7-9 gives the percent AARD and the 

maximum percent AARD for the model predictions. 

Table 12.7-9.  Absolute Percent Relative Error for the H2O-K2CO3-CO2 Optimum Model. 

H2O-K2CO3 System AARD(%) Max. AARD
γ± Aseyev and Zaytsev (1996) 8.23 22.73 

PH2O Aseyev (1999) 1.13 3.59 
 Puchkov and Kurochkina (1970) 1.69 7.58 

Cp Aseyev and Zaytsev (1996) 1.10 4.28 
Salt Linke and Seidell (1965) 0.29 0.81 

 Moore et al. (1997) 0.99 1.59 
H2O-KHCO3 System AARD(%) Max. AARD

PH2O Aseyev (1999) 0.30 0.42 
Cp Aseyev and Zaytsev (1996) 1.04 3.59 
Salt Linke and Seidell (1965) 2.39 5.85 

H2O-K2CO3-CO2 System AARD(%) Max. AARD
PCO2 Tosh et al. (1959) 10.80 32.99 
Salt Linke and Seidell (1965) 3.17 10.42 

Overall  3.85 32.99 
 

Overall, the model adequately describes the H2O-K2CO2-CO2 property data listed 

above within an average absolute relative error of ± 3.85 percent with the exception of a few 

outliers. 
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12.8  Optimum Model Predictions 
 

In this work, we have compiled a large database of consistent high quality data 

needed to obtain a unique set of binary interaction parameters to describe the H2O-K2CO3-

CO2 system.  The remainder of this chapter will be devoted to using our model as a 

predictive tool as described in the subsequent sections. 

Figure 12.8-1 illustrates hierarchical interactions based on the types of data included 

in the optimum model (presented as shaded areas) and allows accurate model predictions 

within the bounds of the literature data.  The open areas represent predictions by the 

optimum model and should be regarded as an extrapolation.  Previous experience has 

revealed that model predictions outside the model bounds should be regarded with caution 

and with the intentions to illustrate possible temperature and concentration trends only. 

 
Figure 12.8-1.  Optimum Model Data Type Representation for Model Predictions and 
Extrapolations.  Shaded Area: Model Predictions.  Open Area: Model Extrapolations. 
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12.8.1  Vapor Pressure Depression 
 

With the determination of the estimates for the energy parameter coefficients known 

for the optimum model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-K2CO3-CO2 energy parameter coefficients against literature data.  

Figure 12.8-2 and Figure 12.8-3 compare estimated and experimental vapor pressure 

measurements from Aseyev (1999) and Puchkov and Kurochkina (1970), for H2O-K2CO3 

and H2O-KHCO3 mixtures from 25.0 – 80.0 oC. 

0

5

10

15

20

25

30

35

40

45

50

0 1 2 3 4 5 6 7 8

K2CO3 (mole/kg-H2O)

P
ar

ti
al

 P
re

ss
ur

e 
of

 H
2O

 (
kP

a)

40 oC

60 oC

80 oC

 

Figure 12.8-2.  Comparison of the Partial Pressure of H2O from Aseyev (1999) and Puchkov 
and Kurochkina (1970) to elecNRTL Model Predictions from 40 – 80 oC.  Points: ■, Puchkov 
and Kurochkina (1970), ×, Aseyev (1999).  Lines: ▬, elecNRTL Predictions, - - -, elecNRTL 
Ideal Solution Predictions. 
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 The optimum model, as shown in Figure 12.8-2, predicts the partial pressure of H2O 

from Aseyev (1999) and Puchkov and Kurochkina (1970) adequately. 
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Figure 12.8-3.  Comparison of the Partial Pressure of H2O from Aseyev (1999) to elecNRTL 
Model Predictions from 25 – 80 oC.  Points: ■, Aseyev (1999).  Lines: ▬, elecNRTL 
Predictions, - - -, elecNRTL Ideal Solution Predictions. 

 
 Figure 12.8-2 and Figure 12.8-3 illustrate the departure from an ideal solution 

behavior vis-à-vis Raoult’s Law as compared to predictions from the elecNRTL model.  For 

H2O-K2CO3 system, Raoult’s Law adequately describes the vapor pressure of H2O below 1 

m K2CO3 over the temperature range between 40 and 80 oC, but as the concentration of 

K2CO3 increases so does the importance of including activities to describe the vapor-liquid 

equilibrium.  On the other hand, Raoult’s Law adequately describes the vapor pressure of 

H2O over the entire KHCO3 concentration range included in this work.  There are slight 
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deviations at 60 and 80 oC, but Raoult’s Law does provide an adequate estimate for the 

vapor pressure of water. 

Overall, the optimum model adequately predicts the partial pressure of H2O over 

aqueous potassium carbonate and aqueous potassium bicarbonate mixtures within an AARD 

of 1.32 and 0.30 %, respectively with the exception of a few outliers.  

12.8.2  Mean Ionic Activity Coefficient 
 

Figure 12.8-4 shows the comparison between experimental and predicted mean ionic 

activity coefficient data at 25 oC.  The optimum model provides an adequate representation 

of the data, but the optimum model overestimates the mean ionic activity coefficient 

between 2 and 5.8 m K2CO3 and under estimates the mean ionic activity coefficient between 

6 and 7.5 m K2CO3. 
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Figure 12.8-4.  Comparison of Model Predictions with Experimental Data for K2CO3 Mean 
Ionic Activity Coefficient at 25 oC.  Points: ■, Aseyev and Zaytsev (1999).  Lines: ▬, 
elecNRTL Predictions. 
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Overall, the optimum model adequately describes the mean ionic activity coefficient 

data in aqueous K2CO3 mixtures within an average absolute relative error of ± 8.23 %. 

12.8.3  Specific Heat Capacity 
 

Figure 12.8-5 compares estimated and experimental specific heat capacities from 40 

to 120 oC over the full range of concentrations of K2CO3 and KHCO3. 

Figure 12.8-5 also illustrates that the optimum model is consistent with the pure 

component specific heat capacities as discussed in Chapter VII, even though the optimum 

model tends to diverge at high salt concentrations.  Overall, the optimum model adequately 

describes the specific heat capacity for H2O-K2CO3 and H2O-KHCO3 systems within an 

average absolute relative error of ± 1.10 and 1.04 % error, respectively. 

 To describe the departure from an ideal solution behavior, Figure 12.8-6 separates 

the molar heat capacity of the solution into the weighted molar heat capacity of each 

contributing species with respect to the components reference state (i.e. Solvent: pure liquid; 

Ionic and Molecular Solutes: Infinite Dilution).  Deviations between the molar heat capacity 

of the solution from the ideal molar heat capacity are accounted for by the excess molar heat 

capacity.  Figure 12.8-6 illustrates that the solution molar heat capacity may be estimated by 

the weighted molar heat capacity of water to a first approximation. 
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Figure 12.8-5.  Comparison of Specific Heat Capacity from Aseyev and Zaytsev (1996) to 
H2O-K2CO3 (A) and H2O-KHCO3 (B) elecNRTL Model Predictions from 40 to 120 oC.  
Points: ♦, 40 oC, ■, 80 oC, ▲, 120 oC. 
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Figure 12.8-6.  Comparison of the Molar Heat Capacity Predictions for H2O-K2CO3 Mixtures 
at 40 oC from the elecNRTL Model to the Ideal Molar Heat Capacity based on the 
Constituent Components. 

 
The molar heat capacity of the solution can be described by the following equation: 
 
 2 12 2 3 3

*, , , , ,l aq aq aq aq Ex
p H O p p CO p p p pK CO HCO

C x C x C x C x C x C C+ − −
∞ ∞ ∞ ∞= + + + + +  12-37 

where 
 2

2 12 2 3 3

, , ,CO TOT aq aq aq
CO TOT p CO p p pCO HCO

x C x C x C x C− −
∞ ∞ ∞= + +  12-38 

 2 3 2

2 3 2

,K CO CO TOTaq
K CO p p CO TOT pK

x C x C x C+
∞= +  12-39 

and simplifying Equation 12-37 yields, 
 
 2 3

2 2 3

*, K COl Ex
p H O p K CO p pC x C x C C= + +  12-40 

We can now determine a criterion for estimating the solution molar heat capacity by the 

weighted molar heat capacity of water given by the following function. 
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 2 2 3

2 3 2 3

*,l Ex
p H O p pK CO

p
K CO K CO

C x C C
C

x x
−

= +  12-41 

When the order of magnitude of Equation 12-41 is equivalent to the magnitude of the molar 

heat capacity of water, our first order estimation will no longer be adequate (~6 m K2CO3) 

to estimate the molar heat capacity of the solution as shown by Figure 12.8-7. 
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Figure 12.8-7.  Comparison of the Molar Heat Capacity Predictions for H2O-K2CO3 Mixtures 
at 40 oC from the elecNRTL Model to the Ideal Molar Heat Capacity based on the 
Constituent Components and Equation 12-41. 

 
A similar methodology can describe mixtures of H2O-KHCO3 as 
 

 2 3

3 3

*,l Ex
p H O p pKHCO

p
KHCO KHCO

C x C C
C

x x
−

= +  12-42 
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Similarly, since the order of magnitude of Equation 12-42 is equivalent to the magnitude of 

the molar heat capacity of water, our first order estimation will no longer be adequate to 

estimate the molar heat capacity of the solution as shown by Figure 12.8-8 and Figure 12.8-9.  

In this case, the weighted molar heat capacity of water can adequately describe the molar 

heat capacity of H2O-KHCO3 mixtures over the entire range of concentrations used in this 

work. 
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Figure 12.8-8.  Comparison of the Molar Heat Capacity Predictions for H2O-KHCO3 
mixtures at 40 oC from the elecNRTL Model to the Ideal Molar Heat Capacity based on the 
Constituent Components. 
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Figure 12.8-9.  Comparison of the Molar Heat Capacity Predictions for H2O-KHCO3 
Mixtures at 40 oC from the elecNRTL Model to the Ideal Molar Heat Capacity based on the 
Constituent Components and Equation 12-42. 

 

12.8.4  CO2 Solubility 
 

Figure 12.8-10, Figure 12.8-12, and Figure 12.8-14 give the results of fit for the 

experimental CO2 Solubility at 20, 30 and 40 wt % equivalent concentration of K2CO3 per 

loading squared versus the solution loading from 40 – 175 oC.  This type of representation is 

analogous to a semi-log plot, where small deviations are exaggerated.  Overall, the optimum 

model adequately describes the CO2 solubility data at 20, 30 and 40 wt % equivalent 

concentration of K2CO3 within an average absolute relative error of ± 10.8 percent. 
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Figure 12.8-10.   Exaggerated CO2 Solubility in a 20 wt % Equivalent Concentration of 
Aqueous K2CO3. 
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Figure 12.8-11.  CO2 Solubility in a 20 wt % Equivalent Concentration of Aqueous K2CO3. 
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Figure 12.8-12.  Exaggerated CO2 Solubility in a 30 wt % Equivalent Concentration of 
Aqueous K2CO3.  Vertical bar: Saturation Limit of the Solution. 

2727



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
398 

0.1

1

10

100

1000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Loading (mol CO2/mol K2CO3)

P
C

O
2 

(k
P

a)

70

90

110

130 oC

175 oC

40 oC

 
Figure 12.8-13.  CO2 Solubility in a 30 wt % Equivalent Concentration of Aqueous K2CO3.  
Vertical bar: Saturation Limit of the Solution. 
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Figure 12.8-14.  Exaggerated CO2 Solubility in a 40 wt % Equivalent Concentration of 
Aqueous K2CO3.  Vertical bars: Saturation Limit of the Solution. 
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Figure 12.8-15.  CO2 Solubility in a 40 wt % Equivalent Concentration of Aqueous K2CO3.  
Vertical bar: Saturation Limit of the Solution. 
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 Recently, Pérez-Salado Kamps et al. (2007) reported interaction parameters based on 

a Pitzer’s molality scale based equation for the Gibbs excess energy of the aqueous phase 

through simultaneous regression of similar VLE and SLE data, but chose not to include 

calorimetry effects into their model.  Predictions for CO2 solubility data from Tosh et al. 

(1959) were reported with an average absolute relative deviation of ± 12.2 %.  In this work, 

we were able to increase the amount of literature data and predict CO2 solubility data from 

Tosh et al. (1959) within average absolute relative deviation of ± 10.8 %.  Thus, we feel 

predictions from our optimum model will provide the most realistic values to date. 

In this work, we have concentrated our efforts to describe CO2 solubility below a 

loading (mol CO2/mol K2CO3) equal to one.  Below a solution loading of one, carbon 

dioxide is more or less converted to bicarbonate resulting in a negligible amount of free CO2 

in solution.  Predictions above a solution loading of one should be perceived as an 

extrapolation by the optimum model beyond the bounds of the regression data.  In future 

work, we would recommend extending the model beyond a CO2 loading equal to one.  

Parameters describing the interactions between CO2 and electrolytes, specifically interactions 

for CO2/K+,HCO3, and  K+,HCO3/CO2, would need to be included in the final model to 

account for physical absorption of CO2 into the aqueous phase. 

12.8.5  Solid Solubility 
 

In this work, we have compiled a database to describe experimental solid solubility 

data for precipitating salts vis-à-vis hydrated potassium carbonate and potassium 

bicarbonate.  We chose not to describe the precipitation of the hydrated double salt 
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(K2CO3·2KHCO3·1.5H2O,) because conditions where K2CO3·2KHCO3·1.5H2O would 

precipitate from an aqueous solution are well beyond the salt concentrations of interest in 

connection with carbon capture processes and its modifications.  We have included 

coefficients for the salt precipitation equilibrium reaction, Equation 12-27, based on solid 

solubility data of Hill (1930) and Lyudkovskaya et al. (1955) from optimum model 

predictions for the chemical equilibrium salt precipitation reaction for inclusion by the end 

user as shown in Table 12.8-1. 

Table 12.8-1.  Chemical Equilibrium Coefficients for the Salt Precipitation of 
K2CO3·2KHCO3·1.5H2O Based on Equation 14-27 (mole fraction basis). 

Equation #  A B C D  

14-27  -1530.94 63429.08 227.1714 0.0  
ln K = A + B/T(K) + C·lnT(K) + D·T(K) 

 
 
 Figure 12.8-16 and Figure 12.8-17 gives the results for the calculated chemical 

equilibrium salt precipitation reaction for hydrated K2CO3 and KHCO3 as compared to 

Aspen PlusTM default values and Pérez-Salado Kamps et al. (2007). 

Figure 12.8-16 and Figure 12.8-17 illustrates an important point: even though each 

author successfully regressed solid solubility data for each system, predictions for the 

calculated chemical equilibrium salt precipitation reaction are different.  This discrepancy is 

due to the thermodynamic foundations for each model.  Each model would describe the 

activity coefficients of potassium, carbonate, and bicarbonate ions differently based on the 

regression methodology employed, the type of thermodynamic model used, and the types of 

thermodynamic data used in the regression.  To illustrate this point, predictions for the 

chemical equilibrium salt precipitation reaction for KHCO3 based on sequential model 
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predictions for the activity product of potassium and bicarbonate was inversed even though 

the model adequately predicted VLE and calorimetric data. 
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Figure 12.8-16.  Comparison of the Chemical Equilibrium Salt Precipitation Reaction for 
Hydrated K2CO3.  Lines: ▬, elecNRTL Model, ─ ─, Aspen PlusTM Default Values. 
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Figure 12.8-17.  Comparison of the Chemical Equilibrium Salt Precipitation Reaction for 
Hydrated KHCO3.  Points: ▲, Pérez-Salado Kamps et al. (2007).  Lines: ▬, elecNRTL 
Model, ─ ─, Aspen PlusTM Default Values. 
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 In terms of solubility data, Figure 12.8-18 and Figure 12.8-19 give predictions for 

solid solubility for the binary systems (H2O-K2CO3 and H2O-KHCO3) based on literature 

from Linke and Seidell (1965) and Moore et al. (1997) for hydrated K2CO3 and Linke and 

Seidell (1965) for KHCO3. 
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Figure 12.8-18.  Solubility Product of Hydrated Potassium Carbonate in Water.  Points: ♦, 
Linke and Seidell (1965), ■, Moore et al. (1997).  Lines: ▬, elecNRTL Model Predictions. 

 
Predictions for solid solubility of KHCO3 for the ternary system (H2O-K2CO3-

KHCO3) based on literature from Linke and Seidell (1965) is shown in Figure 12.8-20 in 

terms of the saturation temperature deviation.  
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Figure 12.8-19.  Solubility Product of Potassium Bicarbonate in Water.  Points: ♦, Linke and 
Seidell (1965).  Lines: ▬, elecNRTL Model Predictions. 
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Figure 12.8-20.  Solubility Product of Potassium Bicarbonate in Water-Potassium Carbonate-
Potassium Bicarbonate.  Points: ♦, Linke and Seidell (1965).  Lines: ▬, elecNRTL Model 
Predictions. 
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 Over the entire range of conditions for the H2O-K2CO3-KHCO3 system, the average 

absolute deviation between the experimental and estimated solubility temperature is within  

± 1.13 oC. 
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Figure 12.8-21.  Isothermal Phase Diagram at 25 oC for the Formation of Hydrated K2CO3, 
KHCO3, and Predictions for the Formation of Hydrated K2CO3+KHCO3.  Solid Points: 
Linke and Seidell (1965).  Open Points: Hill (1930). 

 
 For two solid solutes + water, there are many possible types of phase behavior that 

may be encountered.  In this work, we chose not to describe the hydrated double salt 

formation (K2CO3·2KHCO3·1.5H2O,) even though the model does predict the formation of 

two dissolved solutes in solution.  Construction of isothermal phase diagrams at 25, 50, 75 

and 100 oC are shown in Figure 12.8-21, Figure 12.8-22, and Figure 12.8-23, respectively.  At 
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25 and 50 oC, literature data for the formation of the hydrated double salt from Hill (1930) 

and Lyudkovskaya et al. (1955) are shown as “×,” the formation of the hydrated double salt 

+ KHCO3 are shown as “◊,” and the formation of the hydrated double salt + hydrated 

K2CO3 are shown as “□.”  The optimum model does fail to capture of temperature 

dependence of the hydrated double salt formation at 50 oC, but the model does an adequate 

representation of capturing the formation effects at 25 oC. 
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Figure 12.8-22.  Isothermal Phase Diagram at 50 oC for the Formation of Hydrated K2CO3, 
KHCO3, and Predictions for the Formation of Hydrated K2CO3+KHCO3.  Solid Points: 
Linke and Seidell (1965).  Open Points: Lyudkovskaya et al. (1955). 

 
 The intersection of the four curves is a triple point, representing the temperature at 

which hydrated potassium carbonate and potassium bicarbonate can coexist in stable 

equilibrium.  Each triple point corresponds to a slurry containing K2CO3·1.5H2O + KHCO3. 
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Figure 12.8-23.  Isothermal Phase Diagram at 75 oC (A) and 100 oC (B) for the Formation of 
Hydrated K2CO3, KHCO3, and Predictions for the Formation of Hydrated K2CO3+KHCO3. 
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Figure 12.8-24.  Isothermal Overlay Phase Diagram at 25, 50, 75, and 100 oC for the 
Formation of Hydrated K2CO3, KHCO3, and Predictions for the Formation of Hydrated 
K2CO3+KHCO3. 
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 The CO2 solubility over a saturated solution of K2CO3·1.5H2O + KHCO3 can be 

predicted from the optimum model as shown in Figure 12.8-25.  Figure 12.8-26 illustrates 

the partial pressure of CO2 divided by loading squared versus the solution loading from 25 – 

100 oC.  This type of representation is analogous to a simi-log plot, where small deviations 

are exaggerated.  A vertical bar designates the triple point at each temperature. 
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Figure 12.8-25.  Partial Pressure of CO2 over a Saturated Solution of Hydrated K2CO3 and 
KHCO3 from 25 to 100 oC.  Lines: ▬, 25 oC, ― ―, 50 oC, - - -, 75 oC, ― · ―, 100 oC. 

 
 Figure 12.8-26 exaggerated the discontinuity between precipitation of hydrated 

K2CO3, which occurs to the left of the vertical bar, and precipitation of KHCO3, which 

occurs to the right of the vertical bar. 
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Figure 12.8-26.  Exaggerated Partial Pressure of CO2 over a Saturated Solution of Hydrated 
K2CO3 and KHCO3 from 25 to 100 oC.  Lines: ▬, 25 oC, ― ―, 50 oC, - - -, 75 oC, ― · ―, 100 oC 

 
To illustrate thermal effects of the solution at the triple point, we can describe the 

partial pressure of CO2 at the triple point versus reciprocal absolute temperature (as shown 

in Figure 12.8-27) based on the following linear function: 

 
( ) ( )

2

9208ln 463.7 75.10lnCOP T K
T K

= − + +  12-43 

By employing the Gibbs-Helmholtz equation, we can determine the enthalpy of CO2 

absorption in a slurry of hydrated K2CO3 and KHCO3 based on the vapor phase fugacity of 

CO2 as shown by Equation 12-44. 

 
( )

2
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CO

COabs

x

d fH
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Where 

2COf is the vapor phase fugacity of CO2, 2 2 2CO CO COf Pφ= , 

2COφ is the vapor phase fugacity coefficient of CO2. 
 

We can approximate the vapor phase fugacity of CO2 by taking the derivative of the 

partial pressure of CO2. 

 
( )

2

2

 
1/

CO

COabs

x

d PH
R d T

⎛ ⎞∆
− ≈ ⎜ ⎟⎜ ⎟

⎝ ⎠
 12-45 

Substituting Equation 12-43 in Equation 12-45 and evaluating the derivative gives the 

following relationship for the enthalpy of CO2 absorption in a slurry of hydrated K2CO3 and 

KHCO3. 

 
( ) ( )2

2

 
9208 75.10

1/
CO

COabs

x

d PH T K
R d T

⎛ ⎞∆
− ≈ = −⎜ ⎟⎜ ⎟

⎝ ⎠
 12-46 

Over absorber and stripper conditions, the enthalpy of CO2 absorption (kcal/mol-CO2) in a 

slurry of hydrated K2CO3 and KHCO3 is given in Table 12.8-2. 

Table 12.8-2.  Enthalpy of CO2 Absorption in a Slurry of Hydrated K2CO3 and KHCO3 
(kcal/mol-CO2). 

Temperature (oC) ∆Habs

40 -28.43
80 -34.40

120 -40.37
 
In comparison, the latent heat of steam required to regenerate the solvent in an aqueous 

H2O-K2CO3–CO2 capture process is approximately -50 kcal/mol-CO2. 

2741



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
412 

0.001

0.01

0.1

1

10

100

1000

2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4

1/T(K)·1000

P
C

O
2 

(k
P

a)

α = 0.04

α = 0.10

α = 0.33

α = 0.73

25 oC

50 oC

75 oC

100 oC

 

Figure 12.8-27.  Partial Pressure of CO2 at the Triple Point versus Reciprocal Absolute 
Temperature.  Line: Equation 12-43. 

 

12.8.6  Total Pressure Predictions for H2O-K2CO3-CO2 
 

Using the optimum elecNRTL model as a purely predictive model, the total pressure 

for aqueous H2O-K2CO3-CO2 mixtures were compared to experimental total pressure data 

from Pérez-Salado Kamps et al. (2007) for 5 and 20 wt % equivalent concentration of 

K2CO3 versus the solution loading at 40, 80, and 120 oC as shown in Figure 12.8-28 and 

Figure 12.8-29, respectively.  The optimum model in Figure 12.8-28 adequately predicts the 

total pressure trends from 40 to 100 oC, but seems to overestimate the total pressure at high 

loadings.  In Figure 12.8-29, the optimum model does not capture the temperature 

dependence at high loadings, but adequately predicts the total pressure below loadings of 1.   
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Figure 12.8-28.  Total Pressure in a 5 wt % Equivalent Concentration of Aqueous H2O-
K2CO3-CO2 Solution.  Points: ♦, 40oC, ■, 80 oC, ▲, 120 oC.  Lines: ▬, elecNRTL Model 
Predictions. 
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Figure 12.8-29.  Total Pressure in a 20 wt % Equivalent Concentration of Aqueous H2O-
K2CO3-CO2 Solution.  Points: ♦, 40oC, ■, 80 oC, ▲, 120 oC.  Lines: ▬, elecNRTL Model 
Predictions. 
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In this work, we have concentrated our efforts to describe CO2 solubility below a 

loading (mol CO2/mol K2CO3) equal to one.  Below a solution loading of one, carbon 

dioxide is more or less converted to bicarbonate resulting in a negligible amount free CO2 in 

solution.  Predictions above a solution loading of one should be perceived as an 

extrapolation by the optimum model beyond the bounds of the regression data.  In future 

work, we would recommend extending the model beyond a CO2 loading equal to one.  

Parameters describing the interactions between CO2 and electrolytes, specifically interactions 

for CO2/K+,HCO3, and  K+,HCO3/CO2, would need to be included in the final model to 

account for physical absorption of CO2 into the aqueous phase. 

 

12.8.7  Enthalpy of CO2 Absorption Predictions for H2O-K2CO3-CO2 
 

Using the optimum elecNRTL model as a purely predictive model, the enthalpy of 

CO2 absorption for aqueous H2O-K2CO3-CO2 mixtures was calculated based on the Gibbs-

Helmholtz equation (Equation 12-44) which relates to the enthalpy change when CO2 is 

dissolved in a liquid and chemically reacts.  The heat released can be measured by direct 

calorimetry or estimated from CO2 solubility data.  The enthalpy of CO2 absorption is an 

important qualification in solvent selection for the CO2 capture process and aids in 

determining the amount of energy required to regenerate the solvent after aqueous 

absorption.  

Figure 12.8-30, Figure 12.8-31, Figure 12.8-32, Figure 12.8-33, and Figure 12.8-34 

illustrate the predictive capabilities of the elecNRTL model for the differential enthalpy of 

CO2 absorption for 40 wt % K2CO3 mixtures from 40 – 130 oC. 
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Figure 12.8-30.  Predictions for the Differential Enthalpy of CO2 Absorption from the 
elecNRTL Model in 40 wt % K2CO3 solutions at 40 oC. 
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Figure 12.8-31.  Predictions for the Differential Enthalpy of CO2 Absorption from the 
elecNRTL Model in 40 wt % K2CO3 solutions at 70 oC. 
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Figure 12.8-32.  Predictions for the Differential Enthalpy of CO2 Absorption from the 
elecNRTL Model in 40 wt % K2CO3 solutions at 90 oC. 
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Figure 12.8-33.  Predictions for the Differential Enthalpy of CO2 Absorption from the 
elecNRTL Model in 40 wt % K2CO3 solutions at 110 oC. 
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Figure 12.8-34.  Predictions for the Differential Enthalpy of CO2 Absorption from the 
elecNRTL Model in 40 wt % K2CO3 solutions at 130 oC. 
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Figure 12.8-35.  Overlay Predictions for the Differential Enthalpy of CO2 Absorption from the 
elecNRTL Model in 40 wt % K2CO3 solutions from 40 to 130 oC.  Lines: ─ · · ─, 40 oC, ─ ─,  
70 oC, · · ·, 90 oC, ─ · ─, 110 oC, and ─, 130 oC. 
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 Figure 12.8-30, Figure 12.8-31, and Figure 12.8-32 illustrate KHCO3 precipitation 

effects on the enthalpy of CO2 absorption, which is also evident based on the discontinuity 

of the mole fraction of potassium ion.  As the amount of free potassium decreases, due to 

KHCO3 precipitation, the relative solution composition of K2CO3 decreases from the 

nominal amount.  Figure 12.8-35 demonstrates the temperature effects on the enthalpy of 

CO2 absorption.  At low loadings, we see a shift in the dominate reaction mechanism from 

Equation 12-8 to Equation 12-7 based on the discontinuity in the enthalpy of CO2 

absorption.  Overall, predictions for the enthalpy of CO2 absorption in 40 wt % K2CO3 

solutions provide a realistic estimate for future design considerations.  Since the enthalpy of 

CO2 absorption, in this case, is a purely predictive quantity, gathering experimental data for 

the enthalpy of CO2 absorption and specific heat capacity for solutions at various loadings 

will help to validate model predictions from various authors. 

12.8.8  Specific Heat Capacity Predictions for H2O-K2CO3-CO2 
 

Using the optimum elecNRTL model as a purely predictive model, the specific heat 

capacity for aqueous H2O-K2CO3-CO2 mixtures was calculated based on Equation 12-29.  

Figure 12.8-36 illustrates the predictive capabilities of the elecNRTL model for the specific 

heat capacity for 40 wt % K2CO3 mixtures from 40 – 130 oC.   

Figure 12.8-36 demonstrates the effect of temperature on the specific heat capacity, 

where predictions for the specific heat capacity of aqueous H2O-K2CO3-CO2 mixtures are 

base on CO2 solubility and salt solubility data, since literature data for the specific heat 

capacity of aqueous H2O-K2CO3-CO2 mixtures have not yet been quantified. 
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Figure 12.8-36.  Specific Heat Capacity of a 40 wt % K2CO3 mixtures from 40 – 130 oC. 
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Figure 12.8-37.  Comparison of the Molar Heat Capacity Predictions for 40 wt % K2CO3 
mixtures at 90 oC from the elecNRTL Model to the Ideal Molar Heat Capacity based on the 
Constituent Components. 
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To describe the departure from an ideal solution behavior, Figure 12.8-37 separates 

the molar heat capacity of the solution into the weighted molar heat capacity of each 

contributing species with respect to the components reference state (i.e. Solvent: pure liquid; 

Ionic and Molecular Solutes: Infinite Dilution).  Deviations between the molar heat capacity 

of the solution from the ideal molar heat capacity are accounted by the excess molar heat 

capacity.  Figure 12.8-37 illustrates the solution molar heat capacity may not be estimated by 

the weighted molar heat capacity of water to a first approximation.  In addition, the weighted 

molar heat capacity of CO2
TOT decreases (approaching zero) as loading increases, even 

though the weighted molar heat capacity of CO2
TOT increases (becoming more negative) in 

binary solutions of K2CO3 and KHCO3.  All the while, the weighted molar heat capacity of 

potassium ion is approximately constant versus increasing loading for all of the systems. 

12.9  Conclusions 
 

In conclusion, in this work we have shown in Figure 12.8-2 and Figure 12.8-3 the 

departure nature from an ideal solution behavior vis-à-vis Raoult’s Law as compared to 

predictions from the elecNRTL model.  For H2O-K2CO3 system, Raoult’s Law adequately 

describes the vapor pressure of H2O below 1 m K2CO3 over the temperature range between 

40 and 80 oC, but as the concentration of K2CO3 increases so does the importance of 

including activities to describe the vapor-liquid equilibrium.  On the other hand, Raoult’s 

Law adequately describes the vapor pressure of H2O over the entire KHCO3 concentration 

ranged included in this work.  There are slight deviations at 60 and 80 oC, but Raoult’s Law 

does provide an adequate estimate for the vapor pressure of water. 
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In terms of H2O-K2CO3 and H2O-KHCO3 molar heat capacity, the weighted molar 

heat capacity of water can adequately describe the molar heat capacity of H2O-KHCO3 

mixtures over the entire range of concentrations used in this work, whereas the weighted 

molar heat capacity of water can adequately describe the molar heat capacity of H2O-K2CO3 

mixtures for concentrations less than 6 m K2CO3. 

Pérez-Salado Kamps et al. (2007) reported interaction parameters based on a Pitzer’s 

molality based equation for the Gibbs excess energy of the aqueous phase through 

simultaneous regression of similar VLE and SLE data, but chose not to include Calorimetry 

effects into their model.  Predictions for CO2 solubility data from Tosh et al. (1959) were 

reported with an average absolute relative deviation of ± 12.2 %.  In this work, we were able 

to increase the amount of literature data and predict CO2 solubility data from Tosh et al. 

(1959) within average absolute relative deviation of ± 10.8 %.  Thus, we feel predictions 

from our optimum model will provide the most realistic values to date. 

In addition, we have concentrated our efforts to describe CO2 solubility below a 

loading (mol CO2/mol K2CO3) equal to one.  Below a solution loading of one, carbon 

dioxide is more or less converted to bicarbonate resulting in a negligible amount free CO2 in 

solution.  Predictions above a solution loading of one should be perceived as an 

extrapolation by the optimum model beyond the bounds of the regression data.  In future 

work, we would recommend extending the model beyond a CO2 loading equal to one.  

Parameters describing the interactions between CO2 and electrolytes, specifically interactions 

for CO2/K+,HCO3, and  K+,HCO3/CO2, would need to be included in the final model to 

account for physical absorption of CO2 into the aqueous phase. 
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Figure 12.8-16 and Figure 12.8-17 illustrates an important point: even though each 

author successfully regressed solid solubility data for each system, predictions for the 

calculated chemical equilibrium salt precipitation reaction are different.  This discrepancy is 

due to the thermodynamic foundations for each model.  Each model would describe the 

activity coefficients of potassium, carbonate, and bicarbonate ions differently based on the 

regression methodology employed, the type of thermodynamic model used, and the types of 

thermodynamic data used in the regression.  To illustrate this point, predictions for the 

chemical equilibrium salt precipitation reaction for KHCO3 based on sequential model 

predictions for the activity product of potassium and bicarbonate inversed even though, the 

model adequately predicted VLE and calorimetric data. 

Over the entire range of conditions for the H2O-K2CO3-KHCO3 system, the average 

absolute deviation between the experimental and estimated salt solubility temperature is 

within ± 1.13 oC. 

Overall, results presented above indicate that the elecNRTL model, through 

simultaneous regression gave a set of optimum binary interaction parameters for the H2O-

K2CO3-CO2 system.  The optimum model adequately represents the literature data for 

aqueous H2O-K2CO3-CO2 mixtures. 
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_________________ 

CHAPTER XIII  Ternary Systems: 
 H2O-MEA-CO2 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

13.1  Introduction 
 

To this point in the thermodynamic model development, we described only 

molecule-molecule interactions.  For an electrolyte system, there are interactions between 

molecules and electrolytes, for example between water and ionic species, and interactions 

between electrolyte pairs with a common cation or anion.  This chapter describes the data 

regression and model predictions for the ternary {H2O-Monoethanolamine (MEA)-Carbon 

dioxide (CO2)} system based on previous literature data and experimental results from this 

work.  The results for the binary interaction parameters for the electrolyte-NRTL 

(elecNRTL) model within Aspen PlusTM are then presented showing good statistical fit to the 

literature data with an average absolute relative error of ± 24.79 %, with the exception of a 

few outliers. 
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13.2  H2O-MEA-CO2 System 
 

With ions in an electrolyte solution, the elecNRTL model accounts for contributions 

associated with long-range ion-ion interactions and local interactions which exist around any 

central species as proposed by Chen et al. (1982).  In this section, we present background on 

the elecNRTL model for clarification purposes only. 

The elecNRTL model is a molar Gibbs energy model given by the following form: 

 * * *ln E
m w w k k j j m

k j
G x x x x Gµ µ∞= + + +∑ ∑  13-1 

where the excess Gibbs free energy model is given by the following form: 

 
* * , * , * ,E E PDH E Born E lc
m m m mG G G G

RT RT RT RT
= + +  13-2 

Where 
PDH is the Pitzer-Debije-Hückel contribution for long range ion-ion interactions, 
Born is the Born Correction for change in mixed solvent reference state, and 
lc is the local contribution for short range interactions. 
 

The molar Gibbs free energy and the molar excess Gibbs free energy are defined 

with the asymmetrical reference state as infinite dilute in pure solvent.  The reference state 

for ionic and molecular solutes follows the unsymmetrical convention: defined as infinite 

dilution in water.  The ideal mixing terms is calculated where j refers to any component and 

the molar Gibbs free energy of pure water is calculated from the ideal gas contribution.  The 

aqueous infinite dilution chemical potential is calculated from the infinite dilution aqueous 

phase heat capacity polynomial model, where the subscript k refers to any ions or molecular 

solute. 
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∫ ∫ 13-3 

Where ,aq
f kH ∞∆  and ,aq

f kG∞∆ are based on a molality scale and kµ∞ is based on a mole 

fraction scale, the last term is added for the conversion. 

For molecular solutes, the aqueous infinite dilution chemical potential is calculated 

from Henry’s law: 

 ,, ln k wig
k k ref

H
RT

P
µ µ∞ ∞ ⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 13-4 

Where 
0T is the reference temperature, 298.15 K, 
refP is the reference pressure, 1 atm. 

 
Thus, when the derivative of the Gibbs free energy at constant temperature and 

pressure reaches a minimum for a closed homogeneous system; the system has satisfied the 

condition for thermodynamic equilibrium.   

For the elecNRTL model to calculate activity coefficients, the excess Gibbs free 

energy is related to the activity coefficient by the following thermodynamic relationship. 

 
( )** /

ln
EE

mm
i

i

nG RTG
RT n

δ
γ

δ

⎡ ⎤
⎢ ⎥= =
⎢ ⎥⎣ ⎦

 13-5 

Please refer to Chapter VI for information relating to the specific contributions to the excess 

Gibbs energy model. 
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13.3  Chemical and Vapor-liquid Equilibrium of MEA 
 

Figure 13.3-1 illustrates the proposed system to correlate/predict the solubility of 

CO2 and MEA in aqueous solutions of MEA. 

 
 
 
 
 
 
 
 
                            2R1:            H O H OH+ −↔ +                                  13-6 

                            1
2 2 3R2:            CO +H O H HCO+ −↔ +                     13-7 

                            1 2
3 3R3:            HCO H CO− + −↔ +                              13-8 

                            1R4:            MEAH MEA H+ +↔ +                           13-9 

                            1 1
2 3R5:            MEACOO H O MEA HCO− −+ ↔ +    13-10 

Figure 13.3-1.  Chemical and Vapor-liquid Equilibrium of MEA. 

 
Reaction 13-6 describes the ionization of water to proton ( )H + and hydroxide   

ions ( )OH − ; Reaction 13-7 describes the hydrolysis and ionization of dissolved CO2 to H+ 

and bicarbonate ( )3HCO− ions; Reaction 13-8 describes the dissociation of HCO3
- to H+ and 

carbonate ( )2
3CO− ions; Reaction 13-9 describes the protonation of monoethanolamine 

( )MEA  to protonated monoethanolamine ( )1MEAH + ; Reaction 13-10 describes the 
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monoethanolamine carbamate formation ( )1MEACOO− .  The chemical equilibrium 

constant for the above j equations are expressed in Aspen PlusTM in terms of the activity of 

component i as given by the following relationship. 

 ,i j
j i

i

K aν= ∏  13-11 

Where 
jK is the chemical equilibrium constant, 

,i jν is the reaction stoichiometric coefficient of component i, 

ia is the activity of component i. 
 
In this work, for Reactions 13-6 to 13-9, we did not define the chemical equilibrium 

constants as linear temperature dependent functions, but rather in terms of the reference 

state Gibbs free energy of the system: 

 ,ln
o
i j

j

G
K

RT
∆

= −  13-12 

Where 

,i j

oG∆ is the standard free energy of formation of component i. 
 

The previous framework allows our rigorous thermodynamic model to be internally 

consistent with respect to governing thermodynamic definitions.  Table 8.3-12 and Table 

12.5-1 reported the standard state conditions at 25 oC associated with the species in 

Reactions 13-6 to 13-9 where the standard state conditions are consistent with published 

literature by Bates and Pinching (1951) and Edwards et al. (1978) as shown in Chapter VIII 

and Chapter XII, respectively. 

As stated previously, Equation 13-12 relates the chemical equilibrium constant to the 

standard Gibbs free energy change of reaction. 
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 ln
oG K

RT
∆

= −  13-13 

Where the standard property changes of reaction ( e.g. Gibbs free energy and enthalpy) are 

defined as the difference between the standard property change of the products and 

reactants, weighted by their stoichiometric coefficients. 

 o o
i i

i
M Mν∆ = ∑  13-14 

For molecular solutes (e.g. CO2), the standard Gibbs free energy is described based on the 

ideal gas reference state by following equation: 

 ( ) ( ) ( )
2

2 2
ln COo ig

CO CO ref

H T
G T G T RT

P
= +  13-15 

Where 

2

ig
COG is the ideal gas Gibbs free energy, J/kmol, 

2COH is the Henry’s Constant for CO2 in H2O (Chen et al. 1979), atm, 
refP is the reference pressure, 1 atm. 

 
For ionic species the aqueous phase infinite dilution molar heat capacity is described by the 

following equation: 

 ( ) ( ) ( )
2 4,,

, 1, 2, 3,
iaq

p i i i i

CJC C C T K C T K
kmol K T K

∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠
 13-16 

where coefficients for the aqueous phase infinite dilution molar heat capacity for carbonate, 

bicarbonate, and MEAH+ were described previously in Chapter XII - Section 12.5 and 

Chapter VIII - Section 8.3, respectively. 

The molar heat capacity of H2O was described in Chapter VII by the following 

equation: 
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( ) ( )

( ) ( )

2

2,*
,

3 46

189366 1171 4.53 ...

                      ... 0.00795 5.4723 10

l
p H O

JC T K T K
kmol K

T K T K−

⎛ ⎞ = − ⋅ + ⋅ −⎜ ⎟⋅⎝ ⎠

− ⋅ + × ⋅

 13-17 

For a given temperature, the molar aqueous phase infinite dilution heat capacity of 

monoethanolamine carbamate can then be determined analytically based on the 

simultaneously regressed infinite dilution aqueous phase free energy of formation ( ),aq
fG∞∆ , 

the infinite dilution aqueous phase enthalpy of formation ( ),aq
fH ∞∆ , and the infinite dilution 

aqueous phase heat capacity polynomial ( ),aq
pC∞  for monoethanolamine carbamate.  A 

starting point for a rigorous development starts with the following equation: 

 o o o
m m mG H T S∆ = ∆ − ∆  13-18 

Equation 13-18 is from the definition of the molar Gibbs free energy applied to each 

component in a chemical reaction evaluated at the standard state.  Applying Equation 13-14 

to Equation 13-18 yields 

 , , ,
o o o

i m i i m i i m i
i i i

G H T Sν ν ν= −∑ ∑ ∑  13-19 

where the standard molar heat of reaction and standard molar entropy change of reaction are 

related to temperature by the following expressions 

 
0

,
0,

oT
p mo o

m m
T

C
H H R dT

R
∆

∆ = ∆ + ∫  13-20 

 
0

,
0,

oT
p mo o

m m
T

C dTS S R
R T

∆
∆ = ∆ + ∫  13-21 

Equations 13-18, 13-20, and 13-21 are combined to yield 
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0 0

, ,
0, 0,

o oT T
p m p mo o o

m m m
T T

C C dTG H R dT T S RT
R R T

∆ ∆
∆ = ∆ + − ∆ −∫ ∫  13-22 

However, 

 0, 0,
0,

0

o o
m mo

m

H G
S

T
∆ − ∆

∆ =  13-23 

hence 
 

 ( )
0 0

, ,
0, 0, 0,

0

o oT T
p m p mo o o o

m m m m
T T

C CT dTG H H G R dT RT
T R R T

∆ ∆
∆ = ∆ − ∆ − ∆ + −∫ ∫  13-24 

Finally, division by RT yields 
 

 
0 0

, ,0, 0, 0,

0

1ln
o oo o o T To
p m p mm m mm

i
T T

C CG H HG dTK dT
RT RT RT T R R T

∆ ∆∆ − ∆ ∆∆
− = = + + −∫ ∫  13-25 

The change in heat capacity for the mixture can be expressed as 
 

 ( ) ( ) ( ) ( )2 3 4o
p

JC A B T K C T K D T K E T K
kmol K

⎛ ⎞∆ = ∆ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅⎜ ⎟⋅⎝ ⎠
 13-26 

with 
 i i

i
A v A∆ = ∑  13-27 

with analogous definitions for B∆ , C∆ , D∆ , and E∆ .  Through simultaneous regression 

of CO2 solubility, amine volatility, specific heat capacity, liquid phase speciation, and 

enthalpy of CO2 absorption, we were able to determine the infinite dilution aqueous phase 

free energy of formation, the infinite dilution aqueous phase enthalpy of formation, and the 

infinite dilution aqueous phase heat capacity polynomial for monoethanolamine carbamate.  

Please refer to section 13.5.5 for more information. 
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Ten data sets have been regressed with the elecNRTL model to represent the phase 

equilibrium of a mixed solvent system through regression of CO2 solubility [Goldman and 

Leibush (1959), Lawson and Garst (1976), Lee. et al. (1976), Jou et al. (1995), Ma’mun et al. 

(2005), and from this work], specific heat capacity [from this work], enthalpy of CO2 

absorption [Kim et al. (2007)], and NMR speciation [Poplsteinova (2004) and from this 

work] data over monoethanolamine solutions.   The elecNRTL model was never designed to 

regress enthalpy of CO2 absorption or NMR speciation data thus we created a fortran 

subroutine to link with the data regression system (DRS) in Aspen PlusTM. 

The following section describes the different types of data used in the creation of the 

binary H2O-MEA-CO2 elecNRTL model. 

13.3.1  CO2 Solubility and Amine Volatility 
 

Data in the form of CO2 solubility, which measures the partial pressure of CO2 over 

aqueous MEA solutions, 
2COP , as a function of loading (mole CO2 per mole MEA) and 

temperature were used to adjust the partial pressure of CO2 for the H2O-MEA-CO2 system 

through the simultaneous regression of the binary interaction parameters in the elecNRTL 

model for the H2O-MEA-CO2 system.  

For our ternary system (H2O, MEA, and CO2), the following equation can be used to 

represent the equilibrium for CO2 solubility data. 

 
2 2 2 2 2

*
,CO CO CO CO H OPy x Hγ=  13-28 

Where 

2COy is the vapor mole fraction of CO2, 

2

*
COγ is the unsymmetric activity coefficient of CO2, 

2761



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
432 

2 2,CO H OH is the Henry’s Constant for CO2 in H2O. 
 

Table 13.3-1 lists current literature data for CO2 solubility in aqueous MEA 

solutions. 

Table 13.3-1.  Sources of CO2 Solubility Data. 

Author Concentration/mass% PCO2/kPa
Mason and Dodge (1936) 3 12 30 56 74 0 25 50 75 1.3 - 100
Reed and Wood (1941) 15 100 120 140 138 - 1724
Lyudkovskaya and Leibush (1949) 3 12 30 25 50 75 254 - 4054
Atadan (1954) 15 30 45 59 30 50 70 1033 - 3447
Muhlbauer and Monaghan (1957) 15 25 100 < 133
Goldman and Leibush (1959) 6 12 15 30 75 100 120 140 0.3 - 467
Jones et al. (1959) 15 40 60 80 100 120 140 < 931
Murzin and Leites (1971) 3 6 12 15 21 30 40 50 60 70 80 < 93
Lee et al. (1974) 15 30 4 100 1.4 - 6620
Lawson and Garst (1976) 15 40 60 80 100 120 134 140 2.9 - 2786
Lawson and Garst (1976) 30 94 23 - 453
Lee et al. (1976) 6 15 23 30 25 40 60 80 100 120 0.2 - 6616
Nasir and Mather (1977) 15 30 60 80 100 0.001 - 1.3
Isaacs et al. (1980) 15 80 100 0.007 - 1.6
Austgen and Rochelle (1991) 15 40 80 0.09 - 229
Shen and Li (1992) 15 30 40 60 80 100 1.1 - 2550
Murrieta-Guevara et al. (1993) 15 30 30 50 100 1.5 - 2210
Robinson (1993) 20 30 40 70 100 120 0.003 - 6293
Jou et al. (1995) 30 0 25 40 60 80 100 120 150 0.0012 - 19954
Shong et al. (1996) 15 40 15.7 - 2550
Ma'mun et al. (2005) 30 120 7.4 - 192

Temperature/oC

 
 

In this work, we chose Goldman and Leibush (1959), Lawson and Garst (1976), Lee 

et al. (1976), Jou et al. (1995), and Ma’mun et al. (2005) as the key literature sources for CO2 

solubility data based on previous modeling works in the area.  The data by Lee et al. (1976) 

were known to be biased due to an error in the liquid phase analysis as reported by Jou et al. 

(1995).  The loading in this data set was then corrected by +0.04 mole CO2 per mole MEA. 

Examples of the experimental CO2 solubility used in this work from Goldman and 

Leibush (1959), Lee. et al. (1976), Jou et al. (1995), and Ma’mun et al. (2005)  and from this 

work in 7 m (mole/kg-H2O) or 30 wt% MEA, are shown in Figure 13.3-2.  In addition, 
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examples of experimental CO2 solubility used in this work from Lawson and Garst (1976), 

Lee et al. (1976) and from this work in 3.5 m or 15 wt% MEA are shown in Figure 13.3-3. 

In this work, we used a unique Fourier-transform infrared (FT-IR) technique to 

measure the vapor phase speciation in aqueous alkanolamine systems as described in 

Chapter II  Using this technique, we have been able to measure the vapor phase partial 

pressure of MEA over aqueous MEA solutions, MEAP , as a function of loading (mole CO2 

per mole MEA) and temperature. 

For our ternary system (H2O, MEA, and CO2), the following equation can be used to 

represent the equilibrium for MEA volatility data. 

 o
MEA MEA MEA MEAPy x Pγ=  13-29 

Where 
MEAy is the vapor mole fraction of MEA, 

MEAγ is the asymmetric activity coefficient of MEA, 
o

MEAP is the extended Antoine vapor pressure correlation for MEA given in Chapter VII. 
 

Examples of the experimental MEA volatility from this work in 3.5, 7, and 11 m 

MEA, are shown in Figure 13.3-4, Figure 13.3-5, and Figure 13.3-6, respectively. 
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Figure 13.3-2.  CO2 Solubility in ~7 m MEA at 25 (A), 40 (B), 60 (C), 80 (D), 100 (E), and    
120 oC (F).  Points: ×, Goldman and Leibush (1959), ■, Lee et al. (1976), ♦, Jou et al. 
(1995),●,Ma’mum et al. (2005), ▲, this work. 
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Figure 13.3-3.  CO2 Solubility in ~3.5 m MEA at 25 (A), 40 (B), 60 (C), 80 (D), 100 (E), and 
120 oC (F).  Points: ♦, Lawson and Garst (1976), ■, Lee et al. (1976), ▲, this work. 
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Figure 13.3-4.  MEA Volatility for 3.5 m MEA from this work.  Points: ♦, 40 oC, ■, 60 oC. 
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Figure 13.3-5.  MEA Volatility for 7 m MEA from this work.  Points: ♦, 40 oC, ■, 60 oC. 

2766



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
437 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0 0.1 0.2 0.3 0.4 0.5 0.6

Loading (mol CO2/mol MEA)

M
E

A
 P

ar
ti

al
 P

re
ss

u
re

 (
kP

a)

 
Figure 13.3-6.  MEA Volatility for 11 m MEA from this work.  Points: ♦, 40 oC, ■, 60 oC. 
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13.3.2  Specific Heat Capacity 
 

As stated in Chapter VI, Aspen PlusTM calculates the liquid phase heat capacity of a 

mixture (CPMX) by taking the derivative of the liquid enthalpy at constant pressure: 

 ( ) ( ) ,

T T
l l l
m m p m

T

H T T H T C dT
+∆

+ ∆ − = ∫  13-30 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

m i i k k m
i k

H T x H x H H∞= + +∑ ∑  13-31 
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for solvents: 

 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  13-32 

for molecular solutes (CO2): 
 

 ( ) ( ) 2,ln i H Oig
i i ref

H
H T H T RT

P
⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 13-33 

for cations or anions: 
 

 ( ) ( ), ,
ref

T
ref

k f k p k
T

H T H T C dT∞ ∞ ∞= ∆ + ∫  13-34 

Where 
T∆  is the perturbation in temperature from T, 
E
mH  is the excess enthalpy of the mixture, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i, 

kH ∞ is the infinite dilution aqueous enthalpy of component k, 

( ),
ref

f kH T∞∆ is the infinite dilution aqueous phase standard enthalpy of formation of 

component k at refT , 
,p kC∞ is the infinite dilution aqueous phase heat capacity polynomial of component k. 

 
 

Table 13.3-2 gives the coefficients for the infinite dilution aqueous phase heat 

capacity used in Aspen PlusTM based on the following expression: 

 

 ( ) ( )( ) ( )
2 4

, 1 2 3p k
CJC C C T K C T K

kmol K T K
∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠

 13-35 
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Table 13.3-2.  Infinite Dilution Aqueous Phase Heat Capacity Default Coefficients. 

Parameter Symbol H+ OH- HCO3
-1  CO3

-2 MEAH+1 
CPAQ0-1 C1 0.0 0.0 211387 1334017 -1710760 
CPAQ0-2 C2 0.0 -497.9 -882 -5565 7136 
CPAQ0-3 C3 0.0 0.0 0.875 5.19 -8.54 
CPAQ0-4 C4 0.0 0.0 -1.9E+07 -1.2E+08 1.5E+08 

 
Data in the form of specific heat capacity as a function of loading, molality, and 

temperature were used to adjust the coefficients for the binary interaction parameters of the 

elecNRTL model.  An example of the experimental specific heat capacity from this work 

from 40 to 120 oC for 3.5 and 7 m MEA is shown in Figure 13.3-7and Figure 13.3-8, 

respectively.  Points shown corresponding to a loading of zero were regressed as part of 

Chapter VIII.  Please refer to Chapter VIII for more information. 
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Figure 13.3-7.  Specific Heat Capacity in Loaded 3.5 m MEA Solutions from this work.  
Points: ●, Ldg = 0.0, ♦, Ldg = 0.097, ■, Ldg = 0.375,▲, Ldg = 0.583. 
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Figure 13.3-8.  Specific Heat Capacity in Loaded 7 m MEA Solutions from this work.  Points: 
●, Ldg = 0.0, ♦, Ldg = 0.139, ■, Ldg = 0.358,▲, Ldg = 0.541. 

 

13.3.3  Enthalpy of CO2 Absorption 
 

Data in the form of the enthalpy of CO2 absorption for aqueous monoethanolamine 

solutions, as a function of loading and temperature, were used to adjust the activity 

coefficients for each liquid phase component in the H2O-MEA-CO2 system through the 

simultaneous regression of the binary interaction parameters in the elecNRTL model. 

For our true component ternary system (H2O, MEA, and CO2), the Gibbs-

Helmholtz equation can be used to represent the differential enthalpy of CO2 absorption: 

 
( )

2

2

 
1/

CO

v
COabs

x

d fH
R d T

⎛ ⎞∆
− = ⎜ ⎟⎜ ⎟

⎝ ⎠
 13-36 
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The heat released can be measured by direct calorimetry or estimated from CO2 

solubility data.  The latter has been shown to have a high degree of uncertainty on the order 

of ± 20 to 30 % as reported by Lee et al. (1974).  However, if the loading span within one 

CO2 addition can be kept rather low, the measurements gave enthalpy data close to 

differential values in loading rather than integral as shown by Kim et al. (2007) with respect 

to the total amount of heat released from zero loading to the experimental loading data point 

as shown by the following expression: 

 int
0

dαdiffH H
α

−∆ = − ∆∫  13-37 

Where 
α is the loading of the solution, mole CO2/mole MEA. 
 

 In addition, only a limited amount of experimental data is available in the literature 

for aqueous monoethanolamine.  Mathonat (1995) and Mathonat et al. (1998) reported 

integral enthalpy of CO2 absorption in 30 wt% monoethanolamine solutions at 40, 80, and 

120 oC and over the range of loading from 0 – 2 mol CO2/mol MEA, but due to a high 

degree of scatter the data set was excluded for the data regression.  Carson et al. (2000) also 

reported integral enthalpy of CO2 absorption in 10, 20, and 30 wt% monoethanolamine at  

25 oC and at low loading, < 0.1 mol CO2/mol MEA.  For this reason, this data set was 

excluded from the data regression.  Finally, Kim et al. (2007) reported consistent 

experimental differential enthalpy of CO2 absorption data in 30 wt% monoethanolamine 

solutions at 40, 80, and 120 oC and over the range of loading from 0 – 0.7 mol CO2/mol 

MEA.   

2771



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
442 

Aspen PlusTM was never designed to regress differential enthalpy of CO2 absorption 

data; nevertheless, in this work we were able to develop a fortran subroutine to regress 

experimental differential enthalpy of CO2 absorption data within DRS utilizing the following 

schema presented in Figure 13.3-9. 

 

Read Ti, {xi}, and 
Habs

with i = 1,2

Evaluate { Habs}Est

Flash {xi} at Ti

Is RSS = 1

Print { Habs}Est

Yes

Adjust Ti or 
{xi}

NoCalculate fiCO2

Ti+ T

Evaluate Objective 
Function

({ Habs}-{ Habs}Est)2=1

 

Figure 13.3-9.  Differential Enthalpy of CO2 Absorption Fortran Subroutine Schema 
Developed for Aspen PlusTM. 

 

2772



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
443 

Within DRS, the user inputs the temperature in Kelvin, the apparent liquid phase 

mole fractions for MEA, CO2, and H2O, and the differential enthalpy of CO2 absorption.  

The fortran subroutine then calls a FLSH_FLASH subroutine within Aspen PlusTM and 

performs a temperature-vapor fraction flash calculation.  Once the FLASH subroutine 

converges, the fortran subroutine calculates the CO2 vapor phase fugacity based on the 

estimated partial pressure and the vapor phase fugacity coefficient of CO2, respectively.  The 

fortran subtroutine then numerically differentiates the vapor phase fugacity of CO2 at T and 

(T + 1 K) based on Equation 13-36. 

Finally, the fortran subroutine exports the estimated enthalpy of CO2 absorption to 

DRS.  DRS then tries to minimize the difference between the estimated enthalpy of CO2 

absorption calculated from the fortran subroutine and the experimental value utilizing the 

Maximum Likelihood Method within Aspen PlusTM to minimize the overall objective 

function while adjusting each property variable.  For more information about the complete 

fortran subroutine code, please refer to Appendix K. 

Examples of the experimental differential enthalpy of CO2 absorption used in this 

work from Kim et al. (2007) at 40, 80, and 120 oC for 30 wt% monoethanolamine are shown 

in Figure 13.3-10, Figure 13.3-11, and Figure 13.3-12, respectively. 
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Figure 13.3-10.   Negative Differential Enthalpy of CO2 Absotption in 30 wt% MEA at 40 oC 
from Kim et al. (2007). 
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Figure 13.3-11.   Negative Differential Enthalpy of CO2 Absotption in 30 wt% MEA at 80 oC 
from Kim et al. (2007). 
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Figure 13.3-12.   Negative Differential Enthalpy of CO2 Absotption in 30 wt% MEA at 120 oC 
from Kim et al. (2007). 

 

13.3.4  NMR Speciation 
 

Data in the form of carbon13 NMR speciation for aqueous monoethanolamine 

solutions, as a function of loading, concentration, and temperature, were used to adjust the 

activity coefficients for each liquid phase component in the H2O-MEA-CO2 system through 

the simultaneous regression of the binary interaction parameters in the elecNRTL model. 

For our true component ternary system (H2O, MEA, and CO2), the following 

equations can be used to represent the liquid phase equilibrium for the NMR speciation data 

as reported by Poplsteinova (2004) and from this work. 

 *
MEA MEA MEAH

n n n += +  13-38 
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 1 1
*
MEACOO MEACOO

n n− −=  13-39 

 2 122 3 3

*
COCO CO HCO

n n n n− −= + +  13-40 

Where 
ni is the true number of moles for each component per kilogram of water corresponding to 
the relative proton/carbon NMR peak areas, 
ni* is the pseudo-component quantity based on experimental NMR data. 
 

Poplsteinova (2004) and this work measured the peak areas or intensities for the 

corresponding carbons associated with each molecule(s) relative to an internal standard 

(dioxane) which allowed for a quantitative analysis of the NMR data.  Please refer to Chapter 

III for more information about experimental NMR speciation methods. 

Aspen PlusTM was never designed to regress NMR speciation data; nevertheless, in 

this work we were able to develop a fortran subroutine to regress experimental NMR 

speciation data within DRS utilizing the schema presented in Figure 13.3-13.  Within DRS, 

the user inputs the temperature in Kelvin, and the pseudo-component mole fractions for 

MEA, MEACOO-1, CO2, and H2O.  The fortran subtroutine then calculates the apparent 

component mole fractions based on the following expressions: 

 
 1

* *A
MEA MEA MEACOO

x x x −= +  13-41 

 12 2

* *A
CO CO MEACOO

x x x −= +  13-42 

The fortran subroutine then calls a FLSH_FLASH subroutine within Aspen PlusTM and 

performs a temperature-vapor fraction flash calculation.  Once the FLASH subroutine 

converges, the fortran subroutine calls a PPSTUB_GETTRU subroutine within Aspen 

PlusTM and extracts the true species mole fractions from the converged flash calculation.   
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Figure 13.3-13.  NMR Speciation Fortran Subroutine Schema Developed for Aspen PlusTM. 

 
The fortran subroutine then takes the true species mole fractions and calculates the 

estimated pseudo-component mole fractions based on the following expressions: 

 *,est
MEA MEA MEAH

x x x += +  13-43 

 1 1
*,est
MEACOO MEACOO

x x− −=  13-44 

 2 122 3 3

*,est
COCO CO HCO

x x x x− −= + +  13-45 

Finally, the fortran subroutine compares the estimated pseudo-component mole fractions to 

the experimental pseudo-component mole factions and calculates one minus the residual 
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sum of squares (RSS).  DRS then tries to minimize the difference between the RSS 

calculated from the fortran subroutine and the user property supplied to DRS by the user, a 

value of one, while DRS utilizes the Maximum Likelihood Method within Aspen PlusTM to 

minimize the overall objective function while adjusting each property variable.  For more 

information about the complete fortran subroutine code, please refer to Appendix K for 

more information. 

 Examples of the experimental NMR speciation used in this work from Poplsteinova 

(2004) and this work for 7 m monoethanolamine solutions at 27, 40, and 60 oC are shown in 

Figure 13.3-14, Figure 13.3-15, and Figure 13.3-16, respectively. 
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Figure 13.3-14.  Liquid Phase Speciation from C13 NMR at 27 oC.  Points: ◊, MEA+MEAH+, 
□, MEACOO-1, ∆, CO3-2+HCO3-1, from this work. 
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Figure 13.3-15.  Liquid Phase Speciation from C13 NMR at 40 oC.  Points: ♦, MEA+MEAH+, 
■, MEACOO-1, ▲, CO2+CO3-2+HCO3-1, from Poplsteinova (2004); ◊, MEA+MEAH+, □, 
MEACOO-1, ∆, CO3-2+HCO3-1, from this work.   
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Figure 13.3-16.  Liquid Phase Speciation from C13 NMR at 60 oC.  Points: ◊, MEA+MEAH+, 
□, MEACOO-1, ∆, CO3-2+HCO3-1, from this work. 
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13.4  Data Regression 
 

There are three types of binary interaction parameters in the elecNRTL model: 

molecule-molecule, ',m m
τ and ' ,m m

τ ; molecule-electrolyte, ,m caτ and ,ca mτ ; electrolyte-electrolyte 

(with a common cation or anion) , 'ca caτ and ',ca caτ or , 'ca c aτ and ' ,c a caτ ; and the molecule-

electrolyte nonrandomness factor, ,ca mα .  Chen and Evans (1986) noted that in their 

regression attempts it was not always possible to obtain statistically significant results for all 

four types of binary interaction parameters.  In this work, the molecule-electrolyte 

nonrandomness parameter was set to an arbitrary value of , 0.2ca mα =  for all correlations 

involving electrolyte systems as suggested by Chen and Evans (1986).  In this work, the 

electrolyte – electrolyte parameters are generally negligible and were assumed to be zero.  

For the elecNRTL model, default values for molecule-electrolyte and electrolyte-

molecule interactions are given in Table 13.4-1. 

Table 13.4-1.  Default Binary Interaction Parameters for the elecNRTL Model in Aspen 
PlusTM. 

Binary Interaction Pairs τ
Molecule-electrolyte 10
Electrolyte-molecule -2

Water-electrolyte 8
Electrolyte-water -4  

 
The energy parameters are adjusted to provide the best fit to the data.  The binary 

interaction parameters were assumed to be temperature dependent and were fitted to the 

following function of temperature: 
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where refT is defined as 298.15 K and electrolyte-electrolyte interactions follow a similar 

form as given above.  A list of the aqueous electrolyte data sets that were examined in this 

work is given in Table 13.4-2.   

Table 13.4-2.  Experimental data used for regression of the H2O-MEA-CO2 systems. 

 Obs. T (oC) σT σPCO2 σMEA σCO2 σy Source 
PCO2 38 120.0 0.01 2.0% 0.1% 0.2% 0 Goldman and Leibush (1959) 

 93 25.0 – 120.0 0.01 2.0% 0.1% 0.2% 0 Lee et al. (1976) 
 16 40.0 – 120.0 0.01 2.0% 0.1% 0.2% 0 Lawson and Garst (1976) 
 70 25.0 – 120.0 0.01 2.0% 0.1% 0.2% 0 Jou et al. (1995) 
 19 120.0 0.01 2.0% 0.1% 0.2% 0 Ma’mun et al. (2005) 
 55 40.0 – 120.0 0.01 2.0% 0.1% 0.2% 0 This work 
         
 Obs. T (oC) σT σPMEA σMEA σCO2 σy Source 

PMEA 55 40.0 – 120.0 0.01 2.0% 0.1% 0.2% 0 This work 
         
 Obs. T (oC) σT σMEA σCO2 σCp  Source 

Cp 102 40.0 – 120.0 0.1 0.1% 0.2% 2.0%  This work 
         
 Obs. T (oC) σT σMEA σCO2 σ∆H  Source 

∆Habs 53 40.0 – 120.0 0.01 0.1% 0.2% 2.0%  Kim et al. (2007) 
         
 Obs. T (oC) σT σx    Source 

NMR 23 20.0 – 40.0 0.01 1.0%    Poplsteinova (2004) 
 53 27.0 – 60.0 0.01 1.0%    This work 

 

The column labels Tσ , 2PCOσ , PMEAσ ,
ixσ ,

iyσ , Cpσ , Hσ ∆ , give the standard error 

associated with the temperature, partial pressure of CO2, partial pressure of MEA, liquid 

mole fraction, vapor mole fraction, the specific heat capacity, and the enthalpy of CO2 
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absorption, respectively, with each data set.  DRS suggested standard error default values 

were assigned unless otherwise stated by the author.  Overall, 577 experimental data points 

were included in the model regression.. 

Table 13.4-3 shows the regression summary statistics output for estimates of the 

adjustable binary parameter coefficients, the infinite dilution aqueous phase free energy of 

formation, the infinite dilution aqueous phase enthalpy of formation, and the infinite 

dilution aqueous phase heat capacity polynomial for monoethanolamine carbamate after 

performing a nonlinear regression for the full model using DRS in Aspen PlusTM. 

Table 13.4-3.  DRS Regression Output for Full H2O-MEA-CO2 System Model. 

i j k Estimate σ wrt Estimate i j k Estimate σ wrt Estimate
1 ∆GMEACOO  -492922521 614438 18-Am,ca MEA MEAH+ HCO3

-1 1.79 88.1
2 ∆HMEACOO  -707209084 10666596 19-Bm,ca MEA MEAH+ HCO3

-1 3129 28486
3-CP-A MEACOO-1  -2408071 4943171 20-Cm,ca MEA MEAH+ HCO3

-1 66.0 514
4-CP-B MEACOO-1  17268 29480 21-Aca,m MEAH+ HCO3

-1 MEA -30.8 38.0
5-CP-C MEACOO-1  -26.0 43.3 22-Bca,m MEAH+ HCO3

-1 MEA 6982 12102
6-Am,ca H2O MEAH+ HCO3

-1 12.8 2.66 23-Cca,m MEAH+ HCO3
-1 MEA 440 359

7-Bm,ca H2O MEAH+ HCO3
-1 156 824 24-Am,ca MEA MEAH+ MEACOO-1 16.9 3.76

8-Cm,ca H2O MEAH+ HCO3
-1 24.6 17.8 25-Bm,ca MEA MEAH+ MEACOO-1 -2810 1236

9-Aca,m MEAH+ HCO3
-1 H2O -3.81 1.125 26-Cm,ca MEA MEAH+ MEACOO-1 22.4 15.9

10-Bca,m MEAH+ HCO3
-1 H2O -215 348 27-Aca,m MEAH+ MEACOO-1 MEA -13.6 5.40

11-Cca,m MEAH+ HCO3
-1 H2O -5.89 8.00 28-Bca,m MEAH+ MEACOO-1 MEA 1865 1770

12-Am,ca H2O MEAH+ MEACOO-1 19.0 2.38 29-Cca,m MEAH+ MEACOO-1 MEA 16.5 16.3
13-Bm,ca H2O MEAH+ MEACOO-1 -790 740 30-Am,ca CO2 MEAH+ HCO3

-1 49.2 287
14-Cm,ca H2O MEAH+ MEACOO-1 -19.7 16.8 31-Bm,ca CO2 MEAH+ HCO3

-1 430 81739
15-Aca,m MEAH+ MEACOO-1 H2O -7.39 0.523 32-Cm,ca CO2 MEAH+ HCO3

-1 2263 10709
16-Bca,m MEAH+ MEACOO-1 H2O 432 167 33-Aca,m MEAH+ HCO3

-1 CO2 -5.89 1277
17-Cca,m MEAH+ MEACOO-1 H2O 1.76 3.03 34-Bca,m MEAH+ HCO3

-1 CO2 14445 406897
35-Cca,m MEAH+ HCO3

-1 CO2 659 14857

Interacting Species Interacting Species

 
Residual Sum of Squares:  298,712 
Residual Root Mean Square:  24.869 
Degree of Freedom:   542 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that eighteen of the estimates are smaller relative to their standard 

errors.  Table 13.4-4 gives a complete description of the variability of the coefficient 

estimates by examining the correlations between the estimates. 
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Table 13.4-4.  Correlation Matrix of the Coefficient Estimates for the Full H2O-MEA-CO2 
System Model 
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Table 13.4-4 shows 18 highly negative and positive correlations out of a possible 630.  

The highly correlated parameters are between the temperature dependent coefficients and 

the respective constant for the each energy parameter estimate, but the correlation between 

other coefficients is relatively small, suggesting the amount of temperature dependent 

parameters might be usefully removed from the model without significant loss of 

information. 

After performing backward elimination using DRS, the following “optimum” model 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients are shown in Table 13.4-5.   

Table 13.4-5.  DRS Regression Output for Optimum H2O-MEA-CO2 System Model. 

i j k Estimate σ wrt Estimate i j k Estimate σ wrt Estimate
1 ∆GMEACOO  -492410636 527668 18-Am,ca MEA MEAH+ HCO3

-1 -102 43.0
2 ∆HMEACOO  -723540100 5262527 19-Bm,ca MEA MEAH+ HCO3

-1 32855 13529
3-CP-A MEACOO-1  5332580 5220248 20-Cm,ca MEA MEAH+ HCO3

-1 2004 409
4-CP-B MEACOO-1  -28100 29167 21-Aca,m MEAH+ HCO3

-1 MEA 25.3 19.9
5-CP-C MEACOO-1  39.9 40.7 22-Bca,m MEAH+ HCO3

-1 MEA -8743 6240
6-Am,ca H2O MEAH+ HCO3

-1 3.35 3.17 23-Cca,m MEAH+ HCO3
-1 MEA 960 249

7-Bm,ca H2O MEAH+ HCO3
-1 3060 957 24-Am,ca MEA MEAH+ MEACOO-1 20.1 1.69

8-Cm,ca H2O MEAH+ HCO3
-1 59.9 23.7 25-Bm,ca MEA MEAH+ MEACOO-1 -4254 496

9-Aca,m MEAH+ HCO3
-1 H2O 0.0843 1.670 26-Cm,ca MEA MEAH+ MEACOO-1 90.0 23.2

10-Bca,m MEAH+ HCO3
-1 H2O -1416 506 27-Aca,m MEAH+ MEACOO-1 MEA -35.3 5.17

11-Cca,m MEAH+ HCO3
-1 H2O -26.5 12.9 28-Bca,m MEAH+ MEACOO-1 MEA 9202 1706

12-Am,ca H2O MEAH+ MEACOO-1 15.8 1.10 29-Cca,m MEAH+ MEACOO-1 MEA 59.3 15.4
13-Bm,ca H2O MEAH+ MEACOO-1 368 359 30-Am,ca CO2 MEAH+ HCO3

-1 -189 411
14-Cm,ca H2O MEAH+ MEACOO-1 0.0 - 31-Bm,ca CO2 MEAH+ HCO3

-1 62022 130433
15-Aca,m MEAH+ MEACOO-1 H2O -4.28 0.380 32-Cm,ca CO2 MEAH+ HCO3

-1 1710 3189
16-Bca,m MEAH+ MEACOO-1 H2O -575 124 33-Aca,m MEAH+ HCO3

-1 CO2 -174 264
17-Cca,m MEAH+ MEACOO-1 H2O -11.9 1.17 34-Bca,m MEAH+ HCO3

-1 CO2 55673 87032
35-Cca,m MEAH+ HCO3

-1 CO2 775 1370

Interacting Species Interacting Species

 
Residual Sum of Squares:  286,715 
Residual Root Mean Square:  24.343 
Degree of Freedom:   541 
 

Notice that nine of the estimates are smaller relative to their standard errors.  

Comparing the estimates from the full model to the “optimum” model, there was relatively 

little difference between the estimated values.  With the elimination of one parameter, the 
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optimum model was unable to provide adequate predictions to the experimental data even 

though the sum of squares decreased by 4.01 percent.  Furthermore, none of the other 

possible submodels proposed by backward elimination were able to provide adequate 

predictions and capture systematic trends with the data sets.  In this work, we chose the 

full model to describe the interactions in the H2O-MEA-CO2 system. 
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Figure 13.4-1.  Binary Interaction Parameters for H2O,MEAH+/HCO3-1. 

 
Estimated Binary Interaction Parameters 

With the determination of the estimates for the binary interaction parameters known 

for the full model, we can use Equation 13-47 and Equation 13-48 to illustrate the 

temperature dependence of the molecule-electrolyte, electrolyte-molecule, water-electrolyte, 

and electrolyte-water energy parameters as shown in Figure 13.4-1 through Figure 13.4-5. 
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Figure 13.4-2.  Binary Interaction Parameters for H2O,MEAH+/MEACOO-1. 

 

-10

-5

0

5

10

15

20

0 20 40 60 80 100 120

Temperature (oC)

B
in

ar
y 

In
te

ra
ct

io
n

 P
ar

am
et

er
s 

(τ
)

MEA (MEA+,HCO3-)
(MEA+,HCO3-) MEA
Default Values

 
Figure 13.4-3.  Binary Interaction Parameters for MEA,MEAH+/HCO3-1. 
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Figure 13.4-4.  Binary Interaction Parameters for MEA,MEAH+/MEACOO-1. 
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Figure 13.4-5.  Binary Interaction Parameters for CO2,MEAH+/HCO3-1. 
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13.4.1  Full Model Results 
 

With the determination of the estimates for the binary interaction parameters known 

for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-MEA-CO2 model against literature data.  For each data point, the 

deviation between the experimental and estimated values is expressed in terms of the average 

absolute relative deviation (AARD) given in Table 13.4-6 and Table 13.4-7.  Overall, the 

model adequately describes the H2O-MEA-CO2 property data listed above within an average 

absolute relative error of ± 24.79 percent, with the exception of a few outliers. 

 
Table 13.4-6.  Absolute Percent Relative Error for the H2O-MEA-CO2 Full Model. 

AARD AARD

This work 30.01 2.06
Lee et al. (1976) 21.67 0.84
Lawson and Garst (1976) 67.99 1.85
Jou et al. (1995) 13.55 0.52
Goldman and Leibush (1959) 13.93 0.86
Ma'mun et al. (2005) 27.06 1.60

MEA Solubility

This work 35.22 2.22

Enthalpy of CO2 Abs.

Kim et al. (2007) 12.91 0.57

Specific Heat Capacity

This work 0.79 0.037

Overall 24.79 1.17

Loading

CO2 Solubility

CP

∆HABS Loading

PCO2 Loading

PMEA Loading
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Table 13.4-7.  Absolute Percent Relative Error for the H2O-MEA-CO2 Full Model Speciation. 

MEA+MEAH+ MEACOO-1 CO2+CO3
-2+HCO3

-1 Loading
AARD AARD AARD AARD

This work 7.25 4.84 0.04 8.30
Poplsteinova (2004) 9.13 5.62 1.07 10.57

NMR Speciation

 

13.5  Full Model Predictions 
 

In this work, we have compiled a large database of consistent high quality data 

needed to obtain a unique set of binary interactions parameters to describe the H2O-MEA-

CO2 system.  The remainder of this chapter will be devoted to using our model as a 

predictive tool as described in the subsequent sections. 

13.5.1  CO2 Solubility and Amine Volatility 
 

Figure 13.5-1 through Figure 13.5-15 gives the results of fit for the experimental CO2 

solubility at 3.5, 7 and 11 m MEA versus loading from 25 – 120 oC.  Overall, the full model 

adequately describes the CO2 solubility data within an average absolute relative error of ± 

27.19 percent. 

CO2 Solubility Predictions for 3.5 m MEA 

Thoughout Figure 13.5-1 through Figure 13.5-6, the full model overestimates the 

solubility of CO2 by a factor of 3.  This error is due to full model over estimating the liquid 

phase speciation as shown in Figure 13.5-44, implying that an error may exist within either 

the experimental NMR speciation data or the experimental CO2 solubility data.  On the 
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other hand, since this system lies at the boundary of the chosen experimental data, the error 

could be a result of the regression analysis. 

Model predictions based on the current Aspen Plus model by Austgen (1989) are 

compared to predictions from this work.  Overall, predictions from Austgen (1989) 

accurately estimate the CO2 solubility at low loading from 25 to 120 oC, but overestimate the 

CO2 solubility at moderate to high loading.  Austgen (1989) chose to regress only CO2 

solubility data from Lee et al. (1976), Isaacs et al. (1980), Lawson and Garst (1976), Jones et 

al. (1959), and Muhlbauer and Monaghan (1957) by regressing binary interaction parameters 

and coefficients for the temperature dependent chemical equilibrium constant for the 

monoethanolamine carbamate.  Over the course of eighteen years, previous works have 

found inconsistencies within several of the above mentioned data sets and an error in 

loading analysis of Lee et al. (1976).  However, the Austgen (1989) model has served as a 

cornerstone in thermodynamic model comparisons for the H2O-MEA-CO2 system because 

the model adequately predicts the solubility of CO2 over a large range in concentration, 

loading, and temperature. 
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Figure 13.5-1.  Comparison between Experimental and Predicted CO2 Solubility in ~3.5 m 
MEA at 25 oC.  Points: ♦, Lawson and Garst (1976), ■, Lee et al. (1976). Lines: · · ·, Austgen 
(1989), ─, this work. 
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Figure 13.5-2.  Comparison between Experimental and Predicted CO2 Solubility in ~3.5 m 
MEA at 40 oC.  Points: ♦, Lawson and Garst (1976), ■, Lee et al. (1976), ▲, this work. Lines: · 
· ·, Austgen (1989), ─, this work. 
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Figure 13.5-3.  Comparison between Experimental and Predicted CO2 Solubility in ~3.5 m 
MEA at 60 oC.  Points: ♦, Lawson and Garst (1976), ■, Lee et al. (1976), ▲, this work. Lines: · 
· ·, Austgen (1989), ─, this work. 

0.1

1

10

100

1000

10000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Loading (mol CO2/mol MEA)

C
O

2 
P

ar
ti

al
 P

re
ss

u
re

 (
kP

a)

 
Figure 13.5-4.  Comparison between Experimental and Predicted CO2 Solubility in ~3.5 m 
MEA at 80 oC.  Points: ♦, Lawson and Garst (1976), ■, Lee et al. (1976). Lines: · · ·, Austgen 
(1989), ─, this work. 
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Figure 13.5-5.  Comparison between Experimental and Predicted CO2 Solubility in ~3.5 m 
MEA at 100 oC.  Points: ♦, Lawson and Garst (1976), ■, Lee et al. (1976). Lines: · · ·, Austgen 
(1989), ─, this work. 
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Figure 13.5-6.  Comparison between Experimental and Predicted CO2 Solubility in ~3.5 m 
MEA at 120 oC.  Points: ♦, Lawson and Garst (1976), ■, Lee et al. (1976). Lines: · · ·, Austgen 
(1989), ─, this work. 
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CO2 Solubility Predictions for 7 m MEA 

In Figure 13.5-7 through Figure 13.5-12 the full model adequately predicts the 

solubility of CO2 over the entire range of loading and temperature.  Model predictions from 

Austgen (1989) are compared to predictions from this work.  Overall, predictions from 

Austgen (1989) overestimate the CO2 solubility as compared to the experimental data.  In 

1995, Jou et al. (1995) reported an 0.04 error in loading within the work by Lee et al. (1976).  

After 1995, most works have made this correction before regressing the Lee et al. (1976) 

data set.  The overestimation in the Austgen (1989) model is due to this reason since the Lee 

et al. (1976) data set was a major part of the model regression. 

Model predictions based on the work by Freguia (2002) are also compared to 

predictions from this work.  Freguia (2002) reproduced the model by Austgen (1989) and 

included interaction parameters to match the CO2 solubility data by Jou et al. (1995) over the 

range in loading from 0.1 to 0.5 mole of CO2 per mole of MEA.  In addition, Freguia (2002) 

included heat stable salts (i.e. formate) effects by assigning the same interaction parameters 

associated with MEACOO-1.  Heat stable salts are a bi-product of MEA reacting with a 

strong acid to form formate or sulfate, thus altering the chemical equilibrium by increasing 

the partial pressure of CO2 at a given loading.  In this work, we chose not to include heat 

stable salt effects.  We would recommend that in future work, the effects of heat stable salts 

be included in a rigorous thermodynamic model to accurately represent industrial chemical 

equilibrium. 
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Figure 13.5-7.  Comparison between Experimental and Predicted CO2 Solubility in ~7 m 
MEA at 25 oC.  Points: ■, Lee et al. (1976), ♦, Jou et al. (1995).  Lines: · · ·, Austgen (1989),    
─  ─, Freguia (2002), ─, this work. 
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Figure 13.5-8.  Comparison between Experimental and Predicted CO2 Solubility in ~7 m 
MEA at 40 oC.  Points: ■, Lee et al. (1976), ♦, Jou et al. (1995), ▲, this work.  Lines: · · ·, 
Austgen (1989), ─  ─, Freguia (2002), ─, this work. 
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Figure 13.5-9.  Comparison between Experimental and Predicted CO2 Solubility in ~7 m 
MEA at 60 oC.  Points: ■, Lee et al. (1976), ♦, Jou et al. (1995), ▲, this work.  Lines: · · ·, 
Austgen (1989), ─  ─, Freguia (2002), ─, this work. 
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Figure 13.5-10.  Comparison between Experimental and Predicted CO2 Solubility in ~7 m 
MEA at 80 oC.  Points: ■, Lee et al. (1976), ♦, Jou et al. (1995).  Lines: · · ·, Austgen (1989),    
─  ─, Freguia (2002), ─, this work. 
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Figure 13.5-11.  Comparison between Experimental and Predicted CO2 Solubility in ~7 m 
MEA at 100 oC.  Points: ■, Lee et al. (1976), ♦, Jou et al. (1995).  Lines: · · ·, Austgen (1989),   
─  ─, Freguia (2002), ─, this work. 
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Figure 13.5-12.  Comparison between Experimental and Predicted CO2 Solubility in ~7 m 
MEA at 120 oC.  Points: ×, Goldman and Leibush (1959), ■, Lee et al. (1976), ♦, Jou et al. 
(1995), ●, Ma’mum et al. (2005).  Lines: · · ·, Austgen (1989), ─  ─, Freguia (2002), ─, this 
work. 

2797



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
468 

CO2 Capture Implications 
 

For industrial CO2 capture applications such as aqueous absorption/stripping from 

coal fired power plants, one of the critical regions for an adequate representation of 

experimental VLE data is within the absorber column where CO2 chemically reacts with an 

aqueous amine solvent reducing the amount of CO2 released into the atmosphere.  Figure 

13.5-13 illustrates a parity plot for the prediction of CO2 partial pressure based on 

predictions from Austgen (1989), Freguia (2002), and this work to the experimental work by 

Jou et al. (1995).  In the figure, the loading region from 0.2 to 0.5 mol CO2/mol MEA 

indicates the nominal aqueous absorption operating region between 40 and 60 oC.  The 

figure illustrates that predictions from this work and from Freguia (2002) adequately predicts 

the partial pressure of CO2 within this region. 
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Figure 13.5-13.  Comparison the CO2 Partial Pressure Between Experimental Measurements 
in 7 m MEA by Jou et al. (1995) and Model Predictions by Austgen (1989), Freguia (2002) 
and this work.  Solid/Open Points at 40/60 oC: ■,□, Austgen (1989), ▲,∆, Freguia (2002), 
♦,◊, this work.  
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CO2 Solubility Predictions for 11 m MEA 

In Figure 13.5-14 and Figure 13.5-15, the full model overestimates the solubility of 

CO2 by a factor of 2.  This error may be due to full model overestimating the liquid phase 

speciation as shown in Figure 13.5-60, implying that an error may exist within either the 

experimental NMR speciation data or the experimental CO2 solubility data.  On the other 

hand, since this system lies at the boundary of the chosen experimental data, the error could 

be a result of the regression analysis. 
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Figure 13.5-14.  Comparison between Experimental and Predicted CO2 Solubility in ~11 m 
MEA at 40 oC.  Points: ♦, this work.  Lines: · · ·, Austgen (1989), ─, this work. 
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Figure 13.5-15.  Comparison between Experimental and Predicted CO2 Solubility in ~11 m 
MEA at 60 oC.  Points: ■, this work.  Lines: · · ·, Austgen (1989), ─, this work. 

 
________________________________________________________________________ 
 
 
MEA Volatility Predictions for 3.5, 7 and 11 m MEA 

 
As shown in Chapter VIII, Figure 13.5-16 compares estimated model predictions to 

experimental partial pressure of MEA in solutions of H2O-MEA.  The model adequately 

predicts the partial pressure of MEA but fails to predict the correct partial pressure at 40 and 

60 oC.  Since this error is the initial boundary of MEA volatility, subsequent volatility 

predictions will be subjected to this estimation as shown by the circled region in Figure 13.5-

17 through Figure 13.5-22.  Overall, the full model gives an adequate fit to the experimental 

volatility data. 

 

2800



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
471 

0.001

0.01

0.1

30 35 40 45 50 55 60 65 70 75

Temperature (oC)

P
ar

ti
al

 P
re

ss
u

re
 o

f M
E

A
 (

kP
a)

3.5 m
7.0 m

11 m
23.8 m

 

Figure 13.5-16.  Comparison of Amine Volatility from this work to elecNRTL Model 
Predictions from 30 – 120 oC.  Points: experimental data from this work ■, 3.5 m (mole/kg-
H2O), ▲, 7 m, ♦, 11 m, •, 23.8 m.  Lines: ▬, elecNRTL Predictions. 
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Figure 13.5-17.  Comparison between Experimental and Predicted MEA Volatility in ~3.5 m 
MEA at 40 oC.  Points: this work.  Lines: · · ·, Austgen (1989), ─  ─, OLS Approximation, ▬, 
this work. 
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Figure 13.5-18.  Comparison between Experimental and Predicted MEA Volatility in ~3.5 m 
MEA at 60 oC.  Points: this work.  Lines: · · ·, Austgen (1989), ─  ─, OLS Approximation, ▬, 
this work. 
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Figure 13.5-19.  Comparison between Experimental and Predicted MEA Volatility in ~7 m 
MEA at 40 oC.  Points: this work.  Lines: · · ·, Austgen (1989), ─  ─, OLS Approximation, ▬, 
this work. 
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Figure 13.5-20.  Comparison between Experimental and Predicted MEA Volatility in ~7 m 
MEA at 60 oC.  Points: this work.  Lines: · · ·, Austgen (1989), ─  ─, OLS Approximation, ▬, 
this work. 
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Figure 13.5-21.  Comparison between Experimental and Predicted MEA Volatility in ~11 m 
MEA at 40 oC.  Points: this work.  Lines: · · ·, Austgen (1989), ─  ─, OLS Approximation, ▬, 
this work. 
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Figure 13.5-22.  Comparison between Experimental and Predicted MEA Volatility in ~11 m 
MEA at 60 oC.  Points: this work.  Lines: · · ·, Austgen (1989), ─  ─, OLS Approximation, ▬, 
this work. 

________________________________________________________________________ 
 
 
Predictions of the Partial Pressure of MEA as a Function of Temperature 
 

Using the full model as a purely predictive tool, Figure 13.5-23 through 13.5-25 

illustrates the partial pressure of MEA in 3.5, 7, and 11 m solutions.  In Figure 13.5-24, the 

main effects on the partial pressure of MEA, in a 7 m solution, to decrease from a loading 

between 0 and 0.3 mol CO2/mol MEA are due to changes in the activity coefficient of MEA 

and solution speciation.  Within the loading range of 0.3 to 0.6, the main effects are now 

contributions of the chemical equilibrium constant for monoethanolamine carbamate and 

the solution speciation, vis-à-vis the concentration of free amine in the liquid phase, where 

beyond a loading of 0.6, the concentration of free amine can be considered negligible as 

shown in Figure 13.5-53. 
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Figure 13.5-23.  Predictions for Amine Volatility in 3.5 m MEA from this work. 
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Figure 13.5-24.  Predictions for Amine Volatility in 7 m MEA from this work. 
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Figure 13.5-25.  Predictions for Amine Volatility in 11 m MEA from this work. 

 
________________________________________________________________________ 
 

13.5.2  Specific Heat Capacity 
 

Figure 13.5-26 through Figure 13.5-29 compare experimental specific heat capacity 

measurements from this work to predictions from Austgen (1989), Freguia (2002), and to 

this work.  Model predictions from Austgen (1989) and Freguia (2002) over estimate the 

specific heat capacity over the range in loading.  On the other hand, Austgen (1989) and 

Freguia (2002) did not include calometric measurements as part of their original regression 

analysis, but we chose to illustrate the possible enthalpy differences as compared to purely 

CO2 solubility based thermodynamic models.  Overall, the full model adequately predicts the 

specific heat capacity for 3.5 and 7 m MEA mixtures within an average absolute relative 

error of ± 0.79 percent. 
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Figure 13.5-26.  Comparison of Experimental Specific Heat Capacity in loaded (α) 3.5 m 
MEA Mixtures from 40 to 120 oC.  Points: ♦, α = 0.097, ■, α = 0.375, ▲, α = 0.583 from this 
work.  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-27.  Surface Comparison of Experimental Specific Heat Capacity in loaded (α) 
3.5 m MEA Mixtures from 40 to 120 oC.  Points: ♦, α = 0.097, ■, α = 0.375, ▲, α = 0.583 from 
this work.  Surface: this work. 
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Figure 13.5-28.  Comparison of Experimental Specific Heat Capacity in loaded (α) 7 m MEA 
Mixtures from 40 to 120 oC.  Points: ♦, α = 0.139, ■, α = 0.358, ▲, α = 0.541 from this work.  
Lines: - - -, Austgen (1989), ─  ─, Freguia (2002), ▬, this work. 
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Figure 13.5-29.  SurfaceComparison of Experimental Specific Heat Capacity in loaded (α) 7 
m MEA Mixtures from 40 to 120 oC.  Points: ♦, α = 0.139, ■, α = 0.358, ▲, α = 0.541 from 
this work.  Surface: this work. 
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To describe the departure from an ideal solution behavior, Figure 13.5-30 illustrates 

the proposed molar infinite dilution aqueous phase heat capacity for ionic and molecular 

solute species in the H2O-MEA-CO2 system where the molar infinite dilution aqueous phase 

heat capacity for CO3
-2 and HCO3

-1, and MEAH+1 were described in Chapters XII and VIII, 

respectively. 

By differentiating Equation 13-33  with respect to temperature, the molar infinite 

dilution aqueous phase heat capacity for CO2 can be determined as shown in Figure 13.5-30.  

From Table 13.4-3, coefficients for the molar infinite dilution aqueous phase heat capacity of 

MEACOO-1 were determined through simultaneous regression as described in Section 13.4 
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Figure 13.5-30.  Molar Infinite Dilution Aqueous Phase Heat Capacity for Ionic and 
Molecular Solute Species in the H2O-MEA-CO2 System.  Points: ♦, CO2, ■, HCO3-1, ▲, CO3-

2, ×, MEAH+1, ●, MEACOO-1. 
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Figure 13.5-31.  Comparison of the Molar Heat Capacity for 7 m MEA at a loading = 0.358 
mol CO2/mol MEA from this work to the Ideal Molar Heat Capacity based on the 
Constituent Components. 
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Figure 13.5-31 separates the molar heat capacity in 7 m MEA at a loading of 0.358 

into the weighted molar heat capacity of each contributing species with respect to the 

components reference state (i.e. Solvents: pure liquid; Ionic and Molecular Solutes: infinite 

dilution in water).  By describing the molar heat capacity of the solution by the following 

equation: 

 
22 2 3

1 1 1
3

*, *, , ,

, , ,      

l l aq aq
p H O p MEA p CO p pCO

aq aq aq Ex
p p p pHCO MEAH MEACOO

C x C x C x C x C

x C x C x C C

−

− + −

∞ ∞

∞ ∞ ∞

= + + +

+ + + +
 13-48 

deviations between the molar heat capacity of the solution from the ideal molar heat capacity 

are accounted by the excess molar heat capacity.  The excess molar heat capacity also 

accounts for the heat of reaction associated with any change in speciation with temperature. 

 We can now account for the molar heat capacity of the apparent MEA and CO2 

species from Equation 13-48 by the following equations: 

 1 1
, *, , ,MEA TOT l aq aq

MEATOT p MEA p p pMEAH MEACOO
x C x C x C x C+ −

∞ ∞= + +  13-49 

 2
2 1 12 2 3 3

, , , ,CO TOT aq aq aq aq
CO TOT p CO p p p pCO HCO MEACOO

x C x C x C x C x C− − −
∞ ∞ ∞ ∞= + + +  13-50 

To satisfy the material balance, the molar heat capacity of MEACOO-1 has to contribute to 

both equations.  We can separate the effect of each functional group by subtracting the 

amine group from the carbonate group. 

 
1 1COO MEA MEACOO

p MEA p pC C Cγ
− −− ∞= −  13-51 

where the infinite dilution activity coefficient for MEA converts the molar heat capacity of 

MEA from a pure liquid reference state to a reference state at infinite dilution in pure water.  
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Thus, the amine effect would then be the molar heat capacity of MEA times the infinite 

dilution activity coefficient of MEA.  Subsituting the amine effect into Equation 13-49 yields 

 ( )1 1
, *, ,MEA TOT l aq MEA

MEATOT p MEA p p MEA pMEAH MEACOO
x C x C x C x Cγ+ −

∞ ∞= + +  13-52 

Now substituting Equation 13-52 into Equation 13-48 yields  
 
 2

2 2

*, CO TOTl MEATOT Ex
p H O p MEATOT p CO TOT p pC x C x C x C C= + + +  13-53 

Solving for the apparent molar heat capacity of CO2 gives: 
 

 2 2

2 2

*,l MEATOT Ex
p H O p MEATOT p pCO TOT

p
CO TOT CO TOT

C x C x C C
C

x x
− −

= +  13-54 

Figure 13.5-32 illustrates the magnitude of the apparent molar heat capacity of CO2. 
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Figure 13.5-32.  Comparison of the Molar Heat Capacity Predictions for 7 m MEA at a 
loading of 0.358 based on the Constituent Components and Equation 15-54. 
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Another approach based on an ideal solution methodology to create an empirical 

criterion for the magnitude of the molar heat capacity of apparent CO2 at a given condition 

is represented by the following equation: 

 
* **
2 2

2

3 4
*,

1 1

CO COl MEA MEA
p H O p p i p j

i j

C x C C x C x
= =

= + +∑ ∑  13-55 

Where 
*

3

1

MEA
i

i
x

=
∑ is the summation of the MEA constituent components, 

*
2

4

1

CO
j

j

x
=

∑ is the summation of the CO2 constituent components. 

 
Solving for the apparent CO2 molar heat capacity yields, 
 

 
* * *
2 2

2

4 3
*,

1 1

CO CO l MEA MEA
p j p H O p p i

j i
C x C x C C x

= =

= − −∑ ∑  13-56 
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Figure 13.5-33.  Comparison of the Molar Heat Capacity Predictions for 7 m MEA at a 
loading of 0.358 based on the Ideal Constituent Components and Equation 15-56. 
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Figure 13.5-34.  Apparent Partial Specific Heat Capacity for loaded 7 m MEA. 

 
From the above analysis and based on Figure 13.5-34, the contribution of the molar 

heat capacity of apparent CO2 species may be considered a constant (~3812 J/kmol-K) over 

the temperature range from 40 to 120 oC. 

13.5.3  Enthalpy of CO2 Absorption 
 

Figure 13.5-35 through Figure 13.5-37 compares experimental differential enthalpy 

of CO2 absorption measurements from Kim et al. (2007) to predictions based on Equation 

13-36 (Gibbs-Helmholtz) from Austgen (1989), Freguia (2002), and this work.  Model 

predictions from Austgen (1989) and Freguia (2002) underestimate the enthalpy of CO2 

absorption at high temperatures over the range in loading.  On the other hand, Austgen 

(1989) and Freguia (2002) did not include calorimetric measurements as part of their original 
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regression analysis, but we chose to illustrate the possible enthalpy differences as compared 

to purely CO2 solubility based thermodynamic models.   

Figure 13.5-35 through Figure 13.5-37 illustrates that the full model overestimates 

the enthalpy of CO2 absorption at low loading.  This error may be due to an error in the 

liquid phase speciation at low loading, since the concentration of the liquid phase drives the 

prediction for the fugacity of CO2 in the vapor phase.  Or this error may be due to the 

regression method itself.  Within DRS, each variable is given a standard deviation according 

to the error associated with the measurement.  During a regression, DRS attempts to satisfy 

the model constraints while simultaneously adjusting the measured variables (i.e. T, P, xi, yi, 

etc.) to minimize the objective function. 
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Figure 13.5-35.  Comparison of the Enthalpy of CO2 Absorption in 7 m MEA at 40 oC.  
Points: ■, Kim et al. (2007).  Lines: ─  ─, Austgen (1989), - - -, Freguia (2002), ▬, this work. 
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Figure 13.5-36.  Comparison of the Enthalpy of CO2 Absorption in 7 m MEA at 80 oC.  
Points: ■, Kim et al. (2007).  Lines: ─  ─, Austgen (1989), - - -, Freguia (2002), ▬, this work. 
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Figure 13.5-37.  Comparison of the Enthalpy of CO2 Absorption in 7 m MEA at 120 oC.  
Points: ■, Kim et al. (2007).  Lines: ─  ─, Austgen (1989), - - -, Freguia (2002), ▬, this work. 
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Enthalpy of CO2 Absorption as Compared to the Predicted Heat Duty 
 
 In Figure 13.5-38 through 13.5-40 the differential enthalpy of CO2 absorption from 

40 to 120 oC from Kim et al. (2007) is compared to predictions from this work based on the 

Gibbs-Helmholtz Equation (Equ. 13-36) and the calculated heat duty from a flash block 

within Aspen PlusTM.  The figures illustrate a discrepancy between the enthalpy and solution 

chemistry algorithms within Aspen PlusTM.  This discrepancy has been known to exist and 

was one of the main motivations behind this work to describe the vapor-liquid equilibrium 

and calometric effects through a consistent thermodynamic framework.  Since both 

calometric and vapor-liquid equilibrium were simultaneously regressed within DRS, both 

algorithms should have been satisfied.  Thus, the error may still be due to a discrepancy 

within the software of Aspen PlusTM. 
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Figure 13.5-38.  Comparison of the Enthalpy of CO2 Absorption at 40 oC to Predictions from 
the Gibbs-Helmholtz Equation and the Calculated Heat Duty from a Flash Block based on 
this work.  Points: ■, Kim et al. (2007).  Lines: ▬, Predicted Gibbs-Helmholtz Equation, ─  
─, Predicted Heat Duty. 
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Figure 13.5-39.  Comparison of the Enthalpy of CO2 Absorption at 80 oC to Predictions from 
the Gibbs-Helmholtz Equation and the Calculated Heat Duty from a Flash Block based on 
this work.  Points: ■, Kim et al. (2007).  Lines: ▬, Predicted Gibbs-Helmholtz Equation, ─  
─, Predicted Heat Duty. 
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Figure 13.5-40.  Comparison of the Enthalpy of CO2 Absorption at 120 oC to Predictions from 
the Gibbs-Helmholtz Equation and the Calculated Heat Duty from a Flash Block based on 
this work.  Points: ■, Kim et al. (2007).  Lines: ▬, Predicted Gibbs-Helmholtz Equation, ─  
─, Predicted Heat Duty. 
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Figure 13.5-41.  Comparision of Predictions for the Enthalpy of CO2 Absorption in 7 m MEA 
from 40 to 120 oC from this work.  Points: Kim et al. (2007) ♦, 40 oC, ■, 120 oC.  Lines: ▬, 40 
oC,  ─  ─, 120 oC. 

 
Figure 13.5-41 compares experimental enthalpy of CO2 absorption from Kim et al. 

(2007) to model predictions from this work illustrating the model’s ability to adequately 

predict systematic trends in terms of the temperature and loading dependence presented in 

the experimental enthalpy of CO2 absorption data within an average absolute relative error 

of ± 12.91 percent. 

13.5.4 NMR Speciation 
 

Figure 13.5-42 through Figure 13.5-63 compare experimental liquid phase NMR 

speciation measurements from Poplsteinova (2004) and this work to predictions from 

Austgen (1989) and to this work.  Model predictions from Austgen (1989) overestimate the 
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CO3
-2 + HCO3

-1 concentration at low loadings and the MEACOO-1 concentration at high 

loadings over the range in temperature studied in this work.  On the other hand, Austgen 

(1989) did not include NMR speciation measurements as part of his original regression 

analysis, but we chose to illustrate the possible liquid phase speciation differences as 

compared to purely CO2 solubility based thermodynamic models.  Overall, the full model 

adequately predicts the liquid phase NMR speciation for 3.5, 7, and 11 m MEA mixtures 

within an average absolute relative error of ± 4.66 percent. 

As mentioned in Section 13.5.1, the full model overestimated the solubility of CO2 at 

low loading in 3.5 m MEA.  This error may have been due to full model overestimating the 

liquid phase speciation in terms of the calculated activity coefficients for MEA, MEAH+1, 

and MEACOO-1, because the partial pressure of CO2 at low loading can be described by the 

following equation: 

 1 1

12
1 1

MEA MEA MEAH MEAH
CO MEACOO

MEACOO MEACOO

x x
P K

x
γ γ

γ
+ +

−

− −

⎛ ⎞⋅
= ⎜ ⎟⎜ ⎟

⎝ ⎠
 13-57 

As shown in following liquid phase speciation predictions from Austgen (1989) and 

from this work, the two models adequately describe the concentrations of MEA, MEAH+1, 

and MEACOO-1 over a range of amine concentrations and temperature at low loading, but 

predicted activity coefficients based on the two model predictions are unexpected. 
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Liquid Phase Speciation Predictions for 3.5 m MEA 
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Figure 13.5-42.  Comparison of Liquid Phase NMR Speciation in 3.5 m MEA at 27 oC to 
Model Predictions.  Points: ◊, MEA+MEAH+, □, MEACOO-1, ∆, CO2+CO3-2+HCO3-1, from 
this work.  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-43.  Comparison of Liquid Phase NMR Speciation in 3.5 m MEA at 40 oC to 
Model Predictions.  Points: ♦, MEA+MEAH+, ■, MEACOO-1, ▲, CO2+CO3-2+HCO3-1, from 
Poplsteinova (2004); ◊, MEA+MEAH+, □, MEACOO-1, ∆, CO2+CO3-2+HCO3-1, from this 
work.  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-44.  Comparison of Liquid Phase NMR Speciation in 3.5 m MEA at 60 oC to 
Model Predictions.  Points: ◊, MEA+MEAH+, □, MEACOO-1, ∆, CO2+CO3-2+HCO3-1, from 
this work.  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-45.  Comparison of Liquid Phase Speciation in 3.5 m MEA at 40 oC based on 
Model Predictions.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1 from Austgen (1989).  Lines: this 
work. 
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Figure 13.5-46.  Comparison of Liquid Phase Speciation in 3.5 m MEA at 40 oC based on 
Model Predictions.  Points: ♦, MEA, ■, MEAH+1, ▲, MEACOO-1 from Austgen (1989).  
Lines: this work. 
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Figure 13.5-47.  Comparison of Liquid Phase Activity Coefficients in 3.5 m MEA at 40 oC 
based on Model Predictions.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1 from Austgen (1989).  
Lines: this work. 
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Figure 13.5-48.  Comparison of Liquid Phase Activity Coefficients in 3.5 m MEA at 40 oC 
based on Model Predictions.  Points: ♦, MEA, ■, MEAH+1, ▲, MEACOO-1 from Austgen 
(1989).  Lines: this work. 

 
Liquid Phase Speciation Predictions for 7 m MEA 
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Figure 13.5-49.  Comparison of Liquid Phase NMR Speciation in 7 m MEA at 20 oC to Model 
Predictions.  Points: ♦, MEA+MEAH+, ■, MEACOO-1, ▲, CO2+CO3-2+HCO3-1, from 
Poplsteinova (2004).  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-50.  Comparison of Liquid Phase NMR Speciation in 7 m MEA at 27 oC to Model 
Predictions.  Points: ◊, MEA+MEAH+, □, MEACOO-1, ∆, CO2+CO3-2+HCO3-1, from this 
work.  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-51.  Comparison of Liquid Phase NMR Speciation in 7 m MEA at 40 oC to Model 
Predictions.  Points: ♦, MEA+MEAH+, ■, MEACOO-1, ▲, CO2+CO3-2+HCO3-1, from 
Poplsteinova (2004); ◊, MEA+MEAH+, □, MEACOO-1, ∆, CO2+CO3-2+HCO3-1, from this 
work.  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-52.  Comparison of Liquid Phase NMR Speciation in 7 m MEA at 60 oC to Model 
Predictions.  Points: ◊, MEA+MEAH+, □, MEACOO-1, ∆, CO2+CO3-2+HCO3-1, from this 
work.  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-53.  Comparison of Liquid Phase Speciation in 7 m MEA at 40 oC based on 
Model Predictions.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1 from Austgen (1989).  Lines: this 
work. 
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Figure 13.5-54.  Comparison of Liquid Phase Speciation in 7 m MEA at 40 oC based on 
Model Predictions.  Points: ♦, MEA, ■, MEAH+1, ▲, MEACOO-1 from Austgen (1989).  
Lines: this work. 
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Figure 13.5-55.  Comparison of Liquid Phase Activity Coefficients in 7 m MEA at 40 oC based 
on Model Predictions.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1 from Austgen (1989).  Lines: this 
work. 
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Figure 13.5-56.  Comparison of Liquid Phase Activity Coefficients in 7 m MEA at 40 oC based 
on Model Predictions.  Points: ♦, MEA, ■, MEAH+1, ▲, MEACOO-1 from Austgen (1989).  
Lines: this work. 

 
Liquid Phase Speciation Predictions for 11 m MEA 
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Figure 13.5-57.  Comparison of Liquid Phase NMR Speciation in 11 m MEA at 27 oC to 
Model Predictions.  Points: ♦, MEA+MEAH+, ■, MEACOO-1, ▲, CO2+CO3-2+HCO3-1, from 
Poplsteinova (2004).  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-58.  Comparison of Liquid Phase NMR Speciation in 11 m MEA at 40 oC to 
Model Predictions.  Points: ♦, MEA+MEAH+, ■, MEACOO-1, ▲, CO2+CO3-2+HCO3-1, from 
Poplsteinova (2004).  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-59.  Comparison of Liquid Phase NMR Speciation in 11 m MEA at 60 oC to 
Model Predictions.  Points: ♦, MEA+MEAH+, ■, MEACOO-1, ▲, CO2+CO3-2+HCO3-1, from 
Poplsteinova (2004).  Lines: - - -, Austgen (1989), ▬, this work. 
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Figure 13.5-60.  Comparison of Liquid Phase Speciation in 11 m MEA at 40 oC based on 
Model Predictions.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1 from Austgen (1989).  Lines: this 
work. 
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Figure 13.5-61.  Comparison of Liquid Phase Speciation in 11 m MEA at 40 oC based on 
Model Predictions.  Points: ♦, MEA, ■, MEAH+1, ▲, MEACOO-1 from Austgen (1989).  
Lines: this work. 
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Figure 13.5-62.  Comparison of Liquid Phase Activity Coefficients in 11 m MEA at 40 oC 
based on Model Predictions.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1 from Austgen (1989).  
Lines: this work. 
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Figure 13.5-63.  Comparison of Liquid Phase Activity Coefficients in 11 m MEA at 40 oC 
based on Model Predictions.  Points: ♦, MEA, ■, MEAH+1, ▲, MEACOO-1 from Austgen 
(1989).  Lines: this work. 
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13.5.5  Carbamate Stability Constant 
 

Using Equations 13-25 and estimates for the infinite dilution aqueous phase free 

energy of formation, the infinite dilution aqueous phase enthalpy of formation, and the 

infinite dilution aqueous phase heat capacity polynomial for monoethanolamine carbamate 

from Table 13.4-3, we can then analytically determine the chemical equilibrium constant for 

monoethanolamine carbamate as illustrated in Figure 13.5-64 and given below as a 

temperature dependent linear function on a mole fraction basis based on Table 13.5-1. 

Table 13.5-1.  Estimates for the Chemical Equilibrium Constant Associated with the MEA 
Carbamate Formation (mole fraction basis). 

Equation #  A σA B σB C σC D σD 

13-10  -222 0.25 -657 27 42.0 0.74 -0.108 0.0029 
ln K = A + B/T(K) + C·lnT(K) + D·T(K) 
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Figure 13.5-64.  Mole Fraction Based Chemical Equilibrium Constants for Equations 13-9 
and 13-10. 
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Figure 13.5-65.  Comparison of Molality Based Carbamate Chemical Equilibrium Constant. 

 
 Figure 13.5-64 illustrates an important point; even though each author successfully 

regressed experimental data for the H2O-MEA-CO2 system, predictions for the calculated 

chemical equilibrium constant for monoethanolamine carbamate are different.  This 

discrepancy is due to the thermodynamic foundations for each model.  Each model would 

describe the activity coefficients differently based on the regression methodology they 

employed, the type of thermodynamic model they used, and the types of thermodynamic 

data that were used in the model regression.  Overall, predictions for the chemical 

equilibrium constant for monoethanolamine carbamate are consistent with previous work 

given the range of scatter of the reported values. 
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13.6  Abridged elecNRTL Predictive Correlations 
 

To anticipate installation difficulties with the implementation of our model on future 

platforms, we have developed specific correlations based on predictive results from our 

rigorous thermodynamic model for the liquid phase specific heat capacity of H2O-MEA-CO2 

based on experimental predictions from this work. 

Correlations for the Specific Heat Capacity 
 

Predictions for the specific heat capacity for 3.5 and 7 m MEA in loaded solutions 

are based on the full model predictions, as shown in Figure 13.5-26 and Figure 13.5-28, 

where related to the following relations for three predictors: 

 

[ ]

[ ] [ ]
[ ]

2
1 2 3 4 5

2
6 7 8

9 10

              

              

l
p

kJC C C T C T C MEA C Ldg
kg K

C Ldg C MEA T C MEA Ldg

C T Ldg C MEA T Ldg

⎛ ⎞
= + + + + +⎜ ⎟−⎝ ⎠

+ + +

⋅ + ⋅ ⋅

 13-58 

Where 
T is the temperature, oC, 
[ ]MEA is the concentration of MEA, m (mole/kg-H2O), 
Ldg is the loading of the solution, mol CO2/mol MEA. 
 
 Equation 13-59 allows for nonlinearity in the temperature, concentration, and 

loading dependence.  The interaction terms [ ]( MEA T⋅ , [ ]MEA Ldg⋅ , T Ldg⋅ , 

[ ] )MEA T Ldg⋅ ⋅ allows for twisting of the predictive surface versus the four predictors.  

Predictions from the full model for the specific heat capacity of MEA are tabulated in Table 

13.6-1. 
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 Performing ordinary least squares (OLS) regression for the full model using ARC, 

the following regression summary statistics output for coefficients estimates in Equation 13-

59 are shown in Table 13.6-2. 

Table 13.6-1.  Specific Heat Capacity Predictions (kJ/kg-K) from the full model. 

Temperature (oC) 0.097 0.375 0.583 0.139 0.358 0.541
40 3.816 3.631 3.593 3.517 3.299 3.219
50 3.839 3.650 3.609 3.545 3.327 3.252
60 3.863 3.677 3.630 3.575 3.359 3.285
70 3.889 3.710 3.653 3.605 3.396 3.316
80 3.915 3.745 3.675 3.633 3.432 3.346
90 3.940 3.779 3.697 3.656 3.465 3.374

100 3.964 3.813 3.719 3.676 3.492 3.406
110 3.989 3.849 3.747 3.693 3.521 3.456
120 4.010 3.893 3.797 3.708 3.555 3.558

3.5 7
MEA Concentration (mole/kg-H2O)

Loading (mol CO2/mol MEA)

 
 

Table 13.6-2.  ARC Regression Output for the Predictive FULL CPMX Correlation. 

Parameter Estimate σ wrt Estimate 
C1 4.008E+00 5.328E-02 
C2 2.474E-03 8.391E-04 
C3 5.907E-06 3.826E-06 
C4 -5.234E-02 9.110E-03 
C5 -5.575E-01 1.367E-01 
C6 7.671E-01 9.571E-02 
C7 -2.044E-04 1.083E-04 
C8 -1.283E-01 2.323E-02 
C9 -3.199E-03 1.440E-03 
C10 9.364E-04 2.764E-04 

 
Residual Sum of Squares: 0.0119 
Degree of Freedom:  44 
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 Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that all of the estimates are smaller relative to the standard error.  A 

complete description of the variability of the coefficient estimates requires examining the 

correlations between the estimates as shown in Table 13.6-3. 

Table 13.6-3.  Correlation Matrix of the Coefficient Estimates for the Full CPMX Model. 

Parameter 1 2 3 4 5 6 7 8 9 10
1 1.00
2 -0.89 1.00
3 0.41 -0.73 1.00
4 -0.85 0.61 0.00 1.00
5 -0.75 0.51 0.00 0.72 1.00
6 0.10 0.00 0.00 0.04 -0.46 1.00
7 0.81 -0.65 0.00 -0.95 -0.71 0.00 1.00
8 0.75 -0.54 0.00 -0.89 -0.83 -0.01 0.85 1.00
9 0.76 -0.60 0.00 -0.80 -0.84 0.00 0.84 0.90 1.00

10 -0.71 0.57 0.00 0.85 0.80 0.00 -0.89 -0.95 -0.94 1.00  
 
 

Table 13.6-3 shows three highly correlated parameters and one independent 

parameter, but the correlation between other coefficients is relatively small, suggesting that 

C3, C8, or C9 might be usefully removed from the model without significant loss of 

information. 

After performing backward elimination using ARC, the following optimum model 

regression summary statistics output for estimates of the coefficients for Equation 13-59 are 

shown in Table 13.6-4. 

Notice that all of the estimates are larger relative to their standard errors.  Comparing 

the estimates from the full model to the optimum model, there was relatively little difference 

between the estimated values.  Figure 13.6-1 and Figure 13.6-2 demonstrate the predictive 

quality of Equation 13-59 based on the coefficients from Table 13.6-4 for the optimum 

model. 
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Table 13.6-4.  ARC Regression Output for the Predictive OPTIMUM CPMX Correlation. 

Parameter Estimate σ wrt Estimate 
C1 3.974E+00 4.954E-02 
C2 3.429E-03 5.856E-04 
C4 -5.565E-01 1.395E-01 
C5 -5.225E-02 9.295E-03 
C6 7.648E-01 9.766E-02 
C7 -2.066E-04 1.105E-04 
C8 -1.283E-01 2.371E-02 
C9 -3.206E-03 1.469E-03 
C10 9.388E-04 2.820E-04 

 
Residual Sum of Squares: 0.0127 
Degree of Freedom:  45 
 
________________________________________________________________________ 
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Figure 13.6-1.  Comparison of the Specific Heat Capacity Predictions from Equation 15-59 to 
elecNRTL Model Predictions from 40 to 120 oC in loaded 3.5 m MEA solutions. 
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Figure 13.6-2.  Comparison of the Specific Heat Capacity Predictions from Equation 15-59 to 
elecNRTL Model Predictions from 40 to 120 oC in loaded 7 m MEA solutions. 

 

13.7  Conclusions 
 

In conclusion, the full model adequately describes the CO2 solubility data within an 

average absolute relative error of ± 27.19 percent even though the full model over estimates 

the solubility of CO2 in 3.5 m MEA by a factor of 3.  This error may be due to full model 

overestimating the liquid phase speciation as shown in Figure 13.5-45, implying an error may 

exist within either the experimental NMR speciation data or the experimental CO2 solubility 

data.  On the other hand, since this system lies at the boundary of the chosen experimental 

data, the error could be a result of the regression analysis. 
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The model was able to adequately predict the partial pressure of MEA.  Due to an 

error in the estimation of the volatility in the binary system, subsequent volatility predictions 

were subjected to this estimation error as shown by the circled region in Figure 13.5-17 

through Figure 13.5-22.  Overall, the full model gave an adequate fit to the experimental 

volatility data. 

In terms of CO2 capture in industrial application, with a nominal loading between 0.2 

to 0.5 mol CO2/mol MEA between 40 and 60 oC, predictions from this work and from 

Freguia (2002) adequately predict the partial pressure of CO2.  In addition, experimental CO2 

solubility measurements from this work appear to agree with published literature data from 

Jou et al. (1995) at 40 and 60 oC. 

We compared experimental specific heat capacity measurements from this work to 

predictions from Austgen (1989), Freguia (2002), and to this work.  Model predictions from 

Austgen (1989) and Freguia (2002) overestimated the specific heat capacity over the range in 

loading.  Even though the Austgen (1989) and Freguia (2002) models did not include 

calometric measurements as part of their original regression analysis, we chose to illustrate 

the possible enthalpy differences as compared to purely CO2 solubility based thermodynamic 

models.   

In addition, we were able to illustrate that the apparent partial heat capacity of total 

dissolved CO2 may be considered small with a magnitude less than4 kJ/kmol-K.  Overall, 

the full model adequately predicted the specific heat capacity for 3.5 and 7 m MEA mixtures 

within an average absolute relative error of ± 0.79 percent. 
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We also compared experimental differential enthalpy of CO2 absorption 

measurements from Kim et al. (2007) to predictions based on Equation 13-36 from Austgen 

(1989), Freguia (2002), and to this work.  Model predictions from Austgen (1989) and 

Freguia (2002) underestimate the enthalpy of CO2 absorption at high temperatures over the 

range in loading.  Figure 13.5-35 through Figure 13.5-37 illustrated that the full model over 

estimates the enthalpy of CO2 absorption at low loading.  We theorized that this error may 

be due to an error in the liquid phase speciation at low loading.  Since the concentration of 

the liquid phase drives the prediction for the fugacity of CO2 in the vapor phase.  Or this 

error may be due to the regression method itself.  Within DRS, each variable is given a 

standard deviation according to the error associated with the measurement.  During a 

regression, DRS attempts to satisfy the model constraints while simultaneously adjusting the 

measured variables (i.e. T, P, xi, yi, etc.) to minimize the objective function.  Overall, the full 

model adequately predicts the enthalpy of CO2 absorption for 7 m MEA mixtures within an 

average absolute relative error of ± 12.91 percent with respect to the temperature and 

loading dependence of the experimental data. 

The enthalpy of CO2 absorption at a loading of 0.3 mol CO2/mol MEA increased 

from 80 to110 kJ/mol-CO2, because the apparent partial heat capacity of total dissolved CO2 

may be considered small. 

In terms of NMR speation, we compared experimental liquid phase NMR speciation 

measurements from Poplsteinova (2004) and this work to predictions from Austgen (1989) 

and from this work.  Model predictions from Austgen (1989) overestimated the apparent 

CO3
-2 + HCO3

-1 concentration at low loadings and the MEACOO-1 concentration at high 
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loadings over the range in temperature studied in this work.  Overall, the full model 

adequately predicts the liquid phase NMR speciation for 3.5, 7, and 11 m MEA mixtures 

within an average absolute relative error of ± 4.66 percent. 

We illustrated an important point in Figure 13.5-65; even though several authors 

successfully regressed experimental data for the H2O-MEA-CO2 system, predictions for the 

calculated chemical equilibrium constant for monoethanolamine carbamate varied.  This 

discrepancy may be due to the thermodynamic foundations for each model where each 

model would describe the activity coefficients differently based on the regression 

methodology they employed, the type of thermodynamic model they used, and the types of 

thermodynamic data that were used in the model regression.  Overall, predictions for the 

chemical equilibrium constant for monoethanolamine carbamate are consistent with 

previous work given the range of scatter of the reported values. 

Overall, the results presented above indicate that the elecNRTL model, through 

simultaneous regression gave a set of optimum parameters for the H2O-MEA-CO2 system 

where the full model adequately represents the literature data for loaded MEA solution. 
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_________________ 

CHAPTER XIV  Ternary Systems: 
 H2O-PZ-CO2 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

14.1  Introduction 
 

At this point in the thermodynamic modeling development, we have described 

molecule-molecule and molecule-electrolyte interactions for previous systems.  For the last 

ternary system, interactions between molecules and electrolytes and interactions between 

electrolyte pairs with a common cation or anion will be considered within the H2O-PZ-CO2 

system.  This chapter describes the data regression and model predictions for the ternary 

{H2O-Piperazine (PZ)-Carbon dioxide (CO2)} system based on previous literature data and 

experimental results from this work.  The results for the binary interaction parameters for 

the electrolyte-NRTL (elecNRTL) model within Aspen PlusTM are then presented, showing 

good statistical fit to the literature data with an average absolute relative error of ± 10.59 %, 

with the exception of a few outliers. 
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14.2  H2O-PZ-CO2 
 

With ions in an electrolyte solution, the elecNRTL model accounts for contributions 

associated with long-range ion-ion interactions and local interactions which exist around any 

central species as proposed by Chen et al. (1982).  In this section, we present background on 

the elecNRTL model for clarification purposes only. 

The elecNRTL model is a molar Gibbs energy model given by the following form: 

 * * *ln E
m w w k k j j m

k j
G x x x x Gµ µ∞= + + +∑ ∑  14-1 

where the excess Gibbs free energy model is given by the following form: 

 
* * , * , * ,E E PDH E Born E lc
m m m mG G G G

RT RT RT RT
= + +  14-2 

Where 
PDH is the Pitzer-Debije-Hückel contribution for long range ion-ion interactions, 
Born is the Born Correction for change in mixed solvent reference state, and 
lc is the local contribution for short range interactions. 
 

The molar Gibbs free energy and the molar excess Gibbs free energy are defined 

with the asymmetrical references state as infinite dilute in pure solvent.  The reference state 

for ionic and molecular solutes follows the unsymmetrical convention defined as infinite 

dilution in water.  The ideal mixing term is calculated where j refers to any component and 

the molar Gibbs free energy of pure water is calculated from the ideal gas contribution.  The 

aqueous infinite dilution chemical potential is calculated from the infinite dilution aqueous 

phase heat capacity polynomial model, where the subscript k refers to any ions or molecular 

solute.  
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0 0

, , , ,
, ,,

0

1000ln
aq aq aq aqT T

p k f k f k p kaq
k f k

wT T

C H G C
H dT T dT RT

T T T MW
µ

∞ ∞ ∞ ∞
∞ ∞

⎛ ⎞∆ − ∆ ⎛ ⎞
= ∆ + − + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

∫ ∫ 14-3 

Where ,aq
f kH ∞∆  and ,aq

f kG∞∆ are based on a molality scale and kµ∞ is based on a mole 

fraction scale, the last term added for the conversion. 

For molecular solutes, the aqueous infinite dilution chemical potential is calculated 

from Henry’s law: 

 ,, ln k wig
k k ref

H
RT

P
µ µ∞ ∞ ⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 14-4 

Where 
0T is the reference temperature, 298.15 K, 
refP is the reference pressure, 1 atm. 

 
Thus, when the derivative of the Gibbs free energy at constant temperature and 

pressure reaches a minimum for a closed homogeneous system, the system has satisfied the 

condition for thermodynamic equilibrium.   

For the elecNRTL model to calculate activity coefficients, the excess Gibbs free 

energy is related to the activity coefficient by the following thermodynamic relationship. 

 
( )** /

ln
EE

mm
i

i

nG RTG
RT n

δ
γ

δ

⎡ ⎤
⎢ ⎥= =
⎢ ⎥⎣ ⎦

 14-5 

Please refer to Chapter VI for information relating to the specific contributions to 

the excess Gibbs energy model. 
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14.3  Chemical and Vapor-liquid Equilibrium of PZ 
 

Figure 14.3-1 illustrates the proposed system to correlate/predict the solubility of 

CO2 and PZ in aqueous solutions of PZ. 

 

 
 
 
 
 
 
 
 
                            2R1:      H O H OH+ −↔ +                                            14-6 

                            1
2 2 3R2:      CO +H O H HCO+ −↔ +                               14-7 

                            1 2
3 3R3:      HCO H CO− + −↔ +                                        14-8 

                            1R4:      PZH PZ H+ +↔ +                                            14-9 

                            2 1
2R5:      PZH PZH H+ + +↔ +                                      14-10 

                            1 1
3 2R6:      PZ PZCOOHCO H O− −+ ↔ +                     14-11 

                            ( )1 1 1
3 22

R7:      PZCOO HCO PZ COO H O− − −+ ↔ +    14-12 

                            1 1R8:      H PZCOO PZCOO H+ − − +↔ +                       14-13 

Figure 14.3-1.  Chemical and Vapor-liquid Equilibrium of PZ. 
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Reaction 14-6 describes the ionization of water to proton ( )H + and hydroxide   

ions ( )OH − ; Reaction 14-7 describes the hydrolysis and ionization of dissolved CO2 to H+ 

and bicarbonate ( )3HCO− ions; Reaction 14-8 describes the dissociation of HCO3
- to H+ and 

carbonate ( )2
3CO− ions; Reaction 14-9 describes the protonation of piperazine ( )PZ  to 

protonated piperazine ( )1PZH + ; Reaction 14-10 describes the protonation of protonated 

piperazine to diprotonated piperazine ( )2
2PZH + ; Reaction 14-11 describes the piperazine 

carbamate formation ( )1PZCOO− ; Reaction 14-12 describes the piperazine dicarbamate 

formation ( )( )1

2
PZ COO− ; Reaction 14-13 describes the protonated piperazine carbamate 

formation ( )1H PZCOO+ − .  The chemical equilibrium constant for the above j equations is 

expressed in Aspen PlusTM in terms of the activity of component i as given by the following 

relationship. 

 ,i j
j i

i

K aν= ∏  14-14 

Where 
jK is the chemical equilibrium constant, 

,i jν is the reaction stoichiometric coefficient of component i, 

ia is the activity of component i. 
 

In this work, for Reactions 14-6 to 14-13, we did not define the chemical equilibrium 

constants as linear temperature dependent functions, but rather in terms of the reference 

state Gibbs free energy of the system: 

2847



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
518 

 ,ln
o
i j

j

G
K

RT
∆

= −  14-15 

Where 

,i j

oG∆ is the standard free energy of formation of component i. 
 

The previous framework allows our rigorous thermodynamic model to be internally 

consistent with respect to governing thermodynamic definitions.  Table 9.3-12 and Table 

9.3-8 reported the standard state conditions at 25 oC associated with the species in Reactions 

14-6 to 14-10 where the standard state conditions are consistent with published literature by 

Edwards et al. (1978) and Hetzer et al. (1968) as shown in Chapter XII and Chapter IX, 

respectively. 

We chose to simplify the overall model by excluding Reaction 14-10 and 

diprotonated piperazine from the final model.  This assumption is based on the second pKa 

of piperazine, as described in Chapter IX, where the relative concentration of diprotonated 

piperazine below a loading of 0.5 mol CO2/2·mol PZ could be considered negligible.  If in 

future work where the loading range is extended beyond a loading of 0.5, inclusion of the 

diprotonated piperazine reaction would need to be included. 

For the precipitation of piperazine hexahydrate as described in Chapter IX, we chose 

to define the chemical equilibrium constant as linear temperature dependent function as 

given in Table 9-4-1 due to limited thermodynamic data available for the characterization of 

the solid phase. 

As stated previously, Equation 14-15 relates the chemical equilibrium constant to the 

standard Gibbs free energy change of reaction. 
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 ln
oG K

RT
∆

= −  14-16 

Where the standard property changes of reaction ( e.g. Gibbs free energy and enthalpy) are 

defined as the difference between the standard property change of the products and 

reactants, weighted by their stoichiometric coefficients. 

 o o
i i

i
M Mν∆ = ∑  14-17 

For molecular solutes (e.g. CO2), the standard Gibbs free energy is described based on the 

ideal gas reference state by the following equation: 

 ( ) ( ) ( )
2

2 2
ln COo ig

CO CO ref

H T
G T G T RT

P
= +  14-18 

Where 

2

ig
COG is the ideal gas Gibbs free energy, J/kmol, 

2COH is the Henry’s Constant for CO2 in H2O (Chen et al. 1979), atm, 
refP is the reference pressure, 1 atm. 

 
For ionic species the aqueous phase infinite dilution molar heat capacity is described by the 

following equation: 

 ( ) ( ) ( )
2 4,,

, 1, 2, 3,
iaq

p i i i i

CJC C C T K C T K
kmol K T K

∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠
 14-19 

where coefficients for the aqueous phase infinite dilution molar heat capacity for carbonate, 

bicarbonate, and PZH+1 were described previously in Chapter XII - Section 12.5 and 

Chapter IX - Section 9.3, respectively. 

The molar heat capacity of H2O was described in Chapter VII by the following 

equation: 
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( ) ( )

( ) ( )

2

2,*
,

3 46

189366 1171 4.53 ...

                      ... 0.00795 5.4723 10

l
p H O

JC T K T K
kmol K

T K T K−

⎛ ⎞ = − ⋅ + ⋅ −⎜ ⎟⋅⎝ ⎠

− ⋅ + × ⋅

 14-20 

For a given temperature, the molar aqueous phase infinite dilution heat capacity of 

piperazine carbamate, piperazine dicarbamate, and protonated piperazine carbamate can 

then be determined analytically based on the simultaneously regressed infinite dilution 

aqueous phase free energy of formation ( ),aq
fG∞∆ , the infinite dilution aqueous phase 

enthalpy of formation ( ),aq
fH ∞∆ , and the infinite dilution aqueous phase heat capacity 

polynomial ( ),aq
pC∞  for piperazine carbamate, piperazine dicarbamate, and protonated 

piperazine carbamate.  A starting point for a rigorous development starts with the following 

equation: 

 o o o
m m mG H T S∆ = ∆ − ∆  14-21 

Equation 14-21 is from the definition of the molar Gibbs free energy applied to each 

component in a chemical reaction evaluated at the standard state.  Applying Equation 14-17 

to Equation 14-21 yields 

 , , ,
o o o

i m i i m i i m i
i i i

G H T Sν ν ν= −∑ ∑ ∑  14-22 

where the standard molar heat of reaction and standard molar entropy change of reaction are 

related to temperature by the following expressions 

 
0

,
0,

oT
p mo o

m m
T

C
H H R dT

R
∆

∆ = ∆ + ∫  14-23 
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0

,
0,

oT
p mo o

m m
T

C dTS S R
R T

∆
∆ = ∆ + ∫  14-24 

Equations 14-21, 14-23, and 14-24 are combined to yield 
 

 
0 0

, ,
0, 0,

o oT T
p m p mo o o

m m m
T T

C C dTG H R dT T S RT
R R T

∆ ∆
∆ = ∆ + − ∆ −∫ ∫  14-25 

However, 

 0, 0,
0,

0

o o
m mo

m

H G
S

T
∆ − ∆

∆ =  14-26 

hence 
 

 ( )
0 0

, ,
0, 0, 0,

0

o oT T
p m p mo o o o

m m m m
T T

C CT dTG H H G R dT RT
T R R T

∆ ∆
∆ = ∆ − ∆ − ∆ + −∫ ∫  14-27 

Finally, division by RT yields 
 

 
0 0

, ,0, 0, 0,

0

1ln
o oo o o T To
p m p mm m mm

i
T T

C CG H HG dTK dT
RT RT RT T R R T

∆ ∆∆ − ∆ ∆∆
− = = + + −∫ ∫  14-28 

The change in heat capacity for the mixture can be expressed as 
 

 ( ) ( ) ( ) ( )2 3 4o
p

JC A B T K C T K D T K E T K
kmol K

⎛ ⎞∆ = ∆ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅⎜ ⎟⋅⎝ ⎠
 14-29 

with 
 i i

i
A v A∆ = ∑  14-30 

with analogous definitions for B∆ , C∆ , D∆ , and E∆ .  Through simultaneous regression 

of CO2 solubility, amine volatility, specific heat capacity, liquid phase speciation, and 

enthalpy of CO2 absorption, we were able to determine the infinite dilution aqueous phase 

free energy of formation, the infinite dilution aqueous phase enthalpy of formation, and the 
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infinite dilution aqueous phase heat capacity polynomial for piperazine carbamate, piperazine 

dicarbamate, and protonated piperazine carbamate.  Please refer to section 14.4 for more 

information. 

 In this work, we chose to describe the zwitterion (protonated piperazine carbamate) 

an ionic but net-neutral molecule, as a cation with a charge equal to 1e-5.  Hilliard (2005) 

described the zwitterion as an ion with a neutral charge where the formation of protonated 

piperazine carbamate was described with a linear temperature dependent function for the 

chemical equilibrium constant.  This framework allows a rather laissez-faire description of 

molecule/ionic characterization which circumvents potential problems associated with 

chemical equilibria.  In this work, we chose to describe the chemical equilibrium in terms of 

the reference state Gibbs free energy of the system as given by Equation 14-29.  By 

describing the zwitterion as an ion with a small charge within Aspen PlusTM, the internal 

framework for ionic characterization remains rigorous and consistent throughout the 

simulation.  We could have described the zwitterion as a non-volatile molecule under the 

current framework, but this process tended to open Pandora’s Box to unforeseen 

complications with arbitrary molecule/ionic characterization. 

Five data sets have been regressed with the elecNRTL model to represent the phase 

equilibrium of a mixed solvent system through regression of CO2 solubility [Ermatchkov et 

al. (2006) and from this work], specific heat capacity [from this work], enthalpy of CO2 

absorption [Kim (2007)], and NMR speciation [Ermatchkov et al. (2003)] data over 

piperazine solutions.   The elecNRTL model was never designed to regress enthalpy of CO2 
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absorption or NMR speciation data; thus we created a fortran subroutine to link with the 

data regression system (DRS) in Aspen PlusTM.   

In this work, we concentrated our modeling efforts to describe aqueous piperazine 

mixtures from 1 to 5 m PZ.  Reported CO2 solubility measurements from Bishnoi (2000) 

and Derks et al. (2005) for mixtures of 0.2 and 0.6 M piperazine at 40 and 70 oC were 

excluded from the model regression.  In addition, total pressure measurements from Pérez-

Salado Kamps et al. (2003) for aqueous piperazine mixtures from 2 to 4 m PZ and later 

corrected by Ermatchkov et al. (2006) after applying a temperature correction were also 

excluded from this work.  Total pressure data does not allow for the direct calculation of 

individual component activity coefficients or extrapolation to infinite dilution.  Therefore, 

activity coefficients regressed from total pressure data cannot be accurately determined. 

The following section describes the different types of data used in the creation of the 

binary H2O-PZ-CO2 elecNRTL model. 

14.3.1  CO2 Solubility and Amine Volatility 
 

Data in the form of CO2 solubility, which measures the partial pressure of CO2 over 

aqueous PZ solutions, 
2COP , as a function of loading (mole CO2 per 2·mole PZ) and 

temperature were used to adjust the partial pressure of CO2 for the H2O-PZ-CO2 system 

through the simultaneous regression of the binary interaction parameters in the elecNRTL 

model for the H2O-PZ-CO2 system.  

For our ternary system (H2O, PZ, and CO2), the following equation can be used to 

represent the equilibrium for CO2 solubility data. 
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2 2 2 2 2

*
,CO CO CO CO H OPy x Hγ=  14-31 

Where 

2COy is the vapor mole fraction of CO2, 

2

*
COγ is the unsymmetric activity coefficient of CO2, 

2 2,CO H OH is the Henry’s Constant for CO2 in H2O. 

An example of the experimental CO2 solubility used in this work from Ermatchkov 

et al. (2006) and from this work in 2 m (mole/kg-H2O) PZ is shown in Figure 14.3-2. 
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Figure 14.3-2.  CO2 Solubility in ~2 m PZ at 40, 60, and 80 oC.  Points: ◊, 40 oC, ∆, 80 oC, 
Ermatchkov et al. (2006); ♦, 40 oC, ■, 60 oC, from this work.  

 
In this work, we used a unique Fourier-transform infrared (FT-IR) technique to 

measure the vapor phase speciation in aqueous alkanolamine systems as described in 

Chapter II.  Using this technique, we have been able to measure the vapor phase partial 
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pressure of PZ over aqueous PZ solutions, PZP , as a function of loading (mole CO2 per 

2·mole PZ) and temperature. 

For our ternary system (H2O, PZ, and CO2), the following equation can be used to 

represent the equilibrium for PZ volatility data. 

 o
PZ PZ PZ PZPy x Pγ=  14-32 

Where 
PZy is the vapor mole fraction of PZ, 

PZγ is the asymmetric activity coefficient of PZ, 
o

PZP is the extended Antoine vapor pressure correlation for PZ given in Chapter VI. 
 

Examples of the experimental PZ volatility from this work in 0.9, 2.0, 2.5, 3.6, and 

5.0 m PZ at 40 and 60 oC are shown in Figure 14.3-3 and Figure 14.3-4, respectively. 
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Figure 14.3-3.  PZ Volatility for 0.9, 2.0, 2.5, 3.6, and 5.0 m PZ at 40 oC from this work.  
Points: ♦, 0.9 m PZ, ■, 2.0 m PZ, ▲, 2.5 m PZ, ●, 3.6 m PZ, and ×, 5.0 m PZ. 
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Figure 14.3-4.  PZ Volatility for 0.9, 2.0, 2.5, 3.6, and 5.0 m PZ at 60 oC from this work.  
Points: ♦, 0.9 m PZ, ■, 2.0 m PZ, ▲, 2.5 m PZ, ●, 3.6 m PZ, and ×, 5.0 m PZ. 
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14.3.2  Specific Heat Capacity 
 

As stated in Chapter VI, Aspen PlusTM calculates the liquid phase heat capacity of a 

mixture (CPMX) by taking the derivative of the liquid enthalpy at constant pressure: 

 ( ) ( ) ,

T T
l l l
m m p m

T

H T T H T C dT
+∆

+ ∆ − = ∫  14-33 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

m i i k k m
i k

H T x H x H H∞= + +∑ ∑  14-34 

for solvents: 

 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  14-35 
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for molecular solutes (CO2): 
 

 ( ) ( ) 2,ln i H Oig
i i ref

H
H T H T RT

P
⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 14-36 

for cations or anions: 
 

 ( ) ( ), ,
ref

T
ref

k f k p k
T

H T H T C dT∞ ∞ ∞= ∆ + ∫  14-37 

Where 
T∆  is the perturbation in temperature from T, 
E
mH  is the excess enthalpy of the mixture, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i, 

kH ∞ is the infinite dilution aqueous enthalpy of component k, 

( ),
ref

f kH T∞∆ is the infinite dilution aqueous phase standard enthalpy of formation of 

component k at refT , 
,p kC∞ is the infinite dilution aqueous phase heat capacity polynomial of component k. 

 

Table 14.3-1 gives the coefficients for the infinite dilution aqueous phase heat 

capacity used in Aspen PlusTM based on the following expression: 

 

 ( ) ( )( ) ( )
2 4

, 1 2 3p k
CJC C C T K C T K

kmol K T K
∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠

 14-38 

Table 14.3-1.  Infinite Dilution Aqueous Phase Heat Capacity Default Coefficients. 

Parameter Symbol H+ OH- HCO3
-1  CO3

-2 PZH+1 
CPAQ0-1 C1 0.0 0.0 211387 1334017 603662 
CPAQ0-2 C2 0.0 -497.9 -882 -5565 -2518 
CPAQ0-3 C3 0.0 0.0 0.875 5.19 4.16 
CPAQ0-4 C4 0.0 0.0 -1.9E+07 -1.2E+08 -5.4E+08 
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Data in the form of specific heat capacity as a function of loading, molality, and 

temperature were used to adjust the coefficients for the binary interaction parameters of the 

elecNRTL model.  An example of the experimental specific heat capacity from this work 

from 40 to 120 oC for 2 and 3.6 m PZ is shown in Figure 14.3-5.  Points shown 

corresponding to a loading of zero were regressed as part of Chapter IX.  Please refer to 

Chapter IX for more information. 
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Figure 14.3-5.  Specific Heat Capacity in Loaded 2.0 and 3.6 m PZ Solutions from this work.  
Points: □, Ldg = 0.0, □, Ldg = 0.16, □, Ldg = 0.27, ●, Ldg = 0.0, ●, Ldg = 0.16, ●, Ldg = 0.38. 
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14.3.3  Enthalpy of CO2 Absorption 
 

Data in the form of the enthalpy of CO2 absorption for aqueous piperazine 

solutions, as a function of loading and temperature, were used to adjust the activity 

coefficients for each liquid phase component in the H2O-PZ-CO2 system through the 

simultaneous regression of the binary interaction parameters in the elecNRTL model. 

For our true component ternary system (H2O, PZ, and CO2), the Gibbs-Helmholtz 

equation can be used to represent the differential enthalpy of CO2 absorption: 

 
( )

2

2

 
1/

CO

v
COabs

x

d fH
R d T

⎛ ⎞∆
− = ⎜ ⎟⎜ ⎟

⎝ ⎠
 14-39 

The heat released can be measured by direct calorimetry or estimated from CO2 

solubility data.  The later has been shown to have a high degree of uncertainty on the order 

of ± 20 to 30 % as reported by Lee et al. (1974).  However, if the loading span within one 

CO2 addition can be kept rather low, the measurements gave enthalpy data close to 

differential values in loading rather than integral as reported by Kim et al. (2007) with respect 

to the total amount of heat released from zero loading to the experimental loading data point 

as shown by the following expression: 

 int
0

dαdiffH H
α

−∆ = − ∆∫  14-40 

Where 
α is the loading of the solution, mole CO2/2·mole PZ. 
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 As part of an international collaboration between The University of Texas and the 

Norwegian University of Science and Technology, Kim (2007) determined the differential 

enthalpy of CO2 absorption for 2.4 m PZ, based on a consistent experimental method 

developed for monoethanolamine [Kim et al. (2007)], at 40, 80, and 120 oC and over the 

range of loading from 0 – 0.5 mol CO2/2·mol PZ for use in this work. 

Aspen PlusTM was never designed to regress differential enthalpy of CO2 absorption 

data; nevertheless in this work we were able to develop a fortran subroutine to regress 

experimental differential enthalpy of CO2 absorption data within DRS utilizing the following 

schema presented in Figure 14.3-6.  

Read Ti, {xi}, and 
Habs

with i = 1,2

Evaluate { Habs}Est

Flash {xi} at Ti

Is RSS = 1

Print { Habs}Est

Yes

Adjust Ti or 
{xi}

NoCalculate fiCO2

Ti+ T

Evaluate Objective 
Function

({ Habs}-{ Habs}Est)2=1

 

Figure 14.3-6.  Differential Enthalpy of CO2 Absorption Fortran Subroutine Schema 
Developed for Aspen PlusTM. 
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Within DRS, the user inputs the temperature in Kelvin, the apparent liquid phase 

mole fractions for PZ, CO2, and H2O, and the differential enthalpy of CO2 absorption.  The 

fortran subroutine then calls a FLSH_FLASH subroutine within Aspen PlusTM and performs 

a temperature-vapor fraction flash calculation.  Once the FLASH subroutine converges, the 

fortran subroutine calculates the CO2 vapor phase fugacity based on the estimated partial 

pressure and the vapor phase fugacity coefficient of CO2, respectively.  The fortran 

subroutine then numerically differentiates the vapor phase fugacity of CO2 at T and (T + 1 

K) based on Equation 14-39. 

Finally, the fortran subroutine exports the estimated enthalpy of CO2 absorption to 

DRS.  DRS then tries to minimize the difference between the estimated enthalpy of CO2 

absorption calculated from the fortran subroutine and the experimental value utilizing the 

Maximum Likelihood Method within Aspen PlusTM to minimize the overall objective 

function while adjusting each property variable.  For more information about the complete 

fortran subroutine code, please refer to Appendix K. 

An example of the experimental differential enthalpy of CO2 absorption used in this 

work from Kim (2007) at 40, 80, and 120 oC for 2.4 m piperazine is shown in Figure 14.3-7, 

Figure 14.3-8, and Figure 14.3-9, respectively. 
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Figure 14.3-7.   Negative Differential Enthalpy of CO2 Absorption in 2.4 m PZ at 40 oC from 
Kim (2007). 
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Figure 14.3-8.   Negative Differential Enthalpy of CO2 Absorption in 2.4 m PZ at 80 oC from 
Kim (2007). 
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Figure 14.3-9.   Negative Differential Enthalpy of CO2 Absorption in 2.4 m PZ at 120 oC from 
Kim (2007). 

 

14.3.4  NMR Speciation 
 

Data in the form of proton H1 NMR speciation for aqueous piperazine solutions, as 

a function of loading, concentration, and temperature were used to adjust the activity 

coefficients for each liquid phase component in the H2O-PZ-CO2 system through the 

simultaneous regression of the binary interaction parameters in the elecNRTL model. 

For our true component ternary system (H2O, PZ, and CO2), the following 

equations can be used to represent the liquid phase equilibrium for the NMR speciation data 

as reported by Ermatchkov et al. (2003) and from this work. 

 1
*
PZ PZ PZH

n n n += +  14-41 

 1 1 1
*

/H PZCOO H PZCOO PZCOO
n n n− + − −= +  14-42 
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 ( ) ( )1 1
2 2

*
PZ COO PZ COO

n n− −=  14-43 

Where 
ni is the true number of moles for each component per kilogram of water corresponding to 
the relative proton NMR peak areas, 
ni* is the pseudo-component quantity based on experimental NMR data. 
 

Ermatchkov et al. (2003) measured the proton peak areas or intensities for the 

corresponding protons associated with each molecule(s).  The main drawback with proton 

NMR speciation analysis is not having the ability to measure the loading of the solution as 

compared to carbon C13 NMR speciation described in Chapter XIII.  The loading of the 

solution has to be determined a priori which may result in a discrepancy between the loading 

at the time of the NMR experiment and at the time of the CO2 analysis.  We would 

recommend that future work should concentrate on measuring carbon C13 NMR speciation 

for loaded piperazine solutions between 1 – 5 m PZ at 25, 40, and 60 oC to supplement the 

current database. 

Aspen PlusTM was never designed to regress NMR speciation data; nevertheless, in 

this work we were able to develop a fortran subroutine to regress experimental NMR 

speciation data within DRS utilizing the schema presented in Figure 14.3-10.  Within DRS, 

the user inputs the temperature in Kelvin and the pseudo-component mole fractions for PZ, 

H/PZCOO-1, PZ(COO-1)2, CO2, and H2O.  The fortran subroutine then calculates the 

apparent component mole fractions based on the following expressions: 

 ( )1 1
2

* * *
/

A
PZ PZ H PZCOO PZ COO

x x x x− −= + +  14-44 

 ( )1 12 2
2

* * *
/

2A
CO CO H PZCOO PZ COO

x x x x− −= + + ⋅  14-45 
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The fortran subroutine then calls a FLSH_FLASH subroutine within Aspen PlusTM and 

performs a temperature-vapor fraction flash calculation.  Once the FLASH subroutine 

converges, the fortran subroutine calls a PPSTUB_GETTRU subroutine within Aspen 

PlusTM and extracts the true species mole fractions from the converged flash calculation.   

 

Figure 14.3-10.  NMR Speciation Fortran Subroutine Schema Developed for Aspen PlusTM. 

 
The fortran subroutine then takes the true species mole fractions and calculates the 

estimated pseudo-component mole fractions based on the following expressions: 

 1
*,est
PZ PZ PZH

x x x += +  14-46 

 1 1 1
*,

/
est

H PZCOO H PZCOO PZCOO
x x x− + − −= +  14-47 

 ( ) ( )1 1
2 2

*,est
PZ COO PZ COO

x x− −=  14-48 
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 2 122 3 3

*,est
COCO CO HCO

x x x x− −= + +  14-49 

Finally, the fortran subroutine compares the estimated pseudo-component mole fractions to 

the experimental pseudo-component mole factions and calculates one minus the residual 

sum of squares (RSS).  DRS then tries to minimize the difference between the RSS 

calculated from the fortran subroutine and the user property supplied to DRS by the user, a 

value of one, while DRS utilizes the Maximum Likelihood Method within Aspen PlusTM to 

minimize the overall objective function while adjusting each property variable.  For more 

information about the complete fortran subroutine code, please refer to Appendix K. 

 An example of the experimental NMR speciation used in this work from 

Ermatchkov et al. (2003) and this work for 1 m piperazine solutions at 25, 40, and 60 oC is 

shown in Figure 15.3-14, Figure 15.3-15, and Figure 15.3-16, respectively. 
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Figure 14.3-11.  Liquid Phase Speciation from H1 NMR at 25 oC from Ermatchkov et al. 
(2003).  Points: ♦, PZ+PZH+1, ■, H+PZCOO-1+PZCOO-1,▲, PZ(COO-1)2.  
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Figure 14.3-12.  Liquid Phase Speciation from H1 NMR at 40 oC from Ermatchkov et al. 
(2003).  Points: ♦, PZ+PZH+1, ■, H+PZCOO-1+PZCOO-1,▲, PZ(COO-1)2. 
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Figure 14.3-13.  Liquid Phase Speciation from H1 NMR at 60 oC from Ermatchkov et al. 
(2003).  Points: ♦, PZ+PZH+1, ■, H+PZCOO-1+PZCOO-1,▲, PZ(COO-1)2. 
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14.4  Data Regression 
 

There are three types of binary interaction parameters in the elecNRTL model: 

molecule-molecule, ',m m
τ and ' ,m m

τ ; molecule-electrolyte, ,m caτ and ,ca mτ ; electrolyte-electrolyte 

(with a common cation or anion) , 'ca caτ and ',ca caτ or , 'ca c aτ and ' ,c a caτ ; and the molecule-

electrolyte nonrandomness factor, ,ca mα .  Chen and Evans (1986) noted that in their 

regression attempts it was not always possible to obtain statistically significant results for all 

four types of binary interaction parameters.  In this work, the molecule-electrolyte 

nonrandomness parameter was set to an arbitrary value of , 0.2ca mα =  for all correlations 

involving electrolyte systems as suggested by Chen and Evans (1986).  In this work, the 

electrolyte – electrolyte parameters are generally negligible and were assumed to be zero.  

For the elecNRTL model, default values for molecule-electrolyte and electrolyte-

molecule interactions are given in Table 14.4-1. 

Table 14.4-1.  Default Binary Interaction Parameters for the elecNRTL Model in Aspen 
PlusTM. 

Binary Interaction Pairs τ
Molecule-electrolyte 10
Electrolyte-molecule -2

Water-electrolyte 8
Electrolyte-water -4  

 
The energy parameters are adjusted to provide the best fit to the data.  The binary 

interaction parameters were assumed to be temperature dependent and were fitted to the 

following function of temperature: 
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 ,
, ,

m ca
m ca m ca

B
A

T
τ = +  14-50 

 ,
, ,

ca m
ca m ca m

B
A

T
τ = +  14-51 

where electrolyte-electrolyte interactions follow a similar form as given above.  A list of the 

aqueous electrolyte data sets that were examined in this work is given in Table 14.4-2.   

Table 14.4-2.  Experimental data used for regression of the H2O-PZ-CO2 systems. 

 Obs. T (oC) σT σPCO2 σPZ σCO2 σy Source 
PCO2 29 40.0 – 80.0 0.01 2.0% 0.1% 0.2% 0 Ermatchkov et al. (2006) 

 62 40.0 – 60.0 0.01 2.0% 0.1% 0.2% 0 This work 
         
 Obs. T (oC) σT σPPZ σPZ σCO2 σy Source 

PPZ 62 40.0 – 60.0 0.01 2.0% 0.1% 0.2% 0 This work 
         
 Obs. T (oC) σT σPZ σCO2 σCp  Source 

Cp 200 40.0 – 120.0 0.1 0.1% 0.2% 2.0%  This work 
         
 Obs. T (oC) σT σPZ σCO2 σ∆H  Source 

∆Habs 47 40.0 – 120.0 0.01 0.1% 0.2% 2.0%  Inna Kim(PC-2007) 
         
 Obs. T (oC) σT σx    Source 

NMR 39 25.0 – 60.0 0.01 1.0%    Ermatchkov et al. (2003) 
 

The column labels Tσ , 2PCOσ , PPZσ ,
ixσ ,

iyσ , Cpσ , Hσ ∆ , give standard errors 

associated with the temperature, partial pressure of CO2, partial pressure of PZ, liquid mole 

fraction, vapor mole fraction, the specific heat capacity, and the enthalpy of CO2 absorption, 

respectively, with each data set.  DRS suggested standard error default values were assigned 

unless otherwise stated by the author.  Overall, 377 experimental data points were included 

in the model regression. 
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Table 14.4-3 shows the regression summary statistics output for estimates of the 

adjustable binary parameter coefficients, the infinite dilution aqueous phase free energy of 

formation, the infinite dilution aqueous phase enthalpy of formation, and the infinite 

dilution aqueous phase heat capacity polynomial for piperazine carbamate, piperazine 

dicarbamate, and protonated piperazine carbamate after performing a nonlinear regression 

for the full model using DRS in Aspen PlusTM. 

Table 14.4-3.  DRS Regression Output for Full H2O-PZ-CO2 System Model. 
i j k Estimate σ wrt Estimate i j k Estimate σ wrt Estimate

1 ∆GPZCOO -216402689 145128 18-Aca,m PZH+ PZCOO-1 H2O -104 46.2
2 ∆HPZCOO -482028622 17478506 19-Bca,m PZH+ PZCOO-1 H2O 40581 18979

3-CP-A PZCOO-1 -6853709 8150363 20-Am,ca H2O PZH+ HCO3
-1 4.44 3.56

4-CP-B PZCOO-1 23209 46387 21-Bm,ca H2O PZH+ HCO3
-1 5973 1299

5-CP-C PZCOO-1 4.90 73.8 22-Aca,m PZH+ HCO3
-1 H2O -0.787 1.73

6 ∆GPZCOO2 -576616171 3365369 23-Bca,m PZH+ HCO3
-1 H2O -3071 587

7 ∆HPZCOO2 -860671113 66184501 24-Am,ca PZ PZH+ HCO3
-1 7.04 0.555

8-CP-A PZ(COO-1)2 -881654 7547281 25-Bm,ca PZ PZH+ HCO3
-1 0.0213 21.2

9-CP-B PZ(COO-1)2 -18936 23655 26-Aca,m PZH+ HCO3
-1 PZ -5.75 5.48

10-CP-C PZ(COO-1)2 80.1 60.4 27-Bca,m PZH+ HCO3
-1 PZ 0.0216 19.2

11 ∆GHPZCOO -273454207 475040 28-Am,ca PZ PZH+ PZCOO-1 6.91 3.34
12 ∆HHPZCOO -522383061 7367332 29-Bm,ca PZ PZH+ PZCOO-1 -0.0127 10.2

13-CP-A H+PZCOO-1 4189850 9949541 30-Aca,m PZH+ PZCOO-1 PZ 1.72 8.79
14-CP-B H+PZCOO-1 -13614 56496 31-Bca,m PZH+ PZCOO-1 PZ -0.0508 38.1
15-CP-C H+PZCOO-1 5.19 80.6 32-Am,ca CO2 PZH+ HCO3

-1 10.5 11.7
16-Am,ca H2O PZH+ PZCOO-1 -1.05 6.95 33-Bm,ca CO2 PZH+ HCO3

-1 0.0139 13.5
17-Bm,ca H2O PZH+ PZCOO-1 3578 2226 34-Aca,m PZH+ HCO3

-1 CO2 11.8 13.3
35-Bca,m PZH+ HCO3

-1 CO2 -0.0133 12.6  
Residual Sum of Squares:  15,073 
Residual Root Mean Square:  9.0263 
Degree of Freedom:   342 
 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that eighteen of the estimates are smaller relative to their standard 

errors.  Table 14.4-4 gives a complete description of the variability of the coefficient 

estimates which requires examining the correlations between the estimates. 
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Table 14.4-4.  Correlation Matrix of the Coefficient Estimates for the Full H2O-PZ-CO2 
System Model 
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Table 14.4-4 shows 18 highly negative and positive correlations out of a possible 630.  

The highly correlated parameters are between the temperature dependant coefficients and 

the respective constant for the each energy parameter estimate, but the correlation between 

other coefficients is relatively small, suggesting that the amount of temperature dependant 

parameters might be usefully removed from the model without significant loss of 

information. 

After performing backward elimination using DRS, the following “optimum” model 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients is shown in Table 14.4-5.   

Table 14.4-5.  DRS Regression Output for Optimum H2O-PZ-CO2 System Model. 
i j k Estimate σ wrt Estimate i j k Estimate σ wrt Estimate

1 ∆GPZCOO -208605374 4324702 18-Aca,m PZH+ PZCOO-1 H2O -89.3 732
2 ∆HPZCOO -302202009 91895726 19-Bca,m PZH+ PZCOO-1 H2O -149 51.7

3-CP-A PZCOO-1 -20353192 13516014 20-Am,ca H2O PZH+ HCO3
-1 53010 17739

4-CP-B PZCOO-1 -16379 15399 21-Bm,ca H2O PZH+ HCO3
-1 320 224

5-CP-C PZCOO-1 227 122 22-Aca,m PZH+ HCO3
-1 H2O 7.40 15.9

6 ∆GPZCOO2 -577933128 1518873 23-Bca,m PZH+ HCO3
-1 H2O 5237 5020

7 ∆HPZCOO2 -889198855 45841749 24-Am,ca PZ PZH+ HCO3
-1 123 107

8-CP-A PZ(COO-1)2 3081046 12966463 25-Bm,ca PZ PZH+ HCO3
-1 -5.14 8.06

9-CP-B PZ(COO-1)2 9895 103953 26-Aca,m PZH+ HCO3
-1 PZ -1819 2529

10-CP-C PZ(COO-1)2 -33.0 232 27-Bca,m PZH+ HCO3
-1 PZ -44.5 59.3

11 ∆GHPZCOO -273618109 1197501 28-Am,ca PZ PZH+ PZCOO-1 8.84 18.8
12 ∆HHPZCOO -522578082 29488513 29-Bm,ca PZ PZH+ PZCOO-1 -111 6027

13-CP-A H+PZCOO-1 4384726 21506173 30-Aca,m PZH+ PZCOO-1 PZ 109 177
14-CP-B H+PZCOO-1 -18146 113054 31-Bca,m PZH+ PZCOO-1 PZ 0.174 26.5
15-CP-C H+PZCOO-1 HPZCOO 17.58 157 32-Am,ca CO2 PZH+ HCO3

-1 18.3 4440
16-Am,ca H2O PZH+ PZCOO-1 -63.2 48.7 33-Bm,ca CO2 PZH+ HCO3

-1 102 714
17-Bm,ca H2O PZH+ PZCOO-1 23307 15187  

Residual Sum of Squares:  14,771 
Residual Root Mean Square:  8.8457 
Degree of Freedom:   344 
 

Notice that nine of the estimates are smaller relative to their standard errors.  

Comparing the estimates from the full model to the “optimum” model, there was relatively 

little difference between the estimated values.  With the elimination of two parameters, the 

optimum model was unable to provide adequate predictions to the experimental data even 
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though the sum of squares decreased by 2.05 percent.  Furthermore, none of the other 

possible submodels proposed by backward elimination were able to provide adequate 

predictions and capture systematic trends with the data sets.  In this work, we chose the 

full model to describe the interactions in the H2O-PZ-CO2 system. 
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Figure 14.4-1.  Binary Interaction Parameters for H2O,PZH+1/PZCOO-1. 

 
Estimated Binary Interaction Parameters 

With the determination of the estimates for the binary interaction parameters known 

for the full model, we can use Equation 14-50 and Equation 14-51 to illustrate the 

temperature dependence of the molecule-electrolyte (τm,ca), electrolyte-molecule (τca,m), water-

electrolyte (τm,ca), and electrolyte-water (τca,m) energy parameters as shown in Figure 14.4-1 

through Figure 14.4-5. 
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Figure 14.4-2.  Binary Interaction Parameters for H2O,PZH+1/ HCO3-1. 
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Figure 14.4-3.  Binary Interaction Parameters for PZ, PZH+1/HCO3-1. 
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Figure 14.4-4.  Binary Interaction Parameters for PZ, PZH+1/PZCOO-1. 
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Figure 14.4-5.  Binary Interaction Parameters for CO2, PZH+1/HCO3-1. 
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14.4.1  Full Model Results 
 

With the determination of the estimates for the binary interaction parameters known 

for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-PZ-CO2 model against literature data.  For each data point, the 

deviation between the experimental and estimated values is expressed in terms of the average 

absolute relative deviation (AARD) given in Table 14.4-6 and Table 14.4-7.  Overall, the 

model adequately describes the H2O-PZ-CO2 property data listed above within an average 

absolute relative error of ± 10.59 percent, with the exception of a few outliers. 

Table 14.4-6.  Absolute Percent Relative Error for the H2O-PZ-CO2 Full Model. 

PCO2 Loading
AARD AARD

This work 13.64 2.06
Ermatchkov et al. (2006) 7.12 1.6

PZ Solubility PPZ Loading

This work 36.94 2.21

Enthalpy of CO2 Abs. ∆HABS Loading

Inna Kim (PC-2007) 6.55 0.54

Specific Heat Capacity Cp Loading

This work 3.37 0.2

Overall 10.59 1.50

CO2 Solubility
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Table 14.4-7.  Absolute Percent Relative Error for the H2O-PZ-CO2 Full Model Speciation. 

PZ+PZH+ H+PZCOO-+PZCOO-
PZ(COO-)2 Loading

AARD AARD AARD AARD

Ermatchkov et al. (2003) 7.99 4.83 4.25 2.40

NMR Speciation

 
 

14.5  Full Model Predictions 
 

In this work, we have compiled a large database of consistent high quality data 

needed to obtain a unique set of binary interactions parameters to describe the H2O-PZ-CO2 

system.  The remainder of this chapter will be devoted to using our model as a predictive 

tool as described in the subsequent sections. 

14.5.1  CO2 Solubility and Amine Volatility 
 

Figure 14.5-1 through Figure 14.5-5 gives the results of fit for the experimental CO2 

solubility at 0.9, 2.0, 2.5, 3.6, and 5.0 m PZ versus loading at 40 and 60 oC from this work.  

Predictions from the Hilliard (2005) model are also compared to predictions from this work.  

As described in Chapter IX, Hilliard (2005) predicted activity coefficient of PZ from the 

UNIFAC [Dortmund Modified (DMD)] Method [Weidlich and Gmehling (1987) and 

Gmehling et al. (1993)] where the activity coefficients were predicted from group 

contributions and were assumed to be accurate due to the lack of experimental information.  

The modified UNIFAC model treated cyclic PZ as an aliphatic molecule with respect to the 

effect of substituent groups and amine’s structure, whereby affecting how the molecule will 

interact in an aqueous environment with increasing temperature.  This effect was 
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demonstrated when a comparison of the activity coefficients from this work and those from 

Hilliard (2005) were made as described in Section 9.4-5.  The Hilliard (2005) model was able 

to describe the CO2 solubility in loaded piperazine solution, so a comparison between the 

two models is justified at this level. 

Model predictions based on the Hilliard (2005) model tend to underestimate CO2 

vapor pressures at low loading and at low piperazine concentration and tend to overestimate 

at high loading over the entire range of piperazine concentrations studied in this work.  In 

the Hilliard (2005) model, the available CO2 solubility data at the time was 0.6 M PZ 

reported by Bishnoi (2000) at 40 and 70 oC and supplemented by total pressure data reported 

by Pérez-Salado Kamps et al. (2003) for aqueous piperazine mixtures from 2 to 4 m PZ.  

This could account for the overestimate at high loading since the range in loading reported 

by Bishnoi (2000) varied from 0.1 to 0.4 mol CO2/2·mol PZ.  In this work, we utilized the 

high loading CO2 solubility data from Ermatchkov et al. (2006) at 40 and 80 oC to correct 

the loading dependence discrepancy as shown in the previous model. 

Figure 14.5-6 compares experimental CO2 solubility from Ermatchkov et al. (2006) 

at 40 and 80 oC to model predictions from this work.  We chose to illustrate this comparison 

in a parity plot due to the numerous solution compositions reported by the author (e.g. 1.0, 

1.2, 2.0, 2.1, 2.3, 4.0, and 4.2 m PZ) but over a selected range in loading.   

Figures 14.5-7 and 14.5-8 illustrates an important point where over the range of 

piperazine concentrations studied in this work, the apparent CO2 solubility is approximately 

independent of the piperazine concentration.  Overall, the full model adequately described 

the CO2 solubility data within an average absolute relative error of ± 10.4 percent. 
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Figure 14.5-1.  Comparison between Experimental and Predicted CO2 Solubility in 0.9 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: - - -, Hilliard (2005), ▬, this 
work. 
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Figure 14.5-2.  Comparison between Experimental and Predicted CO2 Solubility in 2.0 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: - - -, Hilliard (2005), ▬, this 
work. 
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Figure 14.5-3.  Comparison between Experimental and Predicted CO2 Solubility in 2.5 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: - - -, Hilliard (2005), ▬, this 
work. 
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Figure 14.5-4.  Comparison between Experimental and Predicted CO2 Solubility in 3.6 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: - - -, Hilliard (2005), ▬, this 
work. 
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Figure 14.5-5.  Comparison between Experimental and Predicted CO2 Solubility in 5.0 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: - - -, Hilliard (2005), ▬, this 
work. 
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Figure 14.5-6.  Comparison between Experimental CO2 Solubility in 1 – 4 m PZ at 40 (♦) and 
80 (■) oC from Ermatchkov et al. (2006) to Predictions from this work. 
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Figure 14.5-7.  Comparison between Experimental and Predicted CO2 Solubility in 2.0 and 
5.0 m PZ at 40 and 60 oC from this work.  Points: ♦, 40 oC, ■, 60 oC, 2.0 m PZ, ◊, 40 oC,          
□, 60 oC, 5.0 m PZ.  Lines: 2.0 m PZ Predictions, 5.0 m PZ Predictions. 
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Figure 14.5-8.  CO2 Solubility Predictions for 2.0 and 5.0 m PZ from 40 to 120 oC.  Solid lines: 
2.0 m PZ.  Dash lines: 5.0 m PZ. 
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CO2 solubility Temperature Dependence 
 

Figure 14.5-9 through 14.5-13 illustrates predictions for the temperature dependence 

of CO2 solubility versus loading for 0.9 – 5 m PZ from 20 – 120 oC.  Figure 14.5-9 through 

14.5-13 demonstrates the limiting effect of piperazine hexahydrate precipitation on CO2 

solubility versus loading.  In the carbon capture processes, the deposition of a salt in the 

process needs to be avoided.  Thus, for carbon capture process utilizing salt and/or amines 

as a chemical solvent, knowledge about the range of conditions where salt precipitation may 

be possible is very important in addition in a laboratory environment where bench scale 

solubility measurements are performed. 
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Figure 14.5-9.  CO2 Solubility Predictions for 0.9 m PZ from 20 to 120 oC. 
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Figure 14.5-10.  CO2 Solubility Predictions for 2.0 m PZ from 20 to 120 oC. 
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Figure 14.5-11.  CO2 Solubility Predictions for 2.5 m PZ from 20 to 120 oC. 
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Figure 14.5-12.  CO2 Solubility Predictions for 3.6 m PZ from 20 to 120 oC. 
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Figure 14.5-13.  CO2 Solubility Predictions for 5.0 m PZ from 20 to 120 oC. 
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PZ Volatility Predictions 
 

  As shown in Chapter IX, Figure 14.5-14 compares estimated model predictions to 

experimental partial pressure of PZ in solutions of H2O-PZ.  The model adequately predicts 

the partial pressure of PZ but fails to predict the correct partial pressure at 40 and 60 oC.  

Since this error is the initial boundary of PZ volatility, subsequent volatility predictions will 

be subjected to this estimation as shown by the dashed line based on an ordinary least 

squares (OLS) approximation in Figure 14.5-15 through Figure 14.5-19, illustrating the fit for 

the experimental PZ solubility at 0.9, 2.0, 2.5, 3.6, and 5.0 m PZ per loading at 40 and 60 oC 

as predicted from this work and compared to predictions from the Hilliard (2005) model. 
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Figure 14.5-14.  Comparison of Amine Volatility at Zero Loading from this work to 
elecNRTL Model Predictions from 30 – 120 oC.  Points: experimental data from this work ♦, 
0.9 m, ■, 2.5 m, ▲, 5.0 m.  Lines: ▬, elecNRTL Predictions. 
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Figure 14.5-15.  Comparison between Experimental and Predicted PZ Volatility in 0.9 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: ─  ─, Hilliard (2005), - - -, OLS 
Approximation, ▬, this work. 
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Figure 14.5-16.  Comparison between Experimental and Predicted PZ Volatility in 2.0 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: ─  ─, Hilliard (2005), - - -, OLS 
Approximation, ▬, this work. 
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Figure 14.5-17.  Comparison between Experimental and Predicted PZ Volatility in 2.5 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: ─  ─, Hilliard (2005), - - -, OLS 
Approximation, ▬, this work. 
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Figure 14.5-18.  Comparison between Experimental and Predicted PZ Volatility in 3.6 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: ─  ─, Hilliard (2005), - - -, OLS 
Approximation, ▬, this work. 
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Figure 14.5-19.  Comparison between Experimental and Predicted PZ Volatility in 5.0 m PZ 
at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC, this work.  Lines: ─  ─, Hilliard (2005), - - -, OLS 
Approximation, ▬, this work. 

 
As shown in Figure 14.5-15 through 14.5-19, the Hilliard (2005) model overestimates 

the PZ partial pressure over the entire range of conditions.  The root cause to this 

overestimation was estimating the activity coefficient of PZ in H2O-PZ by the UNIQUAC 

(DMD) model.  We would recommend future works not to include predictions for the 

activity coefficient of PZ based on H2O-PZ systems into thermodynamic models.  

Thermodynamic models based on available experimental data are more likely to represent 

the correct activity coefficient behavior, but in reality may not be feasible due to the limited 

amount of binary information on unique amine systems. 
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PZ Volatility as a Function of Temperature 
 

Using the full model as a purely predictive tool, Figure 14.5-20 through Figure 14.5-

24 illustrates the partial pressure of PZ in 0.9, 2.0, 2.5, 3.6, and 5.0 m solutions.  In Figure 

14.5-22, the main effects that may affect the partial pressure of PZ in a 2.5 m solution to 

decrease from a loading between 0 and 0.25 mol CO2/2mol PZ are due to changes in the 

activity coefficient of PZ and the solution loading.  Within the loading range of 0.25 to 0.5, 

the main effects are now due to contributions of the chemical equilibrium constants and the 

solution speciation, vis-à-vis the concentration of free amine in the liquid phase where 

beyond a loading of 0.4, the concentration of free amine can be considered negligible as 

shown in Section 14.5.4. 
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Figure 14.5-20.  Predictions for Amine Volatility in 0.9 m PZ from this work. 
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Figure 14.5-21.  Predictions for Amine Volatility in 2.0 m PZ from this work. 
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Figure 14.5-22.  Predictions for Amine Volatility in 2.5 m PZ from this work. 

2891



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
562 

0.00001

0.0001

0.001

0.01

0.1

1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Loading (mol CO2/2·mol PZ)

P
Z

 P
ar

ti
al

 P
re

ss
u

re
 (

kP
a)

40 oC

60 oC

80 oC

100 oC

 
Figure 14.5-23.  Predictions for Amine Volatility in 3.6 m PZ from this work. 
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Figure 14.5-24.  Predictions for Amine Volatility in 5.0 m PZ from this work. 
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14.5.2  Enthalpy of CO2 Absorption 
 

Figure 14.5-25 through Figure 14.5-27 compares experimental differential enthalpy 

of CO2 absorption measurements from Kim (2007) to predictions based on Equation 14-39 

(Gibbs-Helmholtz) from Hilliard (2005) and from this work.   

Model predictions from Hilliard (2005) underestimate the enthalpy of CO2 

absorption at high temperatures over the range in loading and predict the wrong temperature 

dependence.  The enthalpy data suggests that as the temperature increases so does the 

energy to release CO2 from the solvent as shown in Figure 14.5-28.   

On the other hand, the Hilliard (2005) model did not include calorimetric 

measurements as part of his original regression analysis, but we chose to illustrate the 

possible enthalpy differences as compared to a purely CO2 solubility based thermodynamic 

model.   

Figure 14.5-28 illustrates that at a loading of 0.2 mol CO2/2·mol PZ, the enthalpy of 

CO2 absorption increased from 70 to 90 kJ/mol-CO2 as the temperature increased from 40 

to 120 oC.  Figure 14.5-29 illustrates an approximate 10 kJ/mol-CO2 decrease in the enthalpy 

of CO2 absorption in 2.4 m PZ at 40 oC as compared to 7 m MEA, but at 120 oC the 

enthalpy of CO2 absorption is approximately equal over the range of CO2 partial pressures 

from 10 to 1000 kPa. 

Overall, the full model adequately predicts the enthalpy of CO2 absorption for 2.4 m 

PZ mixtures within an average absolute relative error of ± 6.55 percent. 

2893



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
564 

0

20

40

60

80

100

120

0 0.1 0.2 0.3 0.4 0.5

Loading (mol CO2/2·mol PZ)

D
if

fe
re

nt
ia

l -
∆

H
C

O
2 

(k
J/

m
ol

-C
O

2)

 

Figure 14.5-25.  Comparison of the Enthalpy of CO2 Absorption in 2.4 m PZ at 40 oC.  Points: 
♦, Kim (2007).  Lines: - - -, Hilliard (2005), ▬, this work. 
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Figure 14.5-26.  Comparison of the Enthalpy of CO2 Absorption in 2.4 m PZ at 40 oC.  Points: 
♦, Kim (2007).  Lines: - - -, Hilliard (2005), ▬, this work. 
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Figure 14.5-27.  Comparison of the Enthalpy of CO2 Absorption in 2.4 m PZ at 40 oC.  Points: 
♦, Kim (2007).  Lines: - - -, Hilliard (2005), ▬, this work. 
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Figure 14.5-28.  Comparison of the Enthalpy of CO2 Absorption in 2.4 m PZ at 40 and 120 oC.  
Points: ♦, 40 oC, ■, 120 oC, Kim (2007).  Lines:  ▬, this work. 
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Figure 14.5-29.  .  Comparison of the Enthalpy of CO2 Absorption Model Predictions from 
this work in Mixtures of H2O-MEA-CO2 and H2O-PZ-CO2 at 40 and 120 oC.                   
Lines: ▬, 2.4 m PZ, - - -, 7 m MEA. 

 

14.5.3  Specific Heat Capacity 
 

Figure 14.5-30 through 14.5-37 compares experimental specific heat capacity 

measurements from this work to predictions from Hilliard (2005) and to this work.  Model 

predictions from Hilliard (2005) were unable to capture trends in the specific heat capacity as 

a function of temperature as shown in Figure 14.5-33 through 14.5-37.  On the other hand, 

Hilliard (2005) did not include calometric measurements as part of his original regression 

analysis, but we chose to illustrate the possibility enthalpy differences as compared to a 

purely CO2 solubility based thermodynamic model. 

Predictions from this work do capture the correct trends in the specific heat capacity 

as a function of temperature but falls short in predicting the correct specific heat capacity on 
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the order of ± 5 percent.  One possibility for this discrepancy may result from an 

inconsistency between the enthalpy of CO2 absorption measurements from Kim (2007) and 

specific heat capacity from this work. 

We can relate the liquid phase specific heat capacity measurements to the sensible 

liquid phase enthalpy of solution from 40 to 120 oC by integrating the specific heat capacity 

as a function of temperature through regression of the experimental specific heat capacity 

data to the following function: 

 

[ ]

[ ] [ ]
[ ]

1 2 3 4

2
5 6 7

8 9

              

              

l
p

kJC C C T C PZ C Ldg
kg K

C Ldg C PZ T C PZ Ldg

C T Ldg C PZ T Ldg

⎛ ⎞
= + + + +⎜ ⎟−⎝ ⎠

+ + +

⋅ + ⋅ ⋅

 14-52 

Where 
T is the temperature, oC, 
[ ]PZ is the concentration of PZ, m (mole/kg-H2O), 
Ldg is the loading of the solution, mol CO2/2·mol PZ. 
 
 Equation 14-52 allows for nonlinearity in the temperature, concentration, and 

loading dependence.  The interaction terms [ ]( PZ T⋅ , [ ]PZ Ldg⋅ , T Ldg⋅ , 

[ ] )PZ T Ldg⋅ ⋅ allow for twisting of the predictive surface versus the four predictors.  

Performing an ordinary least squares (OLS) regression on the experimental specific heat 

capacity measurements from this work using ARC gives the following coefficients estimates 

in Equation 14-52 as shown in Table 14.5.1. 
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Figure 14.5-30.  Comparison of Experimental Specific Heat Capacity in Loaded 2.0 m PZ 
Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.0, ■, Ldg = 0.16, ▲, Ldg = 0.27.  Lines:  ▬, 
Ldg = 0.0, ─  ─, Ldg = 0.16, - - - , Ldg = 0.27, this work. 
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Figure 14.5-31.  Surface Comparison of Experimental Specific Heat Capacity in Loaded 2.0 m 
PZ Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.0, ■, Ldg = 0.16, ▲, Ldg = 0.27.  Surface:  
this work. 
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Figure 14.5-32.  Comparison of Experimental Specific Heat Capacity in Loaded 3.6 m PZ 
Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.0, ■, Ldg = 0.16, ▲, Ldg = 0.38.  Lines:  ▬, 
Ldg = 0.0, ─  ─, Ldg = 0.16, - - - , Ldg = 0.38, this work. 
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Figure 14.5-33.  Surface Comparison of Experimental Specific Heat Capacity in Loaded 2.0 
m PZ Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.0, ■, Ldg = 0.16, ▲, Ldg = 0.38.  
Surface: this work. 
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Figure 14.5-34.  Comparison of Experimental Specific Heat Capacity in Loaded 2.0 m PZ 
Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.0, ■, Ldg = 0.16, ▲, Ldg = 0.27.  Lines:  ▬, 
Ldg = 0.0, ─  ─, Ldg = 0.16, - - - , Ldg = 0.27, Hilliard (2005). 
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Figure 14.5-35.  Surface Comparison of Experimental Specific Heat Capacity in Loaded 2.0 
m PZ Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.0, ■, Ldg = 0.16, ▲, Ldg = 0.27.  
Surface:  Hilliard (2005). 
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Figure 14.5-36.  Comparison of Experimental Specific Heat Capacity in Loaded 3.6 m PZ 
Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.0, ■, Ldg = 0.16, ▲, Ldg = 0.38.  Lines:  ▬, 
Ldg = 0.0, ─  ─, Ldg = 0.16, - - - , Ldg = 0.38, Hilliard (2005). 
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Figure 14.5-37.  Comparison of Experimental Specific Heat Capacity in Loaded 3.6 m PZ 
Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.0, ■, Ldg = 0.16, ▲, Ldg = 0.38.  Surface: 
Hilliard (2005). 
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Table 14.5-1.  ARC Regression Output for Experimental Specific Heat Capacity 
Measurements from this work based on Equation 14-52. 

Parameter Estimate σ wrt Estimate 
C1 3.92 0.0184 
C2 0.00323 0.000220 
C3 -0.0837 0.00636 
C4 -0.413 0.0770 
C5 0.767 0.0521 
C6 -2.54E-04 7.60E-05 
C7 -0.319 0.0261 
C8 -0.00329 0.000883 
C9 0.00242 0.000312 

 
Residual Sum of Squares: 0.0109 
Degree of Freedom:  110 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that all of the estimates are smaller relative to the standard error.  A 

complete description of the variability of the coefficient estimates requires examining the 

correlations between the estimates as shown in Table 14.5-2. 

Table 14.5-2.  Correlation Matrix of the Coefficient Estimates for the Full CPMX Model. 

Parameter 1 2 3 4 5 6 7 8 9
1 1.00
2 -0.89 1.00
3 0.41 -0.73 1.00
4 -0.85 0.61 0.00 1.00
5 -0.75 0.51 0.00 0.72 1.00
6 0.10 0.00 0.00 0.04 -0.46 1.00
7 0.81 -0.65 0.00 -0.95 -0.71 0.00 1.00
8 0.75 -0.54 0.00 -0.89 -0.83 -0.01 0.85 1.00
9 0.76 -0.60 0.00 -0.80 -0.84 0.00 0.84 0.90 1.00 

 
Table 14.5-3 shows three highly correlated parameters and one independent 

parameter, but the correlation between other coefficients is relatively small, suggesting that 

C3, C8, or C9 might be usefully removed from the model without significant loss of 

information. 
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We can now evaluate the average experimental specific heat capacity over the 

temperature range from 40 to 120 oC and compare to the average specific heat capacity 

predictions based on the full model for 2 and 3.6 m PZ as shown in Table 14.5-3. 

Table 14.5-3.  Comparison of Average Specific Heat Capacity (kJ/kg-K) from 40 - 120 oC. 

PZ (m) Loading Experimental Full Model AARD (%) 
 0.00 3.9716 3.9626 0.23 
2 0.16 3.8556 3.9224 1.73 
 0.27 3.7711 3.8872 3.08 
 0.00 3.8074 3.8096 0.06 

3.6 0.16 3.6472 3.6874 1.10 
 0.38 3.4919 3.4794 0.36 

 
The average absolute relative error presented in Table 14.5-3 illustrates that the full model 

does predict the correct average specific heat capacity and in turn the sensible liquid phase 

enthalpy ( )pC T∆ within the experimental accuracy of ± 2.0 percent error with the exception 

of 2 m PZ at a loading of 0.27 mol CO2/2·mol PZ. 

To describe the departure from an ideal solution behavior, Figure 14.5-38 and Figure 

14.5-39 illustrate the proposed molar infinite dilution aqueous phase heat capacity for ionic, 

molecular solute, and molecular species in the H2O-PZ-CO2 system.  The molar infinite 

dilution aqueous phase heat capacity for CO3
-2, HCO3

-1, and PZH+1 were given in Chapter 

XII and IX, respectively.  By differentiating Equation 14-33 with respect to temperature, the 

molar infinite dilution aqueous phase heat capacity for CO2 can be determined as shown in 

Figure 14.5-38.  From Table 14.4-3, coefficients for the molar infinite dilution aqueous phase 

heat capacity of PZCOO-1, PZ(COO-1)2, and H+PZCOO-1 were determined through 

simultaneous regression as described in Section 14.4. 
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Figure 14.5-38.  Molar Infinite Dilution Aqueous Phase Heat Capacity for Ionic, Molecular 
Solute, and Molecular Species in the H2O-PZ-CO2 System.  Points:  ♦,CO2, ■,HCO3-1,   
▲CO3-2, ×H2O. 
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Figure 14.5-39.  Molar Infinite Dilution Aqueous Phase Heat Capacity for Ionic, Molecular 
Solute, and Molecular Species in the H2O-PZ-CO2 System.  Points: ♦, PZH+1, ■, PZCOO-1, 
▲, PZ(COO-1)2, ●, H+PZCOO-1, ×, PZ. 
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Figure 14.5-40 separates the molar heat capacity for 2 m PZ at a loading of 0.16 into 

weighted molar heat capacity of each contributing species with respect to the components 

reference state (i.e. Solvents: pure liquid, Ionic and Molecular Solutes: infinite dilution in 

water).  By describing the molar heat capacity of the solution by the following equation: 

 

 
( )

2 12 2 3 3

1 1 11
2

*, *, , , ,

, , , ,        

l l aq aq aq
p H O p PZ p CO p p pCO HCO

aq aq aq aq Ex
p p p p pPZH PZCOO H PZCOOPZ COO

C x C x C x C x C x C

x C x C x C x C C

− −

+ − + −−

∞ ∞ ∞

∞ ∞ ∞ ∞

= + + + +

+ + + + +
 14-53 

 
deviations between the molar heat capacity of the solution from the ideal molar heat capacity 

are accounted for by the excess molar heat capacity.  The excess molar heat capacity also 

accounts for the heat of reaction associated with any change in speciation with temperature. 

To investigate the effect of CO2 loading on the liquid phase specific heat capacity, we 

can transform the specific heat capacity into an apparent heat capacity in terms of the mass 

of H2O plus PZ in the experimental solution as shown in Figure 14.5-41. 

Figure 14.5-41 illustrates how the experimental apparent heat capacity collapses into 

a surface, suggesting that contributions of the apparent heat capacity of apparent CO2 

species may be considered small with a magnitude less than 2 kJ/kmol-K due to the heat 

capacities of the piperazine carbamate and hydrated piperazine are approximately equal over 

a given temperature interval.   
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Figure 14.5-40.  Comparison of the Molar Heat Capacity for 2 m PZ at a loading = 0.16 mol 
CO2/2·mol PZ from this work to the Ideal Molar Heat Capacity based on the Constituent 
Components. 
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Figure 14.5-41.  Comparison of the Experimental “Partial” Specific Heat Capacity for 2 m PZ 
to Predictions from the elecNRTL Model.  Points: ♦, Ldg = 0.0, ▲, Ldg = 0.38.  Lines: ▬, 
Ldg = 0.0, - - - , Ldg = 0.38,  ▬, CP (H2O), ─  ─, CP (PZ). 

 

14.5.4  Liquid Phase Speciation 
 

Figure 14.5-42 through Figure 14.5-71 compare experimental liquid phase NMR 

speciation measurements from Ermatchkov et al. (2003) to predictions from Hilliard (2005) 

model and to this work.  NMR speciation predictions from Hilliard (2005) were based on the 

regression of predictions for the “true” component speciation as predicted by the Cullinane 

(2005) model.  In the Cullinane (2005) model, NMR speciation from Ermatchkov et al. 

(2003) was regressed based on a stand-alone rigorous thermodynamic equilibrium/rate 

2907



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
578 

model utilizing the Electrolyte NRTL model.  The Fortran code was first created by Austgen 

(1989) for the amine-water systems and then later modified by Bishnoi (2000). 

Model predictions from Hilliard (2005) adequately predict the liquid phase NMR 

speciation for 1.0 and 1.5 m PZ, but as previously shown, the Hilliard (2005) model does not 

adequately predict the piperazine volatility.  Even though amine volatility is a concentration 

based measurement and NMR speciation allows the researcher to take a glimpse at the 

pseudo-component concentrations, when all of the data is poured into the electrolyte NRTL 

model, both pieces of information are affecting the adjustment of the activity coefficient of 

PZ.   

In this work we were able to adequately predict the CO2 solubility, amine volatility, 

enthalpy of CO2 absorption and to some extent the liquid phase specific heat capacity, we 

feel that we have compiled an extensive database that gives a more realistic prediction for 

the liquid phase speciation.  In this work, the full model was able to adequately predict the 

liquid phase NMR speciation for 1.0 and 1.5 m PZ mixtures within an average relative error 

of ± 5.69 percent. 

Figure 14.5-72 through Figure 14.5-75 illustrate model predictions for liquid phase 

speciation and activity coefficient behavior in 5 m PZ at 40 oC.  Since this concentration is 

outside the range of the regressed NMR speciation data reported from Ermatchkov et al. 

(2003); predictions are presented to illustrate possible trends associated with the solvent and 

should be treated with caution. 
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Liquid Phase Speciation for 1.0 m PZ 
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Figure 14.5-42.  Comparison of Liquid Phase NMR Speciation in 1.0 m PZ at 25 oC to Model 
Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 from 
Ermatchkov et al. (2003).  Lines: - - -, Hilliard (2005), ▬, this work, ─  ─, Conc. Free PZ. 
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Figure 14.5-43.  Predictions for the Liquid Phase Speciation in 1.0 m PZ at 25 oC from this 
work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-44.  Predictions for the Liquid Phase Speciation in 1.0 m PZ at 25 oC from this 
work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 14.5-45.  Predictions for the Liquid Phase Activity Coefficients in 1.0 m PZ at 25 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-46.  Predictions for the Liquid Phase Activity Coefficients in 1.0 m PZ at 25 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 14.5-47.  Comparison of Liquid Phase NMR Speciation in 1.0 m PZ at 40 oC to Model 
Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 from 
Ermatchkov et al. (2003).  Lines: - - -, Hilliard (2005), ▬, this work, ─  ─, Conc. Free PZ. 

 

2911



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
582 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Loading (mol CO2/2·mol PZ)

m
ol

e/
kg

-H
2O

 o
f 

Sp
ec

ie
s 

i

 

Figure 14.5-48.  Predictions for the Liquid Phase Speciation in 1.0 m PZ at 40 oC from this 
work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-49.  Predictions for the Liquid Phase Speciation in 1.0 m PZ at 40 oC from this 
work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 14.5-50.  Predictions for the Liquid Phase Activity Coefficients in 1.0 m PZ at 40 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-51.  Predictions for the Liquid Phase Activity Coefficients in 1.0 m PZ at 40 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 

 
 

2913



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
584 

0.001

0.01

0.1

1

10

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Loading (mol CO2/2·mol PZ)

m
ol

e/
kg

-H
2O

 o
f 

Sp
ec

ie
s 

i

 

Figure 14.5-52.  Comparison of Liquid Phase NMR Speciation in 1.0 m PZ at 60 oC to Model 
Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 from 
Ermatchkov et al. (2003).  Lines: - - -, Hilliard (2005), ▬, this work, ─  ─, Conc. Free PZ. 
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Figure 14.5-53.  Predictions for the Liquid Phase Speciation in 1.0 m PZ at 60 oC from this 
work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-54.  Predictions for the Liquid Phase Speciation in 1.0 m PZ at 60 oC from this 
work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 14.5-55.  Predictions for the Liquid Phase Activity Coefficients in 1.0 m PZ at 60 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 

 
 

2915



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
586 

0.001

0.01

0.1

1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Loading (mol CO2/2·mol PZ)

A
ct

iv
it

y 
C

oe
ff

ic
ie

n
t 

of
 S

p
ec

ie
s 

i

 

Figure 14.5-56.  Predictions for the Liquid Phase Activity Coefficients in 1.0 m PZ at 60 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 

 
Liquid Phase Speciation for 1.5 m PZ 
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Figure 14.5-57.  Comparison of Liquid Phase NMR Speciation in 1.5 m PZ at 25 oC to Model 
Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 from 
Ermatchkov et al. (2003).  Lines: - - -, Hilliard (2005), ▬, this work, ─  ─, Conc. Free PZ. 
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Figure 14.5-58.  Predictions for the Liquid Phase Speciation in 1.5 m PZ at 25 oC from this 
work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-59.  Predictions for the Liquid Phase Speciation in 1.5 m PZ at 25 oC from this 
work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 14.5-60.  Predictions for the Liquid Phase Activity Coefficients in 1.5 m PZ at 25 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-61.  Predictions for the Liquid Phase Activity Coefficients in 1.5 m PZ at 25 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 14.5-62.  Comparison of Liquid Phase NMR Speciation in 1.5 m PZ at 40 oC to Model 
Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 from 
Ermatchkov et al. (2003).  Lines: - - -, Hilliard (2005), ▬, this work, ─  ─, Conc. Free PZ. 
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Figure 14.5-63.  Predictions for the Liquid Phase Speciation in 1.5 m PZ at 40 oC from this 
work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-64.  Predictions for the Liquid Phase Speciation in 1.5 m PZ at 40 oC from this 
work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 14.5-65.  Predictions for the Liquid Phase Activity Coefficients in 1.5 m PZ at 40 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-66.  Predictions for the Liquid Phase Activity Coefficients in 1.5 m PZ at 40 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 

0.001

0.01

0.1

1

10

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Loading (mol CO2/2·mol PZ)

m
ol

e/
kg

-H
2O

 o
f 

Sp
ec

ie
s 

i

 
Figure 14.5-67.  Comparison of Liquid Phase NMR Speciation in 1.5 m PZ at 60 oC to Model 
Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 from 
Ermatchkov et al. (2003).  Lines: - - -, Hilliard (2005), ▬, this work, ─  ─, Conc. Free PZ. 
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Figure 14.5-68.  Predictions for the Liquid Phase Speciation in 1.5 m PZ at 60 oC from this 
work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-69.  Predictions for the Liquid Phase Speciation in 1.5 m PZ at 60 oC from this 
work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 14.5-70.  Predictions for the Liquid Phase Activity Coefficients in 1.5 m PZ at 60 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 14.5-71.  Predictions for the Liquid Phase Activity Coefficients in 1.5 m PZ at 60 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Liquid Phase Speciation for 5 m PZ 
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Figure 14.5-72.  Predictions for the Liquid Phase Speciation in 5 m PZ at 40 oC from this 
work.  Lines: ▬, PZ, ▬, PZH+1, ▬, PZCOO-1, ▬, PZ(COO-1)2, ▬, H+PZCOO-1. 
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Figure 14.5-73.  Predictions for the Liquid Phase Speciation in 5 m PZ at 40 oC from this 
work.  Lines: ▬, CO2, ▬, CO3-2, ▬, HCO3-1. 
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Figure 14.5-74.  Predictions for the Liquid Phase Activity Coefficients in 5 m PZ at 40 oC 
from this work.  Lines: ▬, PZ, ▬, PZH+1, ▬, PZCOO-1, ▬, PZ(COO-1)2, ▬, H+PZCOO-1. 
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Figure 14.5-75.  Predictions for the Liquid Phase Activity Coefficients in 5 m PZ at 40 oC 
from this work.  Lines: ▬, CO2, ▬, CO3-2, ▬, HCO3-1. 
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14.5.5  Carbamate Stability Constant 
 

Using Equation 14-25 and estimates for the infinite dilution aqueous phase free 

energy of formation, the infinite dilution aqueous phase enthalpy of formation, and the 

infinite dilution aqueous phase heat capacity polynomial for piperazine carbamate, piperazine 

dicarbamate, and protonated piperazine carbamate, we can then analytically determine the 

chemical equilibrium constants as shown in Figure 14.5-76 through Figure 14.5-78 (molality 

infinite dilution in water basis), for the formation of PZCOO-1, PZ(COO-1)2, and 

H+PZCOO-1 given by Equations 14-54 through 14-56.  The chemical equilibrium constants 

for Equations 14-11, 14-12, and 14-13 are regressed into linear temperature dependent 

functions given in Table 14.5-4 on a mole fraction, infinite dilution in water basis. 

Table 14.5-4.  Chemical Equilibrium Coefficients for the H2O-PZ-CO2 System on a Mole 
Fraction, Infinite Dilution in Water Basis. 

Equation #  A σA B σB C σC D σD 

14-11  1025 0.49 1606 13.9 -214 0.085 0.657 0.001 
14-12  192 44.6 2029 1264 -44.7 7.69 0.200 0.012 
14-13  668 1.96 3465 55.6 -156 0.338 0.594 0.001 

ln K = A + B/T(K) + C·lnT(K) + D·T(K) 
 
________________________________________________________________________ 
 
 
 1

2PZ PZCOOCO H− ++ ↔ +  14-54 

 ( )1 1
2 2

PZCOO PZ COOCO H− − ++ ↔ +  14-55 

 1 1PZCOOH PZCOO H+ − − +↔ +  14-56 
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Figure 14.5-76.  Comparison of the Chemical Equilibrium Constant of PZCOO-1.  Points:                    
●, Ermatchkov et al. (2003, ■, Cullinane (2005), ▲, Derks et al. (2005), ♦, this work. 
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Figure 14.5-77.  Comparison of the Chemical Equilibrium Constant of PZ(COO-1)2.  Points:                    
●, Ermatchkov et al. (2003, ■, Cullinane (2005), ▲, Derks et al. (2005), ♦, this work. 
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Figure 14.5-78.  Comparison of the Chemical Equilibrium Constant of H+PZCOO-1.  Points:                    
●, Ermatchkov et al. (2003), ■, Cullinane (2005), ▲, Derks et al. (2005), ♦, this work. 

 
Figure 14.5-76 through Figure 14.5-78 illustrates an important point; even though 

each author successfully regressed experimental data for the H2O-PZ-CO2 system, 

predictions for the calculated chemical equilibrium constants differ.  This discrepancy may 

be due to the thermodynamic foundations of each model framework.  Each model would 

describe the activity coefficients differently based on the regression methodology each 

employed, the type of thermodynamic model used, and the types of thermodynamic data 

used in the model regression.  In addition, the behavior for the activity coefficient of PZ as a 

function of temperature and concentration might also have the possibility of affecting the 

description of the chemical equilibrium environment.  Overall, predictions for the chemical 

equilibrium constants appear to be consistent with previous work given the range of scatter 

of the reported values. 
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14.6  Solid Solubility Predictions 
 

In this work we were able to use the full model as a predictive tool to illustrate the 

possible effects of loading on the solid solubility piperazine hexahydrate (PZ·6H2O) in the 

H2O-PZ-CO2 system over the concentration range from 1 to 5 m PZ as shown in Figure 

14.6-1 and as a surface prediction in Figure 14.6-2. 
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Figure 14.6-1.  Predictive Solid Solubility for Aqueous Mixtures of Loaded Piperazine from 1 
to 5 m PZ with an Extrapolation to 10 m PZ.  

 
From Figure 14.6-3 we could recognize an effective operating range for solutions of 

concentrated piperazine, greater than 5 m PZ, over a loading range between 0.25 to 0.45 

mole CO2/2·mol PZ.  We would recommend that future work should verify predictions 

from this work to create a rigorous and consistent thermodynamic model for predicting 

vapor-liquid and solid-liquid equilibrium for the H2O-PZ-CO2 system. 
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Figure 14.6-2. Predictive Solid Solubility Surface for Aqueous Mixtures of Loaded Piperazine 
from 1 to 5 m PZ. 
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Figure 14.6-3.  Possible Effective Operating Range for Concentrated Aqueous Mixtures of 
Loaded Piperazine from 1 to 5 m PZ with an Extrapolation to 10 m PZ. 
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14.7  Conclusions 
 

In conclusion, we chose to describe the zwitterion (protonated piperazine carbamate) 

as an ionic but net-neutral molecule, as an ion with a charge equal to 1e-5.  Previous work by 

Hilliard (2005) described the zwitterion as an ion with a neutral charge where the formation 

of protonated piperazine carbamate was described with a linear temperature dependent 

function for the chemical equilibrium constant.  In this work, we chose to describe the 

chemical equilibrium in terms of the reference state Gibbs free energy of the system as given 

by Equation 14-29.  By describing the zwitterion as an ion with a small charge within Aspen 

PlusTM, the internal framework for ionic characterization remains rigorous and consistent 

throughout the simulation. 

In terms of CO2 solubility, Figure 14.5-1 through Figure 14.5-5 gave the results of fit 

for the experimental CO2 solubility at 0.9, 2.0, 2.5, 3.6, and 5.0 m PZ per loading at 40 and 

60 oC from this work.  Predictions from the Hilliard (2005) model are also compared to 

predictions from this work.  Model predictions based on the Hilliard (2005) model tend to 

underestimate the solubility of CO2 at low loading and at low piperazine concentrations and 

tend to overestimate the solubility of CO2 at high loading over the entire range of piperazine 

concentrations studied in this work.  In the Hilliard (2005) model, the available CO2 

solubility data at the time was 0.6 M PZ reported by Bishnoi (2000) at 40 and 70 oC and 

supplemented by total pressure data reported by Pérez-Salado Kamps et al. (2003) for 

aqueous piperazine mixtures from 2 to 4 m PZ.  This could account for the overestimation 

at high loading since the range in loading reported by Bishnoi (2000) varied from 0.1 to 0.4 
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mol CO2/2·mol PZ.  In this work, we were able to utilize the high loading CO2 solubility 

data from Ermatchkov et al. (2006) at 40 and 80 oC to correct the loading dependence 

discrepancy as shown in the previous model.  Overall, the full model adequately described 

the CO2 solubility data within an average absolute relative error of ± 10.38 percent. 

In terms of PZ volatility, Figure 14.5-15 through 14.5-19 illustrated that the Hilliard 

(2005) model overestimated the PZ partial pressure over the entire range of conditions.  The 

root cause to this overestimation might have been in estimating the activity coefficient of PZ 

in H2O-PZ by the UNIQUAC (DMD) model.  We would recommend future works not to 

include predictions for the activity coefficient of PZ based on H2O-PZ systems into 

thermodynamic models.  Thermodynamic models based on available experimental data are 

more likely to represent the correct activity coefficient behavior, but in reality may not be 

feasible due to the limited amount of binary information on unique amine systems.   

At a loading of 0.2 mol CO2/2·mol PZ, piperazine volatility at 40 oC was shown to 

vary from 10 to 30 ppmv for PZ concentrations from 0.9 to 5 m PZ. 

Figure 14.5-25 through Figure 14.5-27 compared the experimental differential 

enthalpy of CO2 absorption measurements from Kim (2007) to predictions based on 

Equation 14-39 (Gibbs-Helmholtz) from Hilliard (2005) and from this work.  Figure 14.5-28 

illustrated that at a loading of 0.2 mol CO2/2·mol PZ, the enthalpy of CO2 absorption 

increased from 70 to 90 kJ/mol-CO2 as the temperature increased from 40 to 120 oC.   

In addition, an approximate 10 kJ/mol-CO2 decrease in the enthalpy of CO2 

absorption was observed in 2.4 m PZ at 40 oC as compared to 7 m MEA, but at 120 oC the 
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enthalpy of CO2 absorption was show to be approximately equal over the range of CO2 

partial pressures from 10 to 1000 kPa. 

Model predictions from Hilliard (2005) model underestimated the enthalpy of CO2 

absorption at high temperatures over the range in loading and predicted the wrong 

temperature dependence.  Granted, the Hilliard (2005) model did not include calometric 

measurements as part of his original regression analysis, but we chose to illustrate the 

possible enthalpy differences as compared to a purely CO2 solubility based thermodynamic 

model.  Overall, the full model adequately predicted the enthalpy of CO2 absorption for 2.4 

m PZ mixtures within an average absolute relative error of ± 6.55 percent. 

Figure 14.5-30 through 14.5-37 compared the experimental specific heat capacity 

measurements from this work to predictions from Hilliard (2005) and to this work.  Model 

predictions from Hilliard (2005) were unable to capture trends in the specific heat capacity as 

a function of temperature as shown in Figure 14.5-34 through 14.5-37.  We did find that 

predictions from this work did capture the correct trends in the specific heat capacity as a 

function of temperature but failed in predicting the correct specific heat capacity on the 

order of ± 5 percent.  One possibility for this discrepancy may result in an inconsistency 

between the enthalpy of CO2 absorption measurements from Kim (2007) and specific heat 

capacity from this work.  We were able to illustrate that the full model was able to predict 

the correct average specific heat capacity and in turn the sensible liquid phase enthalpy 

( )pC T∆ within the experimental accuracy of ± 2.0 percent error with the exception of 2 m 

PZ at a loading of 0.27 mol CO2/2·mol PZ.   
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In addition, Figure 14.5-41 illustrated how the experimental apparent heat capacity 

suggested that contributions of the apparent heat capacity of apparent CO2 species may be 

considered small with a magnitude less than 2 kJ/kmol-K. 

Model predictions from Hilliard (2005) adequately predicted the liquid phase NMR 

speciation for 1.0 and 1.5 m PZ, but as previously shown, the Hilliard (2005) model did not 

adequately predict systematic trends in the piperazine volatility even though amine volatility 

is a concentration based measurement; NMR speciation does allow the researcher to take a 

glimpse at the pseudo-component concentrations.  Using both pieces of information in the 

regression would effect the adjustment of the activity coefficient of PZ.  Thus, we were able 

to adequately predict the CO2 solubility, amine volatility, enthalpy of CO2 absorption, and to 

some extent the liquid phase specific heat capacity.  We feel that we have compiled an 

extensive database that gives a more realistic prediction for the liquid phase speciation.  In 

this work, the full model was able to adequately predict the liquid phase NMR speciation for 

1.0 and 1.5 m PZ mixtures within an average relative error of ± 5.69 percent. 

Figure 14.5-72 through Figure 14.5-74 illustrated an important point in terms of 

chemical equilibrium constants even though different authors successfully regressed 

experimental data for the H2O-PZ-CO2 system, predictions for the chemical equilibrium 

constants differ.  This discrepancy may be due to the thermodynamic foundations of each 

model framework.  In addition, the behavior for the activity coefficient of PZ as a function 

of temperature and concentration might also have the possibility of affecting the description 

of the chemical equilibrium environment.  Overall, predictions for the chemical equilibrium 
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constants appear to be consistent with previous work given the range of scatter of the 

reported values. 

In this work we were able to use the full model as a predictive tool to illustrate the 

possible effects of loading on the solid solubility piperazine hexahydrate (PZ·6H2O) in the 

H2O-PZ-CO2 system over the concentration range from 1 to 5 m PZ as shown in Figure 

14.6-1 and as a surface prediction in Figure 14.6-2.  From Figure 14.6-3 we could recognize 

an effective operating range for solutions of concentrated piperazine, greater than 5 m PZ, 

over a loading range between 0.25 to 0.45 mole CO2/2·mol PZ.  We would recommend that 

future work should verify predictions from this work to create a rigorous and consistent 

thermodynamic model for predicting vapor-liquid and solid-liquid equilibrium for the H2O-

PZ-CO2 system. 

Overall, the results presented above indicate that the elecNRTL model, through 

simultaneous regression, gave a set of unique parameters for the H2O-PZ-CO2 system where 

the full model adequately represents the literature data for loaded PZ solutions. 
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CHAPTER XV  Quaternary Systems: 
 H2O-K2CO3-PZ-CO2 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

15.1  Introduction 
 

At this point in the thermodynamic modeling development, we have described the 

molecule-molecule and molecule-electrolyte interactions for previous systems.  For the H2O-

K2CO3-PZ-CO2 system, interactions between molecules and electrolytes and interactions 

between electrolyte pairs with a common cation or anion will be considered.  This chapter 

describes the data regression and model predictions for the quaternary {H2O-Potassium 

Carbonate (K2CO3)-Piperazine (PZ)-Carbon Dioxide (CO2)} system based on previous 

literature data and experimental results from this work.  The results from the binary 

interaction parameters for the electrolyte-NRTL (elecNRTL) model within Aspen PlusTM are 

then presented, showing a good statistical fit to the literature data within an average absolute 

relative error of ± 15.48 %, with the exception of a few outliers. 
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15.2  H2O-K2CO3-PZ-CO2 
 

With ions in an electrolyte solution, the elecNRTL model accounts for contributions 

associated with long-range ion-ion interactions and local interactions which exist around any 

central species as proposed by Chen et al. (1982).  In this section, we present background on 

the elecNRTL model for clarification purposes only. 

The elecNRTL model is a molar Gibbs energy model given by the following form: 

 * * *ln E
m w w k k j j m

k j
G x x x x Gµ µ∞= + + +∑ ∑  15-1 

where the excess Gibbs free energy model is given by the following form: 

 
* * , * , * ,E E PDH E Born E lc
m m m mG G G G

RT RT RT RT
= + +  15-2 

Where 
PDH is the Pitzer-Debije-Hückel contribution for long range ion-ion interactions, 
Born is the Born Correction for change in mixed solvent reference state, and 
lc is the local contribution for short range interactions. 
 

The molar Gibbs free energy and the molar excess Gibbs free energy are defined 

with the asymmetrical references state as infinite dilute in pure solvent.  The reference state 

for ionic and molecular solutes follows the unsymmetrical convention defined as infinite 

dilution in water.  The ideal mixing term is calculated where j refers to any component and 

the molar Gibbs free energy of pure water is calculated from the ideal gas contribution.  The 

aqueous infinite dilution chemical potential is calculated from the infinite dilution aqueous 

phase heat capacity polynomial model, where the subscript k refers to any ions or molecular 

solute.  
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0 0

, , , ,
, ,,

0

1000ln
aq aq aq aqT T

p k f k f k p kaq
k f k

wT T

C H G C
H dT T dT RT

T T T MW
µ

∞ ∞ ∞ ∞
∞ ∞

⎛ ⎞∆ − ∆ ⎛ ⎞
= ∆ + − + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

∫ ∫ 15-3 

Where ,aq
f kH ∞∆  and ,aq

f kG∞∆ are based on a molality scale and kµ∞ is based on a mole 

fraction scale, the last term added for the conversion. 

For molecular solutes, the aqueous infinite dilution chemical potential is calculated 

from Henry’s law: 

 ,, ln k wig
k k ref

H
RT

P
µ µ∞ ∞ ⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 15-4 

Where 
0T is the reference temperature, 298.15 K, 
refP is the reference pressure, 1 atm. 

 
Thus, when the derivative of the Gibbs free energy at constant temperature and 

pressure reaches a minimum for a closed homogeneous system, the system has satisfied the 

condition for thermodynamic equilibrium.   

For the elecNRTL model to calculate activity coefficients, the excess Gibbs free 

energy is related to the activity coefficient by the following thermodynamic relationship. 

 
( )** /

ln
EE

mm
i

i

nG RTG
RT n

δ
γ

δ

⎡ ⎤
⎢ ⎥= =
⎢ ⎥⎣ ⎦

 15-5 

Please refer to Chapter VI for information relating to the specific contributions to 

the excess Gibbs energy model. 
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15.3  Chemical and Vapor-liquid Equilibrium of Potassium + PZ 
 

Figure 15.3-1 illustrates the proposed system to correlate/predict the solubility of 

CO2 and PZ in aqueous solutions of potassium (K+) plus piperazine.   

 

 
 
 
 
 
 
 
 
                            2R1:      H O H OH+ −↔ +                                            15-6 

                            1
2 2 3R2:      CO +H O H HCO+ −↔ +                               15-7 

                            1 2
3 3R3:      HCO H CO− + −↔ +                                        15-8 

                            1R4:      PZH PZ H+ +↔ +                                            15-9 

                            2 1
2R5:      PZH PZH H+ + +↔ +                                      15-10 

                            1 1
3 2R6:      PZ PZCOOHCO H O− −+ ↔ +                     15-11 

                            ( )1 1 1
3 22

R7:      PZCOO HCO PZ COO H O− − −+ ↔ +    15-12 

                            1 1R8:      H PZCOO PZCOO H+ − − +↔ +                       15-13 

Figure 15.3-1.  Chemical and Vapor-liquid Equilibrium of K+ + PZ. 
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Reaction 15-6 describes the ionization of water to proton ( )H + and hydroxide   

ions ( )OH − ; Reaction 15-7 describes the hydrolysis and ionization of dissolved CO2 to H+ 

and bicarbonate ( )3HCO− ions; Reaction 15-8 describes the dissociation of HCO3
- to H+ and 

carbonate ( )2
3CO− ions; Reaction 15-9 describes the protonation of piperazine ( )PZ  to 

protonated piperazine ( )1PZH + ; Reaction 15-10 describes the protonation of protonated 

piperazine to diprotonated piperazine ( )2
2PZH + ; Reaction 15-11 describes the piperazine 

carbamate formation ( )1PZCOO− ; Reaction 15-12 describes the piperazine dicarbamate 

formation ( )( )1

2
PZ COO− ; Reaction 15-13 describes the protonated piperazine carbamate 

formation ( )1H PZCOO+ − .  The chemical equilibrium constant for the above j equations is 

expressed in Aspen PlusTM in terms of the activity of component i as given by the following 

relationship. 

 ,i j
j i

i

K aν= ∏  15-14 

Where 
jK is the chemical equilibrium constant, 

,i jν is the reaction stoichiometric coefficient of component i, 

ia is the activity of component i. 
 

In this work, for Reactions 15-6 to 15-13, we did not define the chemical equilibrium 

constants as linear temperature dependent functions, but rather in terms of the reference 

state Gibbs free energy of the system: 
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 ,ln
o
i j

j

G
K

RT
∆

= −  15-15 

Where 

,i j

oG∆ is the standard free energy of formation of component i. 
 

The previous framework allows our rigorous thermodynamic model to be internally 

consistent with respect to governing thermodynamic definitions.  Table 9.3-12 and Table 

9.3-8 reported the standard state conditions at 25 oC associated with the species in Reactions 

15-6 to 15-10 where the standard state conditions are consistent with published literature by 

Edwards et al. (1978) and Hetzer et al. (1968) as shown in Chapter XIV and Chapter IX, 

respectively. 

We chose to simplify the overall model by excluding Reaction 15-10 from the final 

model.  This assumption is based on the second pKa of piperazine, as described in Chapter 

IX, where the relative concentration of diprotonated piperazine below a loading of 0.5 mol 

CO2/2·mol PZ could be considered negligible.  If in future work the loading range is 

extended beyond a loading of 0.5, inclusion of the diprotonated piperazine reaction would 

need to be included. 

For the precipitation of piperazine hexahydrate as described in Chapter IX, we chose 

to define the chemical equilibrium constant as a linear temperature dependent function as 

given in Table 9-4-1 due to limited thermodynamic data available for the characterization of 

the solid phase. 

Dipotassium piperazine dicarbamate was observed to precipitate in a limited number 

of loaded solutions of potassium + piperazine as described in Chapter V.  In this work, we 

chose to define the chemical equilibrium constant as linear temperature dependent function 
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as given in section 15.5.5 due to limited thermodynamic data available for the 

characterization of the solid phase. 

As stated previously, Equation 15-15 relates the chemical equilibrium constant to the 

standard Gibbs free energy change of reaction. 

 ln
oG K

RT
∆

= −  15-16 

Where the standard property changes of reaction ( e.g. Gibbs free energy and enthalpy) are 

defined as the difference between the standard property change of the products and 

reactants, weighted by their stoichiometric coefficients. 

 o o
i i

i
M Mν∆ = ∑  15-17 

For molecular solutes (e.g. CO2), the standard Gibbs free energy is described based on the 

ideal gas reference state by the following equation: 

 ( ) ( ) ( )
2

2 2
ln COo ig

CO CO ref

H T
G T G T RT

P
= +  15-18 

Where 

2

ig
COG is the ideal gas Gibbs free energy, J/kmol, 

2COH is the Henry’s Constant for CO2 in H2O (Chen et al. 1979), atm, 
refP is the reference pressure, 1 atm. 

 
For ionic species the aqueous phase infinite dilution molar heat capacity is described by the 

following equation: 

 ( ) ( ) ( )
2 4,,

, 1, 2, 3,
iaq

p i i i i

CJC C C T K C T K
kmol K T K

∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠
 15-19 
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where coefficients for the aqueous phase infinite dilution molar heat capacity for carbonate, 

bicarbonate, and PZH+1 were described previously in Chapter XII - Section 12.5 and 

Chapter IX - Section 9.3, respectively. 

The molar heat capacity of H2O was described in Chapter VII by the following 

equation: 

 

 
( ) ( )

( ) ( )

2

2,*
,

3 46

189366 1171 4.53

                      0.00795 5.4723 10

l
p H O

JC T K T K
kmol K

T K T K−

⎛ ⎞ = − ⋅ + ⋅⎜ ⎟⋅⎝ ⎠

− ⋅ + × ⋅

 15-20 

For a given temperature, the molar aqueous phase infinite dilution heat capacity of 

piperazine carbamate, piperazine dicarbamate, and protonated piperazine carbamate can 

then be determined analytically based on the simultaneously regressed infinite dilution 

aqueous phase free energy of formation ( ),aq
fG∞∆ , the infinite dilution aqueous phase 

enthalpy of formation ( ),aq
fH ∞∆ , and the infinite dilution aqueous phase heat capacity 

polynomial ( ),aq
pC∞  for piperazine carbamate, piperazine dicarbamate, and protonated 

piperazine carbamate.  A starting point for a rigorous development starts with the following 

equation: 

 o o o
m m mG H T S∆ = ∆ − ∆  15-21 

Equation 15-21 is from the definition of the molar Gibbs free energy applied to each 

component in a chemical reaction evaluated at the standard state.  Applying Equation 15-17 

to Equation 15-21 yields 

 , , ,
o o o

i m i i m i i m i
i i i

G H T Sν ν ν= −∑ ∑ ∑  15-22 
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where the standard molar heat of reaction and standard molar entropy change of reaction are 

related to temperature by the following expressions 

 
0

,
0,

oT
p mo o

m m
T

C
H H R dT

R
∆

∆ = ∆ + ∫  15-23 

 
0

,
0,

oT
p mo o

m m
T

C dTS S R
R T

∆
∆ = ∆ + ∫  15-24 

Equations 15-21, 15-23, and 15-24 are combined to yield 
 

 
0 0

, ,
0, 0,

o oT T
p m p mo o o

m m m
T T

C C dTG H R dT T S RT
R R T

∆ ∆
∆ = ∆ + − ∆ −∫ ∫  15-25 

However, 

 0, 0,
0,

0

o o
m mo

m

H G
S

T
∆ − ∆

∆ =  15-26 

hence 
 

 ( )
0 0

, ,
0, 0, 0,

0

o oT T
p m p mo o o o

m m m m
T T

C CT dTG H H G R dT RT
T R R T

∆ ∆
∆ = ∆ − ∆ − ∆ + −∫ ∫  15-27 

Finally, division by RT yields 
 

 
0 0

, ,0, 0, 0,

0

1ln
o oo o o T To
p m p mm m mm

i
T T

C CG H HG dTK dT
RT RT RT T R R T

∆ ∆∆ − ∆ ∆∆
− = = + + −∫ ∫  15-28 

The change in heat capacity for the mixture can be expressed as 
 

 ( ) ( ) ( ) ( )2 3 4o
p

JC A B T K C T K D T K E T K
kmol K

⎛ ⎞∆ = ∆ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅ + ∆ ⋅⎜ ⎟⋅⎝ ⎠
 15-29 

with 
 i i

i
A v A∆ = ∑  15-30 
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with analogous definitions for B∆ , C∆ , D∆ , and E∆ .  Through simultaneous regression 

of CO2 solubility, amine volatility, specific heat capacity, liquid phase speciation, and 

enthalpy of CO2 absorption, we were able to determine the infinite dilution aqueous phase 

free energy of formation, the infinite dilution aqueous phase enthalpy of formation, and the 

infinite dilution aqueous phase heat capacity polynomial for piperazine carbamate, piperazine 

dicarbamate, and protonated piperazine carbamate.  Please refer to section 15.4 for more 

information. 

 Five data sets have been regressed with the elecNRTL model to represent the phase 

equilibrium of a mixed solvent system through regression of CO2 solubility [from this work], 

specific heat capacity [from this work], enthalpy of CO2 absorption [Kim (2007)], and NMR 

speciation [Cullinane (2005)] data over potassium + piperazine solutions.   The elecNRTL 

model was never designed to regress enthalpy of CO2 absorption or NMR speciation data; 

thus we created a fortran subroutine to link with the data regression system (DRS) in Aspen 

PlusTM.   

The following section describes the different types of data used in the creation of the 

binary H2O-PZ-CO2 elecNRTL model. 

 
15.3.1  CO2 Solubility and Amine Volatility 
 

Data in the form of CO2 solubility, which measures the partial pressure of CO2 over 

aqueous K+ + PZ solutions, 
2COP , as a function of loading (mole CO2 per mole K+ + 2·mole 

PZ) and temperature were used to adjust the partial pressure of CO2 for the H2O-K2CO3-

PZ-CO2 system through the simultaneous regression of the binary interaction parameters in 

the elecNRTL model for the H2O- K2CO3-PZ-CO2 system.  
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For our quaternary system (H2O, K2CO3, PZ, and CO2), the following equation can 

be used to represent the equilibrium for CO2 solubility data. 

 
2 2 2 2 2

*
,CO CO CO CO H OPy x Hγ=  15-31 

Where 

2COy is the vapor mole fraction of CO2, 

2

*
COγ is the unsymmetric activity coefficient of CO2, 

2 2,CO H OH is the Henry’s Constant for CO2 in H2O. 

An example of the experimental CO2 solubility from Cullinane (2005) and from this 

work in 5 m K+ + 2.5 m (mole/kg-H2O) PZ is shown in Figure 15.3-2.  Ordinary least 

square (OLS) approximations were included for clarification. 
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Figure 15.3-2.  CO2 Solubility in 5 m K+ + 2.5 m PZ from 40 – 120 oC.  Points: ◊, 40 oC,          
□, 60 oC, ○, 80 oC, Cullinane (2005); ♦, 40 oC, ■, 60 oC, ▲, 80 oC, ●, 100 oC, ×, 120 oC.  Lines: 
OLS Approximations. 
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One of the main goals in this work was to verify experimental CO2 solubility 

measurements reported by Cullinane (2005).  Figure 15.3-2 illustrates a loading discrepancy 

for the solubility of CO2 in mixtures of 5 m K+ + 2.5 m PZ.  Comparing experimental 

results from this work for other solvent combinations, similar trends are exhibited between 

the two data sets.  Cullinane (2005) reported an experimental uncertainty between ± 5 to 10 

percent for reported loading measurements based on a similar procedure for acidic evolution 

utilizing total inorganic carbon as described in Appendix B.  In acidic evolution, an unknown 

sample containing a dissolved amount of CO2 is injected into an evolution column 

containing an excess amount of phosphoric acid.  During the analysis, nitrogen gas flows 

through the evolution column to strip the evolved CO2 for analysis by a calibrated Horiba 

PIR 2000 carbon dioxide analyzer.  The response signal is then integrated (trapezoid rule) 

and correlated to the response of known Na2CO3 standards as shown in Figure 15.3-3 and 

15.3-4. 

Cullinane (2005) chose not to integrate the response signal but instead to correlate 

the peak height to the response of known Na2CO3 standards by assuming that the peak 

height was proportional to the peak area.  This alternative method is illustrated in Figure 

15.3-4 as compared to the same calibration curve based on the integral of the peak area. 

Figure 15.3-5 compares the response peak height to the integrated peak area for the 

known Na2CO3 standards against unknown 5 m K+ 2.5 m PZ 40 oC samples.  The figure 

illustrates a small shift vis-à-vis peak broadening in the response between the standards and 

the unknowns.  This shift may be due to the different rates of reaction where the amine 
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Figure 15.3-3.  Response Signal for 100 ppmv Standard of Na2CO3 Solution on 02/13/07. 
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Figure 15.3-4.  Acidic Evolution Calibration Curve for 02/13/07 based on Na2CO3 Standards.  
Points: ♦, Integrated Peak Area, ■, Peak Height.  Lines: OLS Approximations. 
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Figure 15.3-5.  Acidic Evolution Calibration Curve based on Na2CO3 Standards and 
Unknown 5 m K+ + 2.5 m PZ 40 oC Samples for 02/13/07.  Points: ♦, Na2CO3 Standards,     
■, 5 m K+ + 2.5 m PZ Samples.  Line: OLS Approximations. 
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Figure 15.3-6.  Acidic Evolution Analysis for Unknown 5 m K+ + 2.5 m PZ 40 oC Samples on 
02/13/07.  Points: ♦, Peak Area, ■, Peak Height.  Lines: OLS Approximations. 
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Figure 15.3-7.  Acidic Evolution Loading Analysis Comparison based on Peak Height versus 
Peak Area for Unknown Samples from this work at 40 oC.  Points: ♦, 5 m K++2.5 m PZ,        
■, 3.6 m K++3.6 m PZ, ▲, 6 m K++1.2 m PZ, ●, 3.6 m K++1.8 m PZ, ×, 3.6 m K++0.6 m PZ. 

 
reaction rates are faster than the reaction rate of the Na2CO3 salt.  Figure 15.3-6 illustrates 

the calculated concentration of CO2 (ppmv of Carbon) in unknown 5 m K+ 2.5 m PZ 40 oC 

samples from this work.  Concentrations calculated from the response peak height show a 

systematic overestimation for the concentration of CO2 in the unknown samples.  This may 

be due to the unsymmetric distribution of the response peak which is skew to the right and 

is not proportional to the peak height.  Since Cullinane (2005) assumed that the peak height 

was proportional to the peak area, this overestimation may offer an exploration to 

discrepancy between the two data sets.  The analysis can be extended to include a population 

of random unknown samples from five solvents examined in this work to create a possible 
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correlation for loadings determined base on the response peak height versus the integrated 

peak area as shown in Figure 15.3-7 and Table 15.3-1. 

Table 15.3-1.  Selected Experimental Data Points for Acidic Evolution Loading Analysis 
Determined by Peak Area or Peak Height from this work. 

K+ (m) PZ (m) LoadingPH LoadingPA AARD (%) Ave. (%) 
0.362 0.337 7.20 
0.418 0.389 7.42 
0.456 0.425 7.30 
0.488 0.455 7.32 
0.523 0.488 7.04 
0.557 0.520 7.13 

5.0 2.5 

0.587 0.550 6.84 

7.18 

0.280 0.266 5.50 
0.354 0.333 6.24 
0.389 0.368 5.59 
0.412 0.390 5.54 
0.446 0.424 5.23 
0.457 0.436 4.91 

3.6 3.6 

0.494 0.467 5.67 

5.53 

0.423 0.409 3.30 
0.458 0.432 5.98 
0.476 0.463 2.87 
0.525 0.512 2.57 
0.588 0.575 2.18 

6.0 1.2 

0.600 0.591 1.53 

3.07 

0.424 0.418 1.39 
0.448 0.443 1.13 
0.499 0.491 1.72 
0.516 0.508 1.56 
0.552 0.545 1.32 

3.6 0.6 

0.586 0.579 1.13 

1.37 

0.382 0.374 2.22 
0.393 0.385 2.32 
0.425 0.414 2.62 
0.452 0.439 2.83 
0.492 0.478 3.02 
0.524 0.510 2.67 

3.6 1.8 

0.546 0.534 2.27 

2.56 

            Loading: mole CO2/mole K+ + 2·mole PZ, PH: Peak Height, PA: Peak Area. 
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Acidic evolution based on the response of the peak height as compared to the 

integrated response peak area may yield an average absolute relative error of ± 7.18 percent 

for unknown samples associated with 5 m K+ + 2.5 m PZ solvent as determined in this 

work.  Overall, an average absolute relative error of ± 3.94 percent would suggest the 

possibility of a systematic error associated with the CO2 analysis procedure reported by 

Cullinane (2005) and would agree with the experimental uncertainty reported by Cullinane 

(2005) for reported loading measurements based on peak height. 

These results may explain the discrepancy between reported CO2 solubility 

measurements from Cullinane (2005) and from this work.  In addition, Cullinane (2005) 

chose not to analyze the total alkalinity of the experimental solution which may pose an 

addition error within the reported experimental loading.  Based on the above analysis, we 

chose to exclude reported CO2 solubility from Cullinane (2005) due to an error in the 

loading analysis.   

In addition, Cullinane (2005) also reported proton (H1) NMR speciation for H2O-

K2CO3-PZ-CO2 system.  The main drawback with an H1 NMR speciation analysis is not 

having the ability to measure the loading of the solution as compared to carbon C13 NMR 

speciation as described in Chapter XIII.  In the H1 NMR analysis the loading of the solution 

has to be determined a prori which may result in a discrepancy between the loading at the 

time of the NMR experiment and at the time of the CO2 analysis since the loading for NMR 

solutions reported by Cullinane (2005) were completed in a similar manner as CO2 solubility 

measurements, the uncertainty in loading for experimental NMR speciation data reported by 
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Cullinane (2005) was assigned a standard deviation of ± 10 % to account for the discrepancy 

in the loading analysis as compared to this work. 
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Figure 15.3-8.  Comparison of Potassium to Piperazine Effect in 5 m K+ + 2.5 m PZ and 3.6 
m K+ + 1.8 m PZ at 40 and 60 oC from Cullinane (2005) to this work.  Points: ♦, 40 oC, ■, 60 
oC, 5 m K + + 2.5 m PZ; ▲, 40 oC, ●, 60 oC, 3.6 m K + + 3.6 m PZ, from this work; ◊, 40 oC, □, 
60 oC, 5 m K + + 2.5 m PZ; ∆, 40 oC, ○, 60 oC, 3.6 m K + + 3.6 m PZ, Cullinane (2005).  Lines: 
OLS Approximations. 

 
Furthermore, Cullinane (2005) observed that solvent concentrations with the same 

potassium to piperazine ratio may exhibit the same CO2 solubility.  Figure 15.3-8 illustrates 

the salt to amine effect for 5 m K+ + 2.5 m PZ and 3.6 m K+ + 1.8 m PZ at 40 and 60 oC 

where the potassium to piperazine ratio equals 2.  Experimental solubility for the two 

solvents from this work demonstrates a similar CO2 solubility.  On the other hand, 

experimental results from Cullinane (2005) demonstrate that systematic trends in the 

experimental data are not internally consistent.  We would conclude that the Cullinane 
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(2005) CO2 solubility data set are not consistent with reported observations by Cullinane 

(2005) and should be treated with caution in future works. 

In this work, we used a unique Fourier-transform infrared (FT-IR) technique to 

measure the vapor phase speciation in aqueous alkanolamine systems as described in 

Chapter II.  Using this technique, we have been able to measure the vapor phase partial 

pressure of PZ over aqueous K+ + PZ solutions, PZP , as a function of loading (mole CO2 

per mole K+ + 2·mole PZ) and temperature. 

For our quaternary system (H2O, K2CO3, PZ, and CO2), the following equation can 

be used to represent the equilibrium for PZ volatility data. 

 o
PZ PZ PZ PZPy x Pγ=  15-32 

Where 
PZy is the vapor mole fraction of PZ, 

PZγ is the asymmetric activity coefficient of PZ, 
o

PZP is the extended Antoine vapor pressure correlation for PZ given in Chapter VI. 
 

Examples of the experimental PZ volatility from this work in 5 m K+ + 2.5 m PZ 

and 3.6 m K+ + 3.6 m PZ at 40 and 60 oC are shown in Figure 15.3-9 and Figure 15.3-10, 

respectively.  Figure 15.3-11 illustrates that with the decrease in the salt concentration the 

relative volatility of piperazine has decreased by a factor of 2.3 even though the 

concentration of piperazine was increased by a factor of 1.5. 
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Figure 15.3-9.  PZ Volatility in 5 m K+ + 2.5 m PZ at 40 and 60 oC from this work.           
Points: ♦, 40 oC, ■, 60 oC.  Lines: OLS Approximations. 
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Figure 15.3-10.  PZ Volatility in 3.6 m K+ + 3.6 m PZ at 40 and 60 oC from this work.           
Points: ♦, 40 oC, ■, 60 oC.  Lines: OLS Approximations. 
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Figure 15.3-11.  PZ Volatility in 5 m K + + 2.5 m PZ and 3.6 m K+ + 3.6 m PZ at 40 and 60 oC 
from this work.  Points: ♦, 40 oC, ■, 60 oC, 5 m K + + 2.5 m PZ; ◊, 40 oC, □, 60 oC, 3.6 m K + + 
3.6 m PZ.  Lines: OLS Approximations. 

 
________________________________________________________________________ 
 

 
15.3.2  Specific Heat Capacity 
 

As stated in Chapter VI, Aspen PlusTM calculates the liquid phase heat capacity of a 

mixture (CPMX) by taking the derivative of the liquid enthalpy at constant pressure: 

 ( ) ( ) ,

T T
l l l
m m p m

T

H T T H T C dT
+∆

+ ∆ − = ∫  15-33 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

m i i k k m
i k

H T x H x H H∞= + +∑ ∑  15-34 

for solvents: 

 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  15-35 
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for molecular solutes (CO2): 
 

 ( ) ( ) 2,ln i H Oig
i i ref

H
H T H T RT

P
⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 15-36 

for cations or anions: 
 

 ( ) ( ), ,
ref

T
ref

k f k p k
T

H T H T C dT∞ ∞ ∞= ∆ + ∫  15-37 

Where 
T∆  is the perturbation in temperature from T, 
E
mH  is the excess enthalpy of the mixture, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i, 

kH ∞ is the infinite dilution aqueous enthalpy of component k, 

( ),
ref

f kH T∞∆ is the infinite dilution aqueous phase standard enthalpy of formation of 

component k at refT , 
,p kC∞ is the infinite dilution aqueous phase heat capacity polynomial of component k. 

 

Table 15.3-2 gives the coefficients for the infinite dilution aqueous phase heat 

capacity used in Aspen PlusTM based on the following expression: 

 

 ( ) ( )( ) ( )
2 4

, 1 2 3p k
CJC C C T K C T K

kmol K T K
∞ ⎛ ⎞ = + + +⎜ ⎟⋅⎝ ⎠

 15-38 
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Table 15.3-2.  Infinite Dilution Aqueous Phase Heat Capacity Default Coefficients. 

Parameter Symbol H+ OH- HCO3
-1  CO3

-2 PZH+1 
CPAQ0-1 C1 0.0 0.0 211387 1334017 603662 
CPAQ0-2 C2 0.0 -497.9 -882 -5565 -2518 
CPAQ0-3 C3 0.0 0.0 0.875 5.19 4.16 
CPAQ0-4 C4 0.0 0.0 -1.9E+07 -1.2E+08 -5.4E+08 

 
 
Data in the form of specific heat capacity as a function of loading, molality, and 

temperature were used to adjust the coefficients for the binary interaction parameters of the 

elecNRTL model.  An example of the experimental specific heat capacity from this work 

from 40 to 120 oC for 6 m K+ + 1.2 m PZ and 3.6 m K+ + 3.6 m PZ is shown in Figure 

15.3-9 and Figure 15.3-10, respectively. 
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Figure 15.3-12.  Specific Heat Capacity in Loaded (Ldg) 6 m K+ + 1.2 m PZ Solutions from 
this work from 40 – 120 oC.  Points: ♦, Ldg = 0.43, ■, Ldg = 0.53, ▲, Ldg = 0.57. 
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Figure 15.3-13.  Specific Heat Capacity in Loaded (Ldg) 3.6 m K+ + 3.6 m PZ Solutions from 
this work from 40 – 120 oC.  Points: ♦, Ldg = 0.33, ■, Ldg = 0.42, ▲, Ldg = 0.47. 

   

15.3.3  Enthalpy of CO2 Absorption 
 

Data in the form of the enthalpy of CO2 absorption for aqueous potassium plus 

piperazine solutions as a function of loading and temperature were used to adjust the activity 

coefficients for each liquid phase component in the H2O-K2CO3-PZ-CO2 system through 

the simultaneous regression of the binary interaction parameters in the elecNRTL model. 

For our true quaternary ternary system (H2O, K2CO3, PZ, and CO2), the Gibbs-

Helmholtz equation can be used to represent the differential enthalpy of CO2 absorption: 

 
( )

2

2

 
1/

CO

v
COabs

x

d fH
R d T

⎛ ⎞∆
− = ⎜ ⎟⎜ ⎟

⎝ ⎠
 15-39 

The heat released can be measured by direct calorimetry or estimated from CO2 

solubility data.  The later has been shown to have a high degree of uncertainty on the order 
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of ± 20 to 30 % as reported by Lee et al. (1974).  However, if the loading span within one 

CO2 addition can be kept rather low, the measurements give enthalpy data close to 

differential values in loading rather than integral as reported by Kim et al. (2007) with respect 

to the total amount of heat released from zero loading to the experimental loading data point 

as shown by the following expression: 

 int
0

dαdiffH H
α

−∆ = − ∆∫  15-40 

Where 
α is the loading of the solution, mole CO2/mole K+ + 2·mole PZ. 
 

 In an international collaboration between The University of Texas and the 

Norwegian University of Science and Technology, Kim (2007) determined the differential 

enthalpy of CO2 absorption for 5 m K+ + 2.5 m PZ and 6 m K+ + 1.2 m PZ, based on a 

consistent experimental method she developed for monoethanolamine [Kim et al. (2007)] at 

40, 60/80, and 120 oC and over the range of loading from 0.4 – 0.6 mol CO2/mol K+ + 

2·mol PZ for use in this work. 

Aspen PlusTM was never designed to regress differential enthalpy of CO2 absorption 

data; nevertheless in this work we were able to develop a fortran subroutine to regress 

experimental differential enthalpy of CO2 absorption data within DRS utilizing the following 

schema presented in Figure 15.3-14.  
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Read Ti, {xi}, and 
Habs

with i = 1,2

Evaluate { Habs}Est

Flash {xi} at Ti

Is RSS = 1

Print { Habs}Est

Yes

Adjust Ti or 
{xi}

NoCalculate fiCO2

Ti+ T

Evaluate Objective 
Function

({ Habs}-{ Habs}Est)2=1

 

Figure 15.3-14.  Differential Enthalpy of CO2 Absorption Fortran Subroutine Schema 
Developed for Aspen PlusTM. 

 
Within DRS, the user inputs the temperature in Kelvin, the apparent liquid phase 

mole fractions for PZ, K2CO3, CO2, and H2O, and the differential enthalpy of CO2 

absorption.  The fortran subroutine then calls a FLSH_FLASH subroutine within Aspen 

PlusTM and performs a temperature-vapor fraction flash calculation.  Once the FLASH 

subroutine converges, the fortran subroutine calculates the CO2 vapor phase fugacity based 

on the estimated partial pressure and the vapor phase fugacity coefficient of CO2, 

respectively.  The fortran subtroutine then numerically differentiates the vapor phase 

fugacity of CO2 at T and (T + 1 K) based on Equation 15-39. 

Finally, the fortran subroutine exports the estimated enthalpy of CO2 absorption to 

DRS.  DRS then tries to minimize the difference between the estimated enthalpy of CO2 
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absorption calculated from the fortran subroutine and the experimental value utilizing the 

Maximum Likelihood Method within Aspen PlusTM to minimize the overall objective 

function while adjusting each property variable.  For more information about the complete 

fortran subroutine code, please refer to Appendix K. 

An example of the experimental differential enthalpy of CO2 absorption used in this 

work from Kim (2007) at 40, 60, 80, and 120 oC for 5 m K+ + 2.5 m piperazine is shown in 

Figure 14.3-15. 
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Figure 15.3-15.  Negative Differential Enthalpy of CO2 Absorption in 5 m K+ + 2.5 m PZ at 
40, 60, 80, and 120 oC from Kim (2007).  Points: ♦, 40 oC, ■, 60 oC, ▲, 80 oC, ●, 120 oC.  Lines: 
OLS Approximations. 

 
Figure 15.3-15 illustrates that the enthalpy of CO2 absorption increases as 

temperature increases and are similar to trends in other amine based systems (i.e. MEA and 

PZ).  In this work, we decided to limit the enthalpy of CO2 absorption data over the loading 

range from 0.4 to 0.6 mol CO2/mol K+ + 2·mol PZ for consistency with experimental CO2 
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solubility measurements.  Please refer to Appendix H for experimental enthalpy of CO2 

absorption measurements beyond a loading of 0.6. 

 
15.3.4  NMR Speciation 
 

Data in the form of proton H1 NMR speciation for aqueous potassium plus 

piperazine solutions as a function of loading, concentration and temperature, were used to 

adjust the activity coefficients for each liquid phase component in the H2O-K2CO3-PZ-CO2 

system through the simultaneous regression of the binary interaction parameters in the 

elecNRTL model. 

For our true component quaternary system (H2O, K2CO3, PZ, and CO2), the 

following equations can be used to represent the liquid phase equilibrium for the NMR 

speciation data as reported by Cullinane (2005). 

 *
PZ PZ PZH

n n n += +  15-41 

 1 1 1
*

/H PZCOO H PZCOO PZCOO
n n n− + − −= +  15-42 

 ( ) ( )1 1
2 2

*
PZ COO PZ COO

n n− −=  15-43 

Where 
ni is the true number of moles for each component per kilogram of water corresponding to 
the relative proton NMR peak areas, 
ni* is the pseudo-component quantity based on experimental NMR data. 
 

Cullinane (2005) measured the proton peak areas or intensities for the corresponding 

protons associated with each molecule(s).  The main drawback with proton NMR speciation 

analysis is not having the ability to measure the loading of the solution as compared to 

carbon C13 NMR speciation described in Chapter XIII.  The loading of the solution has to 
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be determined a priori which may result in a discrepancy between the loading at the time of 

the NMR experiment and at the time of the CO2 analysis.  We would recommend that future 

work should concentrate on validating the reported NMR speciation reported from 

Cullinane (2005) using carbon C13 NMR speciation for loaded potassium plus piperazine 

solutions due to the possible error in the liquid phase loading analysis as previously stated. 

Aspen PlusTM was never designed to regress NMR speciation data; nevertheless, in 

this work we were able to develop a fortran subroutine to regress experimental NMR 

speciation data within DRS, utilizing the schema presented in Figure 15.3-16.  Within DRS, 

the user inputs the temperature in Kelvin and the pseudo-component mole fractions for PZ, 

H/PZCOO-1, PZ(COO-1)2, K2CO3, CO2, and H2O.  The fortran subroutine then calculates 

the apparent component mole fractions based on the following expressions: 

 ( )1 1
2

* * *
/

A
PZ PZ H PZCOO PZ COO

x x x x− −= + +  15-44 

 ( )1 12 2
2

* * *
/

2A
CO CO H PZCOO PZ COO

x x x x− −= + + ⋅  15-45 

The fortran subroutine then calls a FLSH_FLASH subroutine within Aspen PlusTM and 

performs a temperature-vapor fraction flash calculation.  Once the FLASH subroutine 

converges, the fortran subroutine calls a PPSTUB_GETTRU subroutine within Aspen 

PlusTM and extracts the true species mole fractions from the converged flash calculation.   
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Figure 15.3-16.  NMR Speciation Fortran Subroutine Schema Developed for Aspen PlusTM. 

 
The fortran subroutine then takes the true species mole fractions and calculates the 

estimated pseudo-component mole fractions based on the following expressions: 

 *,est
PZ PZ PZH

x x x += +  15-46 

 1 1 1
*,

/
est

H PZCOO H PZCOO PZCOO
x x x− + − −= +  15-47 

 ( ) ( )1 1
2 2

*,est
PZ COO PZ COO

x x− −=  15-48 

 1

2 3

*
*

2
K

K CO

x
x +

=  15-49 

 2 12 2 32 3 3

*, *est
CO K COCO CO HCO

x x x x x− −= + + −  15-50 

Finally, the fortran subroutine compares the estimated pseudo-component mole fractions to 

the experimental pseudo-component mole factions and calculates one minus the residual 
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sum of squares (RSS).  DRS then tries to minimize the difference between the RSS 

calculated from the fortran subroutine and the user property supplied to DRS by the user, a 

value of one, while DRS utilizes the Maximum Likelihood Method within Aspen PlusTM to 

minimize the overall objective function while adjusting each property variable.  For more 

information about the complete fortran subroutine code, please refer to Appendix K. 

 An example of the experimental NMR speciation used in this work from Cullinane 

(2005) for 5 m K+ + 2.5 m piperazine solutions at 27, 40, and 60 oC is shown in Figure 15.3-

17, Figure 15.3-18, and Figure 15.3-19, respectively. 
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Figure 15.3-17.  Liquid Phase Speciation from H1 NMR at 27 oC from Cullinane (2005).  
Points: ♦, PZ+PZH+1, ■, H+PZCOO-1+PZCOO-1, ▲, PZ(COO-1)2.  Lines: OLS 
Approximations. 
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Figure 15.3-18.  Liquid Phase Speciation from H1 NMR at 40 oC from Cullinane (2005).  
Points: ♦, PZ+PZH+1, ■, H+PZCOO-1+PZCOO-1, ▲, PZ(COO-1)2.  Lines: OLS 
Approximations. 
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Figure 15.3-19.  Liquid Phase Speciation from H1 NMR at 60 oC from Cullinane (2005).  
Points: ♦, PZ+PZH+1, ■, H+PZCOO-1+PZCOO-1, ▲, PZ(COO-1)2.  Lines: OLS 
Approximations. 
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15.3.5  Solid Solubility 
 

Data in the form of solid solubility, which measures the dissolution temperature of 

the solid phase, vis-à-vis synthetic method, as a function of molality and temperature, was 

used to adjust the temperature dependent equilibrium constant for the following 

precipitation reaction of dipotassium piperazine dicarbamate as described in Chapter V. 

 ( ) ( ) ( )1
2 2 2

2K PZ COO s K PZ COO+ −↔ +  15-51 

Experimental solid solubility visual observations from this work were used to regress 

coefficients to define the chemical equilibrium constant as a linear temperature dependent 

function due to the limited thermodynamic data available for the characterization of the 

solid phase. 
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Figure 15.3-20.  Solid Solubility of Aqueous K2CO3 Plus PZ Mixtures as Presented in Chapter 
V.  Points: ♦, 5 m K+ + 2.5 m PZ, ■, 5 m K+ + 3.6 m PZ, ▲, 6 m K+ + 1.2 m PZ. 
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15.4  Data Regression 
 

There are three types of binary interaction parameters in the elecNRTL model: 

molecule-molecule, ',m m
τ and ' ,m m

τ ; molecule-electrolyte, ,m caτ and ,ca mτ ; electrolyte-electrolyte 

(with a common cation or anion) , 'ca caτ and ',ca caτ or , 'ca c aτ and ' ,c a caτ ; and the molecule-

electrolyte nonrandomness factor, ,ca mα .  Chen and Evans (1986) noted that in their 

regression attempts it was not always possible to obtain statistically significant results for all 

four types of binary interaction parameters.  In this work, the molecule-electrolyte 

nonrandomness parameter was set to an arbitrary value of , 0.2ca mα =  for all correlations 

involving electrolyte systems as suggested by Chen and Evans (1986).  In this work, the 

electrolyte – electrolyte parameters are generally negligible and were assumed to be zero.  

For the elecNRTL model, default values for molecule-electrolyte and electrolyte-

molecule interactions are given in Table 15.4-1. 

Table 15.4-1.  Default Binary Interaction Parameters for the elecNRTL Model in Aspen 
PlusTM. 

Binary Interaction Pairs τ
Molecule-electrolyte 10
Electrolyte-molecule -2

Water-electrolyte 8
Electrolyte-water -4  

 
The energy parameters are adjusted to provide the best fit to the data.  The binary 

interaction parameters were assumed to be temperature dependent and were fitted to the 

following function of temperature: 
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 ,
, ,

m ca
m ca m ca

B
A

T
τ = +  15-52 

 ,
, ,

ca m
ca m ca m

B
A

T
τ = +  15-53 

where electrolyte-electrolyte interactions follow a similar form as given above.  A list of the 

aqueous electrolyte data sets that were examined in this work is given in Table 15.4-2.  

The column labels Tσ , 2PCOσ , PPZσ ,
ixσ ,

iyσ , Cpσ , Hσ ∆ , give relative (i.e. 2.0 %) or absolute 

(i.e. 0.01) standard error associated with the temperature, partial pressure of CO2, partial 

pressure of PZ, liquid mole fraction, vapor mole fraction, the specific heat capacity, and the 

enthalpy of CO2 absorption, respectively, with each data set.  DRS suggested standard error 

default values were assigned unless otherwise stated by the author.   

In this work, we assumed an error in loading equal to ~2 percent unless otherwise 

stated by the author.  Skoog et al. (1996) reported that the relative standard deviation of a 

product or quotient is determined by the relative standard deviations of the numbers 

forming the computed result as illustrated by the following expressions. 

 a by
c
×

=  15-54 

 
2 2 2

y a b c

y a b c
σ σ σ σ⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
 15-55 

Where 
iσ is the relative standard deviation for number i. 
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In Aspen PlusTM the user can specify the standard deviation for a data point or a data 

set either in relative (i.e. percent error) or absolute terms.   

Table 15.4-2.  Experimental data used for regression of the H2O-K2CO3-PZ-CO2 systems. 

 Obs. T (oC) σT σPCO2 σx σCO2 σy Source 
PCO2 136 40.0 – 120.0 0.01 2.0% 0.1% 0.22% 0 This work 

         
 Obs. T (oC) σT σPPZ σx σCO2 σy Source 

PPZ 83 40.0 – 60.0 0.01 2.0% 0.1% 0.22% 0 This work 
         
 Obs. T (oC) σT σx σCO2 σCp  Source 

Cp 136 40.0 – 120.0 0.1 0.1% 0.22% 2.0%  This work 
         
 Obs. T (oC) σT σx σCO2 σ∆H  Source 

∆Habs 97 40.0 – 120.0 0.01 0.1% 0.22% 2.0%  Kim(2007) 
         
 Obs. T (oC) σT σx σCO2   Source 

NMR 54 27.0 – 60.0 0.01 1.0% 1.0%   Cullinane (2005) 
         

 
Overall, 506 experimental data points were included in the model regression.  Over the 

course of the model regression, four attempts were made to determine an optimum set of 

model parameters to adequately describe the H2O-K2CO3-PZ-CO2 system.  The following 

discussion outlines each regression case. 

In Case I, coefficients regressed in Chapter XIV for the H2O-PZ-CO2 system were 

fixed and not adjusted.  Only molecule-electrolyte and electrolyte-molecule binary interaction 

parameters were regressed to the experimental database outlined in Table 15.4-2.  

Electrolyte-electrolyte binary interaction parameters were set to zero.  In this case, we found 

that by only adjusting binary interaction parameters, experimental predictions did not 

adequately describe systematic trends presented in the experimental database. 
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In Case II, we expanded the regression to include data regressed in Chapter XIV for 

the H2O-PZ-CO2 system in addition to the experimental database outlined in Table 15.4-2.  

Coefficients for binary interaction parameters, the infinite dilution aqueous phase free energy 

of formation, the infinite dilution aqueous phase enthalpy of formation, and the infinite 

dilution aqueous phase heat capacity polynomial for piperazine carbamate, piperazine 

dicarbamate, and protonated piperazine carbamate were regressed.  In Case II, we found the 

model was able to adequately describe a limited number of data sets but did not produce an 

overall model with the ability to describe systematic trends presented in both data sets.  In 

addition, the model was unable to predict the correct solid solubility for the precipitation of 

KHCO3 and K2PZ(COO)2 as described in Chapter V.  This suggested that coefficients for 

the linear temperature dependent chemical equilibrium constants for the two precipitation 

reactions should be included within the overall data regression. 

In Case III, we expanded the regression to include data regressed in Chapters XII 

and XIV for the H2O-K2CO3-CO2 and H2O-PZ-CO2 system in addition to the experimental 

database outlined in Table 15.4-2 and solid solubility for the precipitation of KHCO3 and 

K2PZ(COO)2 as described in Chapter V.  In Case III, we were limited by the number of 

adjustable parameters where we could include in the regression.  All of the parameters 

regressed in Chapters XII and XIV plus binary interaction parameters identified to 

adequately describe systematic trends presented in the H2O-K2CO3-PZ-CO2 system would 

not fit in the DRS input form.  As a result an overall global regression of the three systems 

was not possible and precipitation of KHCO3 would not reflect the visual observations 

presented in Chapter V.  
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In our “last” and successful attempt, Case IV, coefficients for the binary interaction 

parameters regressed in Chapters XII and XIV for the H2O-K2CO3-CO2 and H2O-PZ-CO2 

systems were fixed and not adjusted.  Only binary interaction parameters associated with the 

H2O-K2CO3-PZ-CO2 system and coefficients for the infinite dilution aqueous phase free 

energy of formation, the infinite dilution aqueous phase enthalpy of formation, and the 

infinite dilution aqueous phase heat capacity polynomial for piperazine carbamate, piperazine 

dicarbamate, and protonated piperazine carbamate were regressed to the experimental 

database outlined in Table 15.4-2.  This resulted in a very reasonable description of the 

experimental data except for the description of the specific heat capacity data.  Efforts in all 

four cases were unsuccessful in predicting systematic trends presented within the 

experimental specific heat capacity data.  When DRS was forced to fit the experimental data, 

systematic trends presented in CO2 solubility, amine volatility, enthalpy of CO2 absorption, 

and NMR speciation became skewed to unrealistic predictions.  This would suggest that the 

experimental specific heat capacity may not be consistent with the experimental database 

presented in Table 15.4-2, but an analysis of the average experimental specific heat capacity 

as compared to model predictions will help to justify the validity of the experimental data. 

Table 15.4-3 shows the regression summary statistics output for estimates of the 

adjustable binary parameter coefficients, the infinite dilution aqueous phase free energy of 

formation, the infinite dilution aqueous phase enthalpy of formation, and the infinite 

dilution aqueous phase heat capacity polynomial for piperazine carbamate, piperazine 

dicarbamate, and protonated piperazine carbamate after performing a nonlinear regression 

for the full model using DRS in Aspen PlusTM. 
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Table 15.4-3.  DRS Regression Output for Full H2O-K2CO3-PZ-CO2 System Model. 

i j k Estimate σ wrt Estimate i j k Estimate σ wrt Estimate
1 ∆GPZCOO -219798175 14861456 18-Aca,m K+ PZCOO-1 H2O -6.21 3.50
2 ∆HPZCOO -480595349 107218242 19-Bca,m K+ PZCOO-1 H2O -288 1267

3-CP-A PZCOO-1 -10934868 23749467 20-Am,ca H2O K+ PZ(COO-1)2 -3.31 36.3
4-CP-B PZCOO-1 32868 113126 21-Bm,ca H2O K+ PZ(COO-1)2 -35.1 2152
5-CP-C PZCOO-1 5.08 149 22-Aca,m K+ PZ(COO-1)2 H2O 14.8 28.8

6 ∆GPZCOO2 -568456411 3038877 23-Bca,m K+ PZ(COO-1)2 H2O 4.11 87.6
7 ∆HPZCOO2 -844124384 51078182 24-Am,ca H2O PZH+ PZ(COO-1)2 11.0 3.28

8-CP-A PZ(COO-1)2 -661253 13076923 25-Bm,ca H2O PZH+ PZ(COO-1)2 20.4 366
9-CP-B PZ(COO-1)2 -1993 48432 26-Aca,m PZH+ PZ(COO-1)2 H2O -0.244 2.67

10-CP-C PZ(COO-1)2 -2.04 57.9 27-Bca,m PZH+ PZ(COO-1)2 H2O -2.34 210
11 ∆GHPZCOO -278352287 127392 28-Am,ca PZ K+ HCO3

-1 18.7 178
12 ∆HHPZCOO -521810729 12090721 29-Bm,ca K+ HCO3

-1 PZ 2.08 108
13-CP-A H+PZCOO-1 420610 8694248 30-Aca,m PZ K+ PZCOO-1 4.16 3.51
14-CP-B H+PZCOO-1 -2298 51210 31-Bca,m K+ PZCOO-1 PZ -4.85 13.8
15-CP-C H+PZCOO-1 6.72 81 32-Am,ca PZ K+ PZ(COO-1)2 5.61 42.2
16-Am,ca H2O K+ PZCOO-1 16.2 28.1 33-Bm,ca K+ PZ(COO-1)2 PZ 3.53 40.8
17-Bm,ca H2O K+ PZCOO-1 -343 9143  

 
Residual Sum of Squares:  141,532 
Residual Root Mean Square:  23.7460 
Degree of Freedom:   473 
 
 

Recall that the standard error of an estimate is the estimated standard deviation of 

that statistic.  Notice that eighteen of the estimates are smaller relative to their standard 

errors.  Table 15.4-4 gives a complete description of the variability of the coefficient 

estimates which requires examining the correlations between the estimates. 

Table 15.4-4 shows 18 highly negative and positive correlations out of a possible 561.  

The highly correlated parameters are between the temperature dependent coefficients and 

the respective constant for the each energy parameter estimate, but the correlation between 

other coefficients is relatively small, suggesting that a number of temperature dependent 

parameters might be usefully removed from the model without significant loss of 

information. 
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Table 15.4-4.  Correlation Matrix of the Coefficient Estimates for the Full H2O-K2CO3-PZ-
CO2 System Model 
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After performing backward elimination using DRS, the following “optimum” model 

regression summary statistics output for estimates of the adjustable binary parameter 

coefficients is shown in Table 15.4-5. 

Table 15.4-5.  DRS Regression Output for Optimum H2O-K2CO3-PZ-CO2 System Model. 
i j k Estimate σ wrt Estimate i j k Estimate σ wrt Estimate

1 ∆GPZCOO -218137150 2143552 16-Am,ca H2O K+ PZCOO-1 8.25 29.1
2 ∆HPZCOO -481386606 80811382 17-Aca,m K+ PZCOO-1 H2O -0.415 11.1

3-CP-A PZCOO-1 -6828489 54832038 18-Am,ca H2O K+ PZ(COO-1)2 -3.31 36.3
4-CP-B PZCOO-1 19071 170318 19-Aca,m K+ PZ(COO-1)2 H2O 14.8 28.8
5-CP-C PZCOO-1 1.80 35.4 20-Am,ca H2O PZH+ PZ(COO-1)2 8.2 29.1

6 ∆GPZCOO2 -579217142 1560262 21-Bm,ca H2O PZH+ PZ(COO-1)2 4445 8926
7 ∆HPZCOO2 -861319029 67212986 22-Aca,m PZH+ PZ(COO-1)2 H2O -114 601

8-CP-A PZ(COO-1)2 -1197496 36207783 23-Bca,m PZH+ PZ(COO-1)2 H2O 44926 194761
9-CP-B PZ(COO-1)2 -33117 530381 24-Am,ca PZ K+ HCO3

-1 7.27 0.913
10-CP-C PZ(COO-1)2 107 1586 25-Bm,ca K+ HCO3

-1 PZ -7.85 7.84
11 ∆GHPZCOO -273664898 916512 26-Aca,m PZ K+ PZCOO-1 6.49 7.51
12 ∆HHPZCOO -521907884 36257838 27-Bca,m K+ PZCOO-1 PZ 7.81 73.1

13-CP-A H+PZCOO-1 4501454 30891169 28-Am,ca PZ K+ PZ(COO-1)2 7.51 9.21
14-CP-B H+PZCOO-1 -13231 94782 29-Bm,ca K+ PZ(COO-1)2 PZ 7.99 12.3
15-CP-C H+PZCOO-1 -0.00512 0.449  

 
Residual Sum of Squares:  138,147 
Residual Root Mean Square:  22.1066 
Degree of Freedom:   477 

 

Notice that nine of the estimates are smaller relative to their standard errors.  In 

comparing the estimates from the full model to the “optimum” model, there was relatively 

little difference between the estimated values.  With the elimination of two parameters from 

the full model, the optimum model was unable to provide adequate predictions to the 

experimental data even though the sum of squares decreased by 2.45 percent. 

Furthermore, none of the other possible submodels proposed by backward 

elimination were able to provide adequate predictions and capture systematic trends with the 

data sets.  This may suggest that the full model may not be a physically significant 

thermodynamic model due to the number of parameters required to capture systematic 

2977



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
648 

trends presented in the experimental database.  In this work, we chose the full model to 

describe the interactions in the H2O-K2CO3-PZ-CO2 system.  We would recommend 

that future work limit the number of solvents included in the regression to improve the 

statistical fit for the binary interaction parameters listed in Table 15.4-3. 

 
Estimated Binary Interaction Parameters 

With the determination of the estimates for the binary interaction parameters known 

for the full model, we can use Equation 15-52 and Equation 15-53 to illustrate the 

temperature dependence of the molecule-electrolyte (τm,ca), electrolyte-molecule (τca,m), water-

electrolyte (τm,ca), and electrolyte-water (τca,m) energy parameters as shown in Figure 15.4-1 

through Figure 15.4-6. 

-10

-5

0

5

10

15

20

0 20 40 60 80 100 120

Temperature (oC)

B
in

ar
y 

In
te

ra
ct

io
n

 P
ar

am
et

er
s 

( τ
)

H2O (K+,PZCOO-)
(K+,PZCOO-) H2O
Default Values

τ m,ca

τ ca,m

 

Figure 15.4-1.  Binary Interaction Parameters for H2O, K+/PZCOO-1. 
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Figure 15.4-2.  Binary Interaction Parameters for H2O, K+/PZ(COO-1)2. 
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Figure 15.4-3.  Binary Interaction Parameters for PZ, K+/PZ(COO-1)2. 
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Figure 15.4-4.  Binary Interaction Parameters for PZ, K+/HCO3-1. 
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Figure 15.4-5.  Binary Interaction Parameters for PZ, K+/PZCOO-1. 
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Figure 15.4-6.  Binary Interaction Parameters for PZ, K+/PZ(COO-1)2. 

 

15.4.1  Full Model Results 
 

With the determination of the estimates for the binary interaction parameters known 

for the full model, a simple Aspen PlusTM Flash model was used to test the predictive 

capability of the H2O-K2CO3-PZ-CO2 model against literature data.  For each data point, the 

deviation between the experimental and estimated values is expressed in terms of the average 

absolute relative deviation (AARD) given in Table 15.4-6 and Table 15.4-7.  Overall, the 

model adequately described the H2O-K2CO3-PZ-CO2 property data listed above within an 

average absolute relative error of ± 15.48 percent, with the exception of a few outliers. 

 

 

 

2981



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
652 

 
Table 15.4-6.  Absolute Percent Relative Error for the H2O-K2CO3-PZ-CO2 Full Model. 

PCO2 Loading
AARD AARD

This work 22.74 0.62

PZ Solubility PPZ Loading

This work 57.78 1.44

Enthalpy of CO2 Abs. ∆HABS Loading

Kim (2007) 4.46 1.76

Specific Heat Capacity Cp Loading

This work 16.48 0.2

Overall 15.48 4.31

CO2 Solubility

 

 
Table 15.4-7.  Absolute Percent Relative Error for the H2O-K2CO3-PZ-CO2 Full Model 
Speciation. 

PZ+PZH+ H+PZCOO-+PZCOO-
PZ(COO-)2 Loading

AARD AARD AARD AARD

Cullinane (2005) 2.40 3.46 1.02 17.52

NMR Speciation

 

 

15.5  Full Model Predictions 
 

In this work, we have compiled a large database of consistently high quality data 

needed to obtain a unique set of binary interaction parameters to describe the H2O-K2CO3-

PZ-CO2 system.  The remainder of this chapter will be devoted to using our model as a 

predictive tool as described in the subsequent sections.   
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Since coefficients for the precipitation of KHCO3 were not included in Case IV, 

visual observations described in Chapter V are not consistent with model predictions in this 

chapter because the full model is predicting the precipitation of PZ·6H2O which conflicts 

with results presented in Chapter V for the precipitation of KHCO3 in mixtures of H2O-

K2CO3-PZ-CO2.  Experimental unit cell x-ray diffraction analysis of mixtures of H2O-

K2CO3-PZ-CO2 by Lynch (2007) were based on the collection of a single crystal from the 

solid phase precipitation.  There may have been a mixture of two solid phases at low loading 

within the submitted samples.  Since the description of solid solubility was never a major 

research objective of this work; we would recommend that in future work powder x-ray 

diffraction would need to be completed on similar solution compositions to verify the results 

of the unit cell x-ray diffraction and model predictions.  For these reasons, we regressed 

coefficients for the linear temperature dependent chemical equilibrium constant of 

K2PZ(COO)2 as described in section 15.5.5, but we chose not to include this precipitation 

reaction within the overall full model. 

15.5.1  CO2 Solubility and Amine Volatility 
 

Figure 15.5-1 through Figure 15.5-9 give the results of fit for the experimental CO2 

solubility from this work to full model predictions over a temperature range from 20 to    

120 oC.  Predictions from Hilliard (2005) were not included due to discrepancies between the 

Cullinane (2005) data set and results presented in this work as described previously.  Overall, 

the full model adequately describes systematic trends presented in the H2O-K2CO3-PZ-CO2 

experimental database except for 2.5 m K+ + 3.6 m PZ where model predictions tend to 

break down at low loading over the temperature range from 40 – 80 oC. 
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Figure 15.5-1.  CO2 Solubility in 5 m K+ + 2.5 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,          
■, 60 oC, ▲, 80 oC, ●, 100 oC, ×, 120 oC.  Lines: elecNRTL Model Predictions. Vertical Line: 
Solid Solubility Boundary. 
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Figure 15.5-2.  CO2 Solubility in 3.6 m K+ + 0.6 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,       
■, 60 oC, ●, 100 oC, ×, 120 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-3.  CO2 Solubility in 3.6 m K+ + 1.8 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,       
■, 60 oC, ▲, 80 oC, ●, 100 oC, ×, 120 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-4.  CO2 Solubility in 3.6 m K+ + 3.6 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,       
■, 60 oC, ▲, 80 oC, ●, 100 oC, ×, 120 oC.  Lines: elecNRTL Model Predictions.  Vertical Line: 
Solid Solubility Boundary. 
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Figure 15.5-5.  CO2 Solubility in 6 m K+ + 1.2 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,          
■, 60 oC, ▲, 80 oC, ●, 100 oC, ×, 120 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-6.  CO2 Solubility in 5 m K+ + 3.6 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,          
■, 60 oC.  Lines: elecNRTL Model Predictions.  Vertical Line: Solid Solubility Boundary. 
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Figure 15.5-7.  CO2 Solubility in 5 m K+ + 2 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,             
■, 60 oC.  Lines: elecNRTL Model Predictions.  Vertical Line: Solid Solubility Boundary. 
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Figure 15.5-8.  CO2 Solubility in 2.5 m K+ + 3.6 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,       
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-9.  CO2 Solubility in 2.5 m K+ + 2 m PZ from 20 – 120 oC.  Points: ♦, 40 oC,          
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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CO2 Solubility Differential Capacity 
 

We can quantify the effects of CO2 solubility in the above systems by illustrating 

trends in CO2 solubility at 60 oC based on the differential capacity of the solvent between the 

range of 0.01 and 1.0 kPa as shown in Table 15.5-1.   

Table 15.5-1 illustrates that 7 m MEA demonstrates a greater differential capacity as 

compared to piperazine or other mixed salt-amine systems.  For mixed salt-amine systems, 

only systems composed of salt concentrations less than 5 m K+ exhibited an increase in the 

differential capacity as compared to similar systems containing 5 m K+.  Overall, 2.5 m K+ + 

3.6 m PZ exhibited the largest differential capacity equal to 0.19 out of nine solvents studied 

as part of this work. 

 

Table 15.5-1.  Comparison of Differential Solvent Capacity Between CO2 Partial Pressures of 
0.01 and 1.0 kPa at 60 oC.  

 Differential Capacity
System α β γ 
7 m MEA 0.34 2.38 - 
2 m PZ 0.23 0.90 0.23 
5 m K+ + 2.5 m PZ 0.13 1.32 0.26 
3.6 m K+ + 0.6 m PZ 0.15 0.71 0.59 
3.6 m K+ + 1.8 m PZ 0.14 1.02 0.28 
3.6 m K+ + 3.6 m PZ 0.15 1.58 0.22 
6 m K+ + 1.2 m PZ 0.13 1.06 0.44 
5 m K+ + 3.6 m PZ 0.12 1.43 0.20 
5 m K+ + 2 m PZ 0.13 1.18 0.29 
2.5 m K+ + 3.6 m PZ 0.19 1.83 0.25 
2.5 m K+ + 2 m PZ 0.16 1.06 0.27 

  α: mole CO2/Total Alkalinity, β: mole CO2/kg-H2O,  
  γ: mole CO2/2·mol PZ 
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PZ Volatility Predictions 
 

Figure 15.5-10 through Figure 15.5-18 give the results of fit for the experimental PZ 

volatility from this work to full model predictions over a temperature range from 40 to       

80 oC.  Overall, the full model had a hard time fitting experimental PZ volatility for the H2O-

K2CO3-PZ-CO2 system.  This may be due to a PZ interaction parameter that was fixed 

within the H2O-PZ-CO2 regression, but efforts at adjusting parameters described in Chapter 

XIV did not result in substantial improvements in PZ volatility and were consequently left at 

their original regressed values. 
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Figure 15.5-10.  PZ Volatility in 5 m K+ + 2.5 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and      
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-11.  PZ Volatility in 3.6 m K+ + 0.6 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and      
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-12.  PZ Volatility in 3.6 m K+ + 1.8 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and      
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-13.  PZ Volatility in 3.6 m K+ + 3.6 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and      
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-14.  PZ Volatility in 6 m K+ + 1.2 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and      
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-15.  PZ Volatility in 5 m K+ + 3.6 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and      
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-16.  PZ Volatility in 5 m K+ + 2 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and         
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-17.  PZ Volatility in 2.5 m K+ + 3.6 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and      
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-18.  PZ Volatility in 2.5 m K+ + 2 m PZ from 40 – 80 oC.  Points: ♦, 40 oC and      
■, 60 oC.  Lines: elecNRTL Model Predictions. 
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Figure 15.5-19.  Comparison of the Experimental PZ Volatility Database versus CO2 
Solubility at 40 oC from this work.  Points: ♦, H2O-PZ-CO2 System Data, ●, H2O-K2CO3-PZ-
CO2 System Data. 

 

Amine volatility at 40 oC for each solvent can then be compared based on a CO2 

partial pressure from 0.01 to 0.1 kPa as illustrated in Figure 15.5-19 based on experimental 

PZ volatility from this work.  Table 15.5-2 compares the amine volatility of the nine mixed 

salt-amine systems in this work to the base sub-component systems of 7 m MEA and 2 m 

PZ at 40 oC. 

As shown in Table 15.5-2, 7 m MEA demonstrates a greater volatility at 40 oC 

compared to piperazine or other mixed salt-amine systems.  For different combinations of 

potassium + piperazine, the volatility of PZ varied between 54 to 4 ppmv over a CO2 partial 

pressure from 0.01 to 0.1 kPa at 40 oC and is consistent with effects exhibited in the H2O-
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PZ-CO2 system (37 to 8 ppmv) where large changes in the solution alkalinity may not have a 

large effect on the volatility of PZ. 

Table 15.5-2.  Comparison of Experimental Amine Volatility Evaluated at a CO2 Partial 
Pressure from 0.01 to 0.1 kPa at 40 oC. 

System Pi (ppmv)
7 m MEA 62-35 
2 m PZ 21-18 
5 m K+ + 2.5 m PZ 32-13 
3.6 m K+ + 0.6 m PZ 10-4 
3.6 m K+ + 1.8 m PZ 22-12 
3.6 m K+ + 3.6 m PZ 36-15 
6 m K+ + 1.2 m PZ 22-6 
5 m K+ + 3.6 m PZ 54-39 
5 m K+ + 2 m PZ 27-11 
2.5 m K+ + 3.6 m PZ 29-16 
2.5 m K+ + 2 m PZ 15-9 

 

15.5.2  Enthalpy of CO2 Absorption 
 

Figure 15.5-20 through Figure 15.5-28 compares experimental differential enthalpy 

of CO2 absorption measurements from Kim (2007) to predictions based on Equation 15-39 

(Gibbs-Helmholtz) from this work. 

Model predictions from Hilliard (2005) were not included due to previously 

mentioned reasons: the Hilliard (2005) model predicts the wrong temperature dependence 

(Temperature ↓ with ↑ ∆Habs) of the enthalpy of CO2 absorption as compared to 

experimental measurements from Kim (2007).  On the other hand, the Hilliard (2005) model 

did not include calometric measurements as part of his original regression analysis. 
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Figure 15.5-20.  Comparison of the Enthalpy of CO2 Absorption in 5 m K+ + 2.5 m PZ at      
40 oC from Kim (2007) to Predictions from this work. 
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Figure 15.5-21.  Comparison of the Enthalpy of CO2 Absorption in 5 m K+ + 2.5 m PZ at      
60 oC from Kim (2007) to Predictions from this work. 
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Figure 15.5-22.  Comparison of the Enthalpy of CO2 Absorption in 5 m K+ + 2.5 m PZ at      
80 oC from Kim (2007) to Predictions from this work. 
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Figure 15.5-23.  Comparison of the Enthalpy of CO2 Absorption in 5 m K+ + 2.5 m PZ at      
120 oC from Kim (2007) to Predictions from this work. 
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Figure 15.5-24.  Comparison of the Enthalpy of CO2 Absorption in 5 m K+ + 2.5 m PZ at      
40 and 120  oC from Kim (2007) to Predictions from this work. 

0

20

40

60

80

100

0.4 0.44 0.48 0.52 0.56 0.6

Loading (mol CO2/mol K+ + 2·mol PZ)

D
if

fe
re

n
ti

al
 -

∆
H

ab
s (

kJ
/

m
ol

-C
O

2)

 
Figure 15.5-25.  Comparison of the Enthalpy of CO2 Absorption in 6 m K+ + 1.2 m PZ at      
40 oC from Kim (2007) to Predictions from this work. 
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Figure 15.5-26.  Comparison of the Enthalpy of CO2 Absorption in 6 m K+ + 1.2 m PZ at      
60 oC from Kim (2007) to Predictions from this work. 
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Figure 15.5-27.  Comparison of the Enthalpy of CO2 Absorption in 6 m K+ + 1.2 m PZ at      
120 oC from Kim (2007) to Predictions from this work. 

 

3001



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
672 

0

20

40

60

80

100

0.4 0.44 0.48 0.52 0.56 0.6

Loading (mol CO2/mol K+ + 2·mol PZ)

D
if

fe
re

n
ti

al
 -

∆
H

ab
s (

kJ
/

m
ol

-C
O

2)

40 oC

120 oC

 
Figure 15.5-28.  Comparison of the Enthalpy of CO2 Absorption in 6 m K+ + 1.2 m PZ at      
40 and 120 oC from Kim (2007) to Predictions from this work. 

 
 
The above results illustrate that the full model adequately describes the enthalpy of 

CO2 absorption in mixtures of 5 m K+ + 2.5 m PZ and 6 m K+ + 1.2 m PZ.  We can now 

compare model predictions for 5 m K+ + 2.5 m PZ and 6 m K+ + 1.2 m PZ at 40 and 120 

oC to predictions for 7 m MEA verses predictions for the partial pressure of CO2 as shown 

in Figure 15.5-29. 

Figure 15.5-29 illustrates an approximate 30 kJ/mol-CO2 decrease in the enthalpy of 

CO2 absorption at 40 oC as compared to 7 m MEA.  At 120 oC, only 6 m K+ + 1.2 m PZ 

also demonstrates an approximate 30 kJ/mol-CO2 decrease as compared to 5 m K+ + 2.5 m 

PZ which exhibits only an approximate 10 kJ/mol-CO2 decrease in the enthalpy of CO2 

absorption. 
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Figure 15.5-29.  Comparison of the Enthalpy of CO2 Absorption Model Predictions from this 
work in Mixtures of H2O-MEA-CO2 and H2O-K2CO3-PZ-CO2 at 40 and 120 oC.  Lines: ▬, 5 
m K+ + 2.5 m PZ, ─ ─, 6 m K+ + 1.2 m PZ, - - -, 7 m MEA. 
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Figure 15.5-30.  Comparison of the Enthalpy of CO2 Absorption Model Predictions from this 
work in Mixtures of H2O-MEA-CO2 and H2O-K2CO3-PZ-CO2 at 40 and 120 oC versus CO2 
Partial Pressures at 40 oC.  Lines: ▬, 5 m K+ + 2.5 m PZ, ─ ─, 6 m K+ + 1.2 m PZ, - - -, 7 m 
MEA. 
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15.5.3  Specific Heat Capacity 
 

Figure 15.5-31 through Figure 15.5-32 compares experimental specific heat capacity 

measurements from this work to predictions from this work.  Predictions from this work do 

capture the correct trends in the specific heat capacity as a function of temperature but did 

fall short in predicting the correct specific heat capacity on the order of ± 10 percent. 

One possibility for this discrepancy may result from an inconsistency between the 

enthalpy of CO2 absorption measurements from Kim (2007) and specific heat capacity 

measurements from this work.   
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Figure 15.5-31.  Comparison of Experimental Specific Heat Capacity in Loaded 5 m K+ + 2.5 
m PZ Mixtures from 40 to 120 oC.  Points: ♦, Ldg = 0.39, ■, Ldg = 0.55.  Lines: ▬, Ldg = 
0.39, ─ ─, Ldg = 0.55. 
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Figure 15.5-32.  Comparison of Experimental Specific Heat Capacity in Loaded 6 m K+ + 1.2 
m PZ Mixtures from 40 – 120 oC.  Points: ♦, Ldg = 0.43, ■, Ldg = 0.53, ▲, Ldg = 0.57.  
Lines: ▬, Ldg = 0.43, ─ ─, Ldg = 0.53, - - - , Ldg = 0.57. 
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Figure 15.5-33.  Comparison of Experimental Specific Heat Capacity in Loaded 3.6 m K+ + 
3.6 m PZ Mixtures from 40 – 120 oC.  Points: ♦, Ldg = 0.33, ■, Ldg = 0.42, ▲, Ldg = 0.47.  
Lines: ▬, Ldg = 0.33, ─ ─, Ldg = 0.42, - - - , Ldg = 0.47. 

3005



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
676 

 
We can relate the liquid phase specific heat capacity measurements to the sensible 

liquid phase enthalpy of solution from 40 to 120 oC by comparing the average experimental 

specific heat capacity to predictions based on the full model as shown in Table 15.5-3. 

Table 15.5-3.  Comparison of Average Specific Heat Capacity (kJ/kg-K) from 40 – 120 oC. 

System Loading Experimental Full Model AARD (%) 
0.39 3.1114 2.8559 8.20 5 m K+ + 2.5 m PZ 0.55 3.0919 2.4814 19.8 
0.43 3.0976 2.6893 13.2 
0.53 3.0806 2.4471 20.6 6 m K+ + 1.2 m PZ 
0.57 3.0616 2.3510 23.2 
0.33 3.2771 3.2222 1.67 
0.42 3.2258 3.0414 5.72 3.6 m K+ + 3.6 m PZ 
0.47 3.2076 2.9269 8.75 

  
The average absolute relative error presented in Table 15.5-3 illustrates that the 

experimental specific heat capacity is not consistent with predictions from the full model for 

the sensible liquid phase enthalpy within the experimental accuracy of ± 2.0 percent error.  

For all other amine systems studied in this work, the temperature ramp rate was set to 5 

oC/min which produced acceptable results, but a priori to the completion of experimental 

work, we found that Thomsen et al. (1999) mentioned that for salt systems a rate of 1 

oC/min should be used to improve the sample response resolution and allow the sample to 

achieve equilibrium at a desired temperature.  We would recommend that future work verify 

specific heat capacity measurements gathered in this work utilizing a similar procedure 

outlined in Chapter IV but instead use a temperature ramp rate of 1 oC/min.  In addition, in 

this work we did not adjust the infinite dilution aqueous phase heat capacity for the 

potassium ion because it did not show an additional benefit to the overall regression.  If the 

scope of the work was limited to a specific solvent concentration, the adjustment of the 
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potassium ion infinite dilution aqueous phase heat capacity may improve the overall 

statistical fit for the experimental specific heat capacity data. 

Even though the model did not adequately describe systematic trends presented in 

the experimental specific heat capacity data, we can use the model to describe the possible 

departure from an ideal solution behavior.  Figures 15.5-34 and 15.5-35  illustrate the 

proposed molar infinite dilution aqueous phase heat capacity for ionic and molecule solute 

species in the H2O-K2CO3-PZ-CO2 system where the molar infinite dilution aqueous phase 

heat capacity for K+1, CO3
-2, and HCO3

-1, and PZH+1 were described in Chapters XII and 

IX, respectively. 

By differentiating Equation 15-36 with respect to temperature, the molar infinite 

dilution aqueous phase heat capacity for CO2 can be determined as shown in Figure 15.5-34.  

From Table 15.4-3, coefficients for the molar infinite dilution aqueous phase heat capacity of 

PZCOO-1, PZ(COO-1)2, and H+1PZCOO-1, were determined through simultaneous 

regression as described in Section 15.4. 

Figure 15.5-36 separates the molar heat capacity in 5 m K+ + 2.5 m PZ at a loading 

of 0.39 (mol CO2/mol K+ + 2·mol PZ) into the weighted molar heat capacity of each 

contributing species with respect to the components reference state (i.e. Solvents: pure 

liquid, Ionic and Molecular Solutes: infinite dilution in water).  By describing the molar heat 

capacity of the solution by the following equation: 
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Figure 15.5-34.  Molar Infinite Dilution Aqueous Phase Heat Capacity for Ionic and 
Molecular Solute Species in the H2O-K2CO3-PZ-CO2 System.  Points: ♦, CO2, ■, HCO3-1,   
▲, CO3-2, ●, K+1, ×, H2O. 
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Figure 15.5-35.  Molar Infinite Dilution Aqueous Phase Heat Capacity for Ionic and 
Molecular Solute Species in the H2O-K2CO3-PZ-CO2 System.  Points: ♦, PZH+1,                   
■, PZCOO-1, ▲, PZ(COO-1)2, ●, H+1PZCOO-1, ×, PZ. 
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Figure 15.5-36.  Comparison of the Molar Heat Capacity for 5 m K++2.5 m PZ at Ldg = 0.39. 
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where deviations between the molar heat capacity of the solution from the ideal molar heat 

capacity are accounted for by the excess molar heat capacity.  The excess molar heat capacity 

also accounts for the heat of reaction associated with any change in speciation with 

temperature. 

To investigate the effect of CO2 loading on the liquid phase specific heat capacity, we 

can normalize the specific heat capacity by the kilograms of H2O in the experimental 

solution as shown in Figure 15.5-37. 

4.4

4.6

4.8

5

5.2

5.4

5.6

5.8

20 40 60 80 100 120 140

Temperature (oC)

C
P

 (
kJ

/
kg

H
2O

-K
)

 

Figure 15.5-37.  Apparent Partial Specific Heat Capacity for Mixtures of Potassium 
Carbonate + Piperazine.  Points: ♦, 5 m K+ + 2.5 m PZ, ■, 3.6 m K+ + 3.6 m PZ,                  
▲, 6 m K+ + 1.2 m PZ.  

 
By cross-plotting Figure 15.5-37 with respect to the total moles of CO2 per mole of 

H2O, we can infer the apparent specific heat capacity of CO2 based on the slope of the 

ordinary least squares approximation as show in Figure 15.5-38 through Figure 15.5-40. 
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Figure 15.5-38.  Apparent Partial Specific Heat Capacity for Mixtures of Potassium 
Carbonate + Piperazine at 40 oC.  Points: ♦, 5 m K+ + 2.5 m PZ, ■, 3.6 m K+ + 3.6 m PZ,                  
▲, 6 m K+ + 1.2 m PZ.  Lines: OLS Approximations. 
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Figure 15.5-39.  Apparent Partial Specific Heat Capacity for Mixtures of Potassium 
Carbonate + Piperazine at 80 oC.  Points: ♦, 5 m K+ + 2.5 m PZ, ■, 3.6 m K+ + 3.6 m PZ,                  
▲, 6 m K+ + 1.2 m PZ.  Lines: OLS Approximations. 
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Figure 15.5-40.  Apparent Partial Specific Heat Capacity for Mixtures of Potassium 
Carbonate + Piperazine at 120 oC.  Points: ♦, 5 m K+ + 2.5 m PZ, ■, 3.6 m K+ + 3.6 m PZ,                  
▲, 6 m K+ + 1.2 m PZ.  Lines: OLS Approximations. 

 
 Based on the above analysis, we can infer the apparent partial specific heat capacity 

of CO2 (Table 15.5-4) and compare to the molar infinite dilution aqueous phase heat 

capacity of CO2 as shown in Figure 15.5-34. 

Table 15.5-4.  Apparent Partial Specific Heat Capacity of CO2 in Mixtures of Potassium 
Carbonate + Piperazine. 

 System (kJ/kgi-K) 
Temp. (oC) 6 m K++1.2 m PZ 5 m K++2.5 m PZ 3.6 m K++3.6 m PZ H2O(l) 

40 6.3254 6.1366 4.2359 4.1772 
80 4.9154 6.3863 3.0673 4.2624 
120 4.0717 7.0466 2.0075 4.3340 

Average 5.1042 6.5232 3.1036 4.2579 
 

Table 15.5-4 illustrates how the experimental apparent partial heat capacity of CO2 

may have an average value of 4.9103 kJ/kgCO2-K over the temperature range from 40 to 120 

oC in aqueous mixtures of potassium carbonate plus piperazine and is comparable to the 
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specific heat capacity of H2O.  This may suggest that contributions of the apparent partial 

heat capacity of CO2 may not be considered small aqueous mixtures of potassium carbonate 

plus piperazine. 

15.5.4  NMR Speciation 
 

Figure 15.5-41 through Figure 15.5-115 compare experimental liquid phase NMR 

speciation measurements from Cullinane (2005) to predictions from this work.  As metioned 

previously, Cullinane (2005) reported proton (H1) NMR speciation for H2O-K2CO3-PZ-CO2 

system where the main drawback with an H1 NMR speciation analysis is not having the 

ability to measure the loading of the solution as compared to carbon C13 NMR speciation as 

described in Chapter XIII.  In the H1 NMR analysis the loading of the solution has to be 

determined a prori which may result in a discrepancy between the loading at the time of the 

NMR experiment and at the time of the CO2 analysis since the loading for NMR solutions 

reported by Cullinane (2005) were completed in a similar manner as CO2 solubility 

measurements.  The uncertainty in loading for experimental NMR speciation data reported 

by Cullinane (2005) were assigned a standard deviation of ± 10 % to account for the 

discrepancy in the loading analysis as compared to this work.  This in effect allowed DRS to 

adjust the loading of the solution to be consistent with experimental CO2 solubility, amine 

volatility, and enthalpy of CO2 absorption data but allowed DRS to use information 

provided within the speciation to adjust liquid phase activity coefficients for the present 

reactive species.  Overall, the full model was able to adequately predict the experimental 

liquid phase speciation concentrations (vertical axis) within an average relative error of ± 

2.29 percent. 
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Liquid Phase Speciation for 5 m K+ + 2.5 m PZ at 27  oC 
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Figure 15.5-41.  Comparison of Liquid Phase NMR Speciation in 5 m K+ + 2.5 m PZ at 27 oC 
to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-42.  Predictions for the Liquid Phase Speciation in 5 m K+ + 2.5 m PZ at 27 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-43.  Predictions for the Liquid Phase Speciation in 5 m K+ + 2.5 m PZ at 27 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-44.  Predictions for the Liquid Phase Activity Coefficients in 5 m K+ + 2.5 m PZ 
at 27 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-45.  Predictions for the Liquid Phase Activity Coefficients in 5 m K+ + 2.5 m PZ 
at 27 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 

 
Liquid Phase Speciation for 5 m K+ + 2.5 m PZ at 40  oC 
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Figure 15.5-46.  Comparison of Liquid Phase NMR Speciation in 5 m K+ + 2.5 m PZ at 40 oC 
to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-47.  Predictions for the Liquid Phase Speciation in 5 m K+ + 2.5 m PZ at 40 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-48.  Predictions for the Liquid Phase Speciation in 5 m K+ + 2.5 m PZ at 27 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-49.  Predictions for the Liquid Phase Activity Coefficients in 5 m K+ + 2.5 m PZ 
at 27 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-50.  Predictions for the Liquid Phase Activity Coefficients in 5 m K+ + 2.5 m PZ 
at 27 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-51.  Comparison of Liquid Phase NMR Speciation in 5 m K+ + 2.5 m PZ at 60 oC 
to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-52.  Predictions for the Liquid Phase Speciation in 5 m K+ + 2.5 m PZ at 60 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-53.  Predictions for the Liquid Phase Speciation in 5 m K+ + 2.5 m PZ at 60 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-54.  Predictions for the Liquid Phase Activity Coefficients in 5 m K+ + 2.5 m PZ 
at 60 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-55.  Predictions for the Liquid Phase Activity Coefficients in 5 m K+ + 2.5 m PZ 
at 60 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 

 
Liquid Phase Speciation for 3.6 m K+ + 3.6 m PZ at 27  oC 
 

0

0.5

1

1.5

2

2.5

3

3.5

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

Loading (mol CO2/mol K+ + 2·mol PZ)

m
ol

e/
kg

-H
2O

 o
f S

pe
ci

es
 i

 
Figure 15.5-56.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 3.6 m PZ at 27 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-57.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 3.6 m PZ at 27 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-58.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 3.6 m PZ at 27 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-59.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 3.6 m PZ 
at 27 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-60.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 3.6 m PZ 
at 27 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-61.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 3.6 m PZ at 40 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-62.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 3.6 m PZ at 40 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-63.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 3.6 m PZ at 40 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-64.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 3.6 m PZ 
at 40 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-65.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 3.6 m PZ 
at 40 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-66.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 3.6 m PZ at 60 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-67.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 3.6 m PZ at 60 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-68.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 3.6 m PZ at 60 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-69.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 3.6 m PZ 
at 60 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-70.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 3.6 m PZ 
at 60 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-71.  Comparison of Liquid Phase NMR Speciation in 6 m K+ + 1.2 m PZ at 27 oC 
to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-72.  Predictions for the Liquid Phase Speciation in 6 m K+ + 1.2 m PZ at 27 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-73.  Predictions for the Liquid Phase Speciation in 6 m K+ + 1.2 m PZ at 27 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-74.  Predictions for the Liquid Phase Activity Coefficients in 6 m K+ + 1.2 m PZ 
at 27 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-75.  Predictions for the Liquid Phase Activity Coefficients in 6 m K+ + 1.2 m PZ 
at 27 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-76.  Comparison of Liquid Phase NMR Speciation in 6 m K+ + 1.2 m PZ at 40 oC 
to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-77.  Predictions for the Liquid Phase Speciation in 6 m K+ + 1.2 m PZ at 40 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 

 

0.00001

0.0001

0.001

0.01

0.1

1

10

0.38 0.43 0.48 0.53 0.58 0.63

Loading (mole CO2/mol K+ + 2·mol PZ)

m
ol

e/
kg

-H
2O

 o
f S

pe
ci

es
 i

 
Figure 15.5-78.  Predictions for the Liquid Phase Speciation in 6 m K+ + 1.2 m PZ at 40 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-79.  Predictions for the Liquid Phase Activity Coefficients in 6 m K+ + 1.2 m PZ 
at 40 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-80.  Predictions for the Liquid Phase Activity Coefficients in 6 m K+ + 1.2 m PZ 
at 40 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-81.  Comparison of Liquid Phase NMR Speciation in 6 m K+ + 1.2 m PZ at 60 oC 
to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-82.  Predictions for the Liquid Phase Speciation in 6 m K+ + 1.2 m PZ at 60 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-83.  Predictions for the Liquid Phase Speciation in 6 m K+ + 1.2 m PZ at 60 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-84.  Predictions for the Liquid Phase Activity Coefficients in 6 m K+ + 1.2 m PZ 
at 60 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-85.  Predictions for the Liquid Phase Activity Coefficients in 6 m K+ + 1.2 m PZ 
at 60 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-86.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 0.6 m PZ at 27 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-87.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 0.6 m PZ at 27 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-88.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 0.6 m PZ at 27 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-89.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 0.6 m PZ 
at 27 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-90.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 0.6 m PZ 
at 27 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Liquid Phase Speciation for 3.6 m K+ + 0.6 m PZ at 40  oC 
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Figure 15.5-91.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 0.6 m PZ at 40 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-92.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 0.6 m PZ at 40 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-93.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 0.6 m PZ at 40 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 

 

0.0001

0.001

0.01

0.1

1

10

0.4 0.45 0.5 0.55 0.6

Loading (mole CO2/mol K+ + 2·mol PZ)

A
ct

iv
it

y 
C

oe
ff

ic
ie

n
t 

of
 S

p
ec

ie
s 

i

 
Figure 15.5-94.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 0.6 m PZ 
at 40 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-95.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 0.6 m PZ 
at 40 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 

 
Liquid Phase Speciation for 3.6 m K+ + 0.6 m PZ at 60  oC 
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Figure 15.5-96.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 0.6 m PZ at 60 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-97.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 0.6 m PZ at 60 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-98.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 0.6 m PZ at 60 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-99.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 0.6 m PZ 
at 60 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-100.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 0.6 m 
PZ at 60 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Liquid Phase Speciation for 3.6 m K+ + 1.8 m PZ at 27  oC 
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Figure 15.5-101.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 1.8 m PZ at 27 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-102.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 1.8 m PZ at 27 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-103.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 1.8 m PZ at 27 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-104.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 1.8 m 
PZ at 27 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-105.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 1.8 m 
PZ at 27 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 

 
Liquid Phase Speciation for 3.6 m K+ + 1.8 m PZ at 40  oC 
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Figure 15.5-106.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 1.8 m PZ at 40 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-107.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 1.8 m PZ at 40 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-108.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 1.8 m PZ at 40 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-109.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 1.8 m 
PZ at 40 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-110.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 1.8 m 
PZ at 40 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Liquid Phase Speciation for 3.6 m K+ + 1.8 m PZ at 60  oC 
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Figure 15.5-111.  Comparison of Liquid Phase NMR Speciation in 3.6 m K+ + 1.8 m PZ at 60 
oC to Model Predictions.  Points: ♦, PZ+PZH+1, ■, PZCOO-1+H+PZCOO-1, ▲, PZ(COO-1)2 
from Cullinane (2005).  Lines: ▬, this work. 
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Figure 15.5-112.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 1.8 m PZ at 60 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, H+PZCOO-1. 
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Figure 15.5-113.  Predictions for the Liquid Phase Speciation in 3.6 m K+ + 1.8 m PZ at 60 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 
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Figure 15.5-114.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 1.8 m 
PZ at 60 oC from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, PZ(COO-1)2, ×, 
H+PZCOO-1. 
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Figure 15.5-115.  Predictions for the Liquid Phase Activity Coefficients in 3.6 m K+ + 1.8 m 
PZ at 60 oC from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1, ●, K+. 

 
Predictions for the activity coefficient of PZ(COO-1)2 may not represent a behavior 

that is physically significant as compared to other reactive PZ species as illustrated above.  

Due to the large number of parameters that were required to adequately fit the experimental 

database; the above results suggest that the full model represents the experimental database 

mathematically, but may not be a physically realistic representation of the system. 
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15.5.5  Solid Solubility 
 

In this work, we observed the precipitation of dipotassium piperazine dicarbamate 

(K2PZ(COO)2) as described in Chapter V, and using the full model as a predictive tool we 

were able to regress coefficients (Table 15.5-5) for the salt precipitation equilibrium reaction, 

Equation 15-51, based on solid solubility predictions from this work.  We chose not to 

include the salt precipitation reaction in the full model due to a limited amount of solid 

solubility data and for reasons previously stated. 

Table 15.5-5.  Chemical Equilibrium Coefficients for the Salt Precipitation of K2PZ(COO)2 
Based on Equation 15-51 (mole fraction basis). 

Equation #  A σA B σB C σC D σD 

15-51  -1709 210 0.0 - 355 44.3 -1.13 0.143 
ln K = A + B/T(K) + C·lnT(K) + D·T(K) 

 

-26.6

-26.55

-26.5

-26.45

-26.4

-26.35

-26.3

-26.25

0.00308 0.00312 0.00316 0.0032 0.00324 0.00328 0.00332 0.00336

Temperature-1 (K-1)

ln
 K

 
Figure 15.5-116.  Comparison of the Chemical Equilibrium Salt Precipitation reaction for 
K2PZ(COO)2.  Points: Chapter V from this work.  Line: Predictions Using Table 15.5-4. 
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Figure 15.5-117.  Proposed Solution Compositions Which May Exhibit Solid Phase 
Precipitation Based On Experimental Observations from this work. 

 
Figure 15.5-117 illustrate a possible potassium + piperazine solid phase boundary 

where systems were observed to have precipitated a solid phase during the course of 

experimental work. 

15.5.6  Carbamate Stability Constant 
 

Using Equation 15-25 and estimates for the infinite dilution aqueous phase free 

energy of formation, the infinite dilution aqueous phase enthalpy of formation, and the 

infinite dilution aqueous phase heat capacity polynomial for piperazine carbamate, piperazine 

dicarbamate, and protonated piperazine carbamate, we can then analytically determine the 

chemical equilibrium constants as shown in Figure 15.5-118 through Figure 15.5-121 

(molality infinite dilution in water basis) for the formation of PZCOO-1, PZ(COO-1)2 and 
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H+PZCOO-1 given by Equations 15-57 through 15-59.  The chemical equilibrium constants 

for Equations 15-11, 15-12, and 15-13 are regressed into linear temperature dependent 

functions given in Table 15.5-6 on a mole fraction, infinite dilution in water basis. 

Table 15.5-6.  Chemical Equilibrium Coefficients for the H2O-K2CO3-PZ-CO2 System on a 
Mole Fraction, Infinite Dilution in Water Basis. 

Equation #  A σA B σB C σC D σD 

15-11  1025 0.49 0.0 - -214 0.085 0.657 0.001 
15-12  192 44.6 0.0 - -44.7 7.69 0.200 0.012 
15-13  668 1.96 0.0 - -156 0.338 0.594 0.001 

ln K = A + B/T(K) + C·lnT(K) + D·T(K) 
 
 
 1

2PZ PZCOOCO H− ++ ↔ +  15-57 

 ( )1 1
2 2

PZCOO PZ COOCO H− − ++ ↔ +  15-58 

 1 1PZCOOH PZCOO H+ − − +↔ +  15-59 

 
Figure 15.5-118 through Figure 14.5-121 illustrate a comparison between chemical 

equilibrium constants regressed as part of the H2O-K2CO3-PZ-CO2 system to activity based 

equilibrium constants described in Chapter XIV for the H2O-PZ-CO2 system.  With the 

addition of a salt to the H2O-PZ-CO2 system, the above figures illustrate that the chemical 

equilibrium constant is slightly shifted for PZCOO-1 and H+PZCOO-1, but for PZ(COO-1)2 

figure 15.5-10 illustrates a dramatic shift due to increased concentrations of PZ(COO-1)2 

present in H2O-K2CO3-PZ-CO2 system.  The main discrepancy between the cited literature 

may be due to the thermodynamic foundations of each model framework.  Each model 

would describe the activity coefficients differently based on the regression methodology it 

employed, the type of thermodynamic model used, and the types of thermodynamic data 
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that were used in the model regression.  In addition, the behavior for the activity coefficient 

of PZ as a function of temperature and concentration might also have the possibility of 

affecting the description of the chemical equilibrium environment.  Overall, predictions for 

the chemical equilibrium constants appear to be consistent with previous work given the 

range of scatter of the reported values. 

Figure 15.5-121 compare the carbamate chemical equilibrium constants from this 

work to carbamate chemical equilibrium constants associated with the H2O-MEA-CO2 and 

H2O-PZ-CO2 systems based on the formation of the carbamate from the aqueous amine 

reacting with aqueous carbon dioxide (Equation 15-57).   
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Figure 15.5-118.  Comparison of the Chemical Equilibrium Constant of PZCOO-1.  Points:                    
●, Ermatchkov et al. (2003, ■, Cullinane (2005), ▲, Derks et al. (2005), ♦, this work, ◊, 
Chapter XIV. 
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Figure 15.5-119.  Comparison of the Chemical Equilibrium Constant of PZ(COO-1)2.  Points:                    
●, Ermatchkov et al. (2003, ■, Cullinane (2005), ▲, Derks et al. (2005), ♦, this work, ◊, 
Chapter XIV. 
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Figure 15.5-120.  Comparison of the Chemical Equilibrium Constant of H+PZCOO-1.  Points:                    
●, Ermatchkov et al. (2003, ■, Cullinane (2005), ▲, Derks et al. (2005), ♦, this work, ◊, 
Chapter XIV. 
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Figure 15.5-121.  Comparison of the MEA and PZ Carbamate Based Chemical Equilibrium 
Constants from this work.  Points: ♦, this work, ■, Chapter XIV, ▲,Chapter XIII. 
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Figure 15.5-122.  Comparison of the MEA and PZ Carbamate and Bicarbamate Based 
Chemical Equilibrium Constants from this work.  Points: PZCOO-1: ♦, this work, ◊, Chapter 
XIV, PZ(COO-1)2: ■, this work, □, Chapter XIV, MEACOO-1:▲,Chapter XIII. 
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The chemical equilibrium constants for the three systems, in Figure 15.5-121, 

illustrate that with the addition of potassium to a solution of loaded piperazine, the behavior 

of the piperazine carbamate chemical equilibrium constant is not very different from the 

H2O-PZ-CO2 system. 

Figure 15.5-122 illustrates that the chemical equilibrium constants associated with the 

formation of carbamate and bicarbamate are consistent with trends observed for the rates of 

reaction and suggests that monoethanolamine carbamate may be less stable than piperazine 

carbamate or piperazine dicarbamate. 

15.6  Conclusions 
 

In conclusion, one of the main goals in this work was to verify experimental CO2 

solubility measurements reported by Cullinane (2005).  Figure 15.3-2 illustrated a loading 

discrepancy for the solubility of CO2 in mixtures of 5 m K+ + 2.5 m PZ.  Comparing 

experimental results from this work for other solvent combinations, similar trends were 

exhibited between the two data sets.  During the liquid phase CO2 analysis Cullinane (2005) 

chose not to integrate the response single but instead correlate the peak height to the 

response of known Na2CO3 standards by assuming that the peak height was proportional to 

the peak area.  This alternative method was illustrated in Figure 15.3-4 as compared to the 

same calibration curve based on the integral of the peak area.  Acidic evolution based on the 

response of the peak height as compared to the integrated response peak area may yield an 

average absolute relative error of ± 7.30 percent and would seem to agree with the 

experimental uncertainty reported by Cullinane (2005) for reported loading measurements 

3058



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
729 

based on peak height.  This result may explain the discrepancy between reported CO2 

solubility measurements from Cullinane (2005) and from this work.  In addition, Cullinane 

(2005) chose not to analyze the total alkalinity of the experimental solution and may pose an 

addition error within the reported experimental loading.  Based on the above analysis, we 

chose to exclude reported CO2 solubility from Cullinane (2005) due to an error in the 

loading analysis.   

Furthermore, Cullinane (2005) observed that solvent concentrations with the same 

potassium to piperazine ratio may exhibit the same CO2 solubility.  Figure 15.3-5 illustrated 

that the salt to amine ratio effect for 5 m K+ + 2.5 m PZ and 3.6 m K+ + 1.8 m PZ at 40 

and 60 oC exhibited a similar experimental CO2 solubility for the two solvents based on 

measurements from this work.  On the other hand, experimental results from Cullinane 

(2005) demonstrated that systematic trends in the experimental data are not internally 

consistent.  We would conclude that the Cullinane (2005) CO2 solubility data set are not 

consistent with reported observations by Cullinane (2005) and should be treated with 

caution in future work. 

In terms of PZ volatility, Figure 15.3-8 illustrated that with the decrease in the salt 

concentration the relative volatility of piperazine decreased by a factor of 2.3 even though 

the concentration of piperazine was increased by a factor of 1.5. 

For NMR Speciation, Cullinane (2005) measured the proton peak areas or intensities 

for the corresponding protons associated with each molecule(s).  The main drawback with 

the proton NMR speciation analysis is not having the ability to measure the loading of the 

solution as compared to carbon C13 NMR speciation described in Chapter XIII.  The loading 
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of the solution has to be determined a priori which may result in a discrepancy between the 

loading at the time of the NMR experiment and at the time of the CO2 analysis.  We would 

recommend that future work should concentrate on validating the reported NMR speciation 

reported from Cullinane (2005) using carbon C13 NMR speciation for loaded potassium plus 

piperazine solutions due to the possible error in the liquid phase loading analysis as 

previously stated.   

Table 15.5-1 illustrated that 7 m MEA demonstrated a greater differential capacity as 

compared to piperazine or other mixed salt-amine systems.  For mixed salt-amine systems, 

only systems composed of salt concentrations less than 5 m K+ exhibited an increase in the 

differential capacity as compared to similar systems containing 5 m K+.  Overall, 2.5 m K+ + 

3.6 m PZ exhibited the largest differential capacity equal to 0.19 out of nine solvents studied 

as part of this work. 

Table 15.5-2 illustrated that 7 m MEA demonstrated a greater range of volatility at 

40 oC as compared to piperazine or other mixed salt-amine systems.  For different 

combinations of potassium + piperazine the volatility of PZ varied between 54 to 4 ppmv 

over a CO2 partial pressure from 0.01 to 0.1 kPa at 40 oC and is consistent with effects 

exhibited in the H2O-PZ-CO2 system (37 to 8 ppmv) where large changes in the solution 

alkalinity may not have a large effect on the volatility of PZ. 

In terms of the enthalpy of CO2 absorption, Figure 15.5-29 illustrated an 

approximately 30 kJ/mol-CO2 decrease in the enthalpy of CO2 absorption at 40 oC as 

compared to 7 m MEA; 6 m K+ + 1.2 m PZ also demonstrated a 30 kJ/mol-CO2 decrease in 

the enthalpy of CO2 absorption at 120 oC as compared to 7 m MEA where a mixture of 5 m 
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K+ + 2.5 m PZ at 120 oC exhibited only a 10 kJ/mol-CO2 decrease in the enthalpy of CO2 

absorption. 

In terms of specific heat capacity, predictions from this work were unable to capture 

the correct trends presented in the experimental specific heat capacity data as a function of 

temperature.  Overall, the full model did fall short in predicting the correct specific heat 

capacity on the order of ± 10 percent.  One possibility for this discrepancy may result from 

an inconsistency between the enthalpy of CO2 absorption measurements from Kim (2007) 

and specific heat capacity measurements from this work.   

Based on the average absolute relative error presented in Table 15.5-3, the 

experimental specific heat capacity from this work are not consistent with predictions from 

the full model in terms of the sensible liquid phase enthalpy within the experimental 

accuracy of ± 2.0 percent error.  For all other amine systems studied in this work, the 

temperature ramp rate was set to 5 oC/min which produced acceptable results, but a priori to 

the completion of experimental work, we found that Thomsen et al. (1999) mentioned that 

for salt systems a rate of 1 oC/min should be used to improve the sample response 

resolution and allow the sample to achieve equilibrium at a desired temperature.  We would 

recommend that future work verify specific heat capacity measurements gathered in this 

work utilizing a similar procedure outlined in Chapter IV but instead use a temperature ramp 

rate of 1 oC/min. 

To investigate the effect of CO2 loading on the liquid phase specific heat capacity, we 

normalized the specific heat capacity by the kilograms of H2O in the experimental solution 

to generate a cross-plot with respect to the total moles of CO2 per mole of H2O.  We then 
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inferred the apparent partial specific heat capacity of CO2, based on ordinary least squares 

approximations of the transformed experimental data, to have an average value of 4.9103 

kJ/kgCO2-K over the temperature range from 40 to 120 oC in aqueous mixtures of potassium 

carbonate plus piperazine and is comparable to the specific heat capacity of H2O.  This may 

suggest that contributions of the apparent partial heat capacity of CO2 may not be 

considered small aqueous mixtures of potassium carbonate plus piperazine. 

Predictions for the activity coefficient of PZ(COO-1)2 may not represent a behavior 

that is physically significant as compared to other reactive PZ species as illustrated above.  

Due to the large number of parameters that were required to adequately fit the experimental 

database; the above results suggest that the full model represents the experimental database 

mathematically, but may not be a physically realistic representation of the system. 

Figure 15.5-118 through Figure 14.5-121 illustrated a comparison between chemical 

equilibrium constants regressed as part of the H2O-K2CO3-PZ-CO2 system to activity based 

equilibrium constants described in Chapter XIV for the H2O-PZ-CO2 system.  Comparing 

the formation of the piperazine carbamate to the formation of monoethanolamine 

carbamate, there is a dramatically different behavior associated with the chemical equilibrium 

constant.  Figure 15.5-122 illustrated that the chemical equilibrium constants associated with 

the formation of carbamate and bicarbamate are consistent with trends observed for the 

rates of reaction and suggests that monoethanolamine carbamate may be less stable than 

piperazine carbamate or piperazine dicarbamate. 

Overall, the results presented above indicated that the elecNRTL model, through 

simultaneous regression, gave a set of unique parameters for the H2O-K2CO3-PZ-CO2 
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system where the full model adequately represents the literature data for loaded potassium 

plus piperazine solutions. 
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CHAPTER XVI  Quaternary System Predictions: 
 H2O-MEA-PZ-CO2 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

16.1  Introduction 
 

The thermodynamic models describing each sub-system have been established and 

the combined model can now be used as a predictive tool for the quaternary system.  This 

chapter compares experimental CO2 solubility from Dang (2003) and Okoye (2005) in 

addition to CO2 solubility, amine volatility, NMR speciation, enthalpy of CO2 absorption, 

and specific heat capacity data from this work for the H2O-MEA-PZ-CO2 system to model 

predictions based on the combined H2O-MEA-CO2 and H2O-PZ-CO2 system models.  The 

combined predictive model represents the experimental data with an average absolute 

relative error of ± 37.9 %, with the exception of a few outliers. 

 

 

3067



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
738 

 

16.2  H2O-MEA-PZ-CO2 System 
 

Up to this point for the H2O-MEA-PZ-CO2 system, we have been able to describe 

the molecule-molecule and molecule-electrolyte interactions between H2O-MEA, H2O-PZ, 

H2O-MEA-PZ, H2O-MEA-CO2, and H2O-PZ-CO2 given in Chapters VIII, IX, X, XIII, and 

XIV respectively, as shown in Table 16.2-1. 

Table 16.2-1.  Binary Interaction Parameters for the H2O-MEA-PZ-CO2 system. 

 Interaction Species 
System i j k 

H2O MEA  H2O-MEA MEA H2O  
H2O PZ  H2O-PZ PZ H2O  
H2O MEAH+1 HCO3

-1 
MEAH+1 HCO3

-1 H2O 
H2O MEAH+1 MEACOO-1 

MEAH+1 MEACOO-1 H2O 
MEA MEAH+1 HCO3

-1 
MEAH+1 HCO3

-1 MEA 
MEA MEAH+1 MEACOO-1 

MEAH+1 MEACOO-1 MEA 
CO2 MEAH+1 HCO3

-1 

H2O-MEA-CO2

MEAH+1 HCO3
-1 CO2 

H2O PZH+1 HCO3
-1 

PZH+1 HCO3
-1 H2O 

H2O PZH+1 PZCOO-1 
PZH+1 PZCOO-1 H2O 

PZ PZH+1 HCO3
-1 

PZH+1 HCO3
-1 PZ 

PZ PZH+1 PZCOO-1 
PZH+1 PZCOO-1 PZ 
CO2 PZH+1 HCO3

-1 

H2O-PZ-CO2 

PZH+1 HCO3
-1 CO2 

 
For the mixed amine system, Posey (1996) suggested a general method for parameter 

determination by examining the mixed amine parameters to form an adequate model.  Posey 
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(1996) also reported that many of the mixed system interaction parameters appeared to be 

independent of the amine interaction and could be assigned the default values of 10 and -2.  

Mixed systems parameters involving H2O and a carbamate species were assigned an average 

value consistent between the two systems.  Posey (1996) did not optimize the parameters to 

fit the experimental data, but was interested in the ability of the model to predict the mixed 

system. 

In this work, we have followed a similar approach to the method developed by Posey 

(1996), in terms of choosing values for the mixed system binary interaction parameters to 

examine the predictive ability of our model.  Table 16.2-2 lists binary interaction parameters 

associated with the mixed amine system which were not included as part of the original 

model regressions.  

Table 16.2-2.  Mixed Salt/Amine Binary Interaction Parameters. 

Interaction Species Binary Interaction Coefficients 
i j k A B C 

H2O MEAH+1 PZCOO-1 8.42 -43.0 -51.1 
MEAH+1 PZCOO-1 H2O -2.78 413 -27.9 

H2O MEAH+1 PZ(COO-1)2 8.13 4.55 -0.595 
MEAH+1 PZ(COO-1)2 H2O -4.14 -12.7 0.190 

H2O PZH+1 MEACOO-1 9.12 122 -31.4 
PZH+1 MEACOO-1 H2O -3.45 186 -6.43 
MEA PZH+1 MEACOO-1 79.7 0.0 0.0 
PZH+1 MEACOO-1 MEA -2.62 0.0 0.0 
MEA PZH+1 HCO3

-1 28.0 0.0 0.0 
PZH+1 HCO3

-1 MEA -7.44 0.0 0.0 
PZ MEAH+1 PZCOO-1 0.388 0.0 0.0 

MEAH+1 PZCOO-1 PZ -11.4 0.0 0.0 
PZ MEAH+1 HCO3

-1 3.64 0.0 0.0 
MEAH+1 HCO3

-1 PZ -10.2 0.0 0.0 
 

Binary interaction parameters for MEA and PZ did exhibit similar properties as 

reported by Posey (1996).  Interactions associated with each amine, given in Table 16.2-2, 
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which were assigned to similar interaction values involving the alternative protonated amine, 

did benefit the quality of the model predictions as compared to the experimental data.  

Binary interaction parameters for H2O, given in Table 16.2-2, were based on the average 

value between H2O MEAH+/MEACOO-1 and H2O, PZH+1/PZCOO-1 as given in Chapters 

XIII and XIV.  This assumption did exhibit a small benefit to the prediction of CO2 

solubility data, but varying the parameter from the default values to the average values had a 

minimal effect on the overall predictive outcome at high loading.   

We would recommend that future work to adequately predict the experimental CO2 

solubility, amine volatility, NMR speciation, enthalpy of CO2 absorption, and specific heat 

capacity data for the H2O-MEA-PZ-CO2 system, an overall regression of the binary 

interaction parameters associated with the original and mixed amine systems in addition to 

the chemical equilibrium constant for MEACOO-1 ,PZCOO-1 , PZ(COO-1)2, and 

H+1PZCOO-1 would need to be regressed simultaneously to adequately fit the experimental 

data.  This would need to be completed due to the thermodynamic framework adopted in 

this work utilizing Aspen PlusTM 2006.5.   

The following section describes the different data types gathered in this work for the 

H2O-MEA-PZ-CO2 system as compared to the predictive ability of the combined model. 

16.2.1  CO2 Solubility and Amine Volatility 
 

Data in the form of CO2 solubility, which measures the partial pressure of CO2 over 

aqueous MEA plus PZ solutions, as a function of loading (mole of CO2 per mole of MEA 

plus two times the moles of PZ) and temperature were compared to predictions based on 

the combined model for the H2O-MEA-PZ-CO2 system. 
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For our quaternary system (H2O, MEA, PZ, and CO2), the following equation may 

be used to represent the equilibrium for CO2 solubility data.  

 
2 2 2 2 2

*
,CO CO CO CO H OPy x Hγ=  16-1 

Where 

2COy is the vapor mole fraction of CO2, 

2

*
COγ is the unsymmetric activity coefficient of CO2, 

2 2,CO H OH is the Henry’s Constant for CO2 in H2O. 
 

In this work, we used a unique Fourier-transform infrared (FT-IR) technique to 

measure the vapor phase speciation in aqueous alkanolamine systems as described in 

Chapter II.  Using this technique, we have been able to measure the vapor phase partial 

pressure of MEA and PZ over aqueous mixed amine solutions, amineP , as a function of 

loading (mole CO2 per mole MEA + 2·mole PZ) and temperature. 

For our quaternary system (H2O, MEA, PZ, and CO2), the following equation may 

be used to represent the equilibrium for amine volatility data. 

 Amine Amine Amine Amine
oPy x Pγ=  16-2 

Where 
Aminey is the vapor mole fraction of the amine, 

Amineγ is the asymmetric activity coefficient of the amine, 

Amine
oP is the extended Antoine vapor pressure correlation for the amine given in Chapter VI. 

 
Experimental CO2 solubility and amine volatility data collected in this work for 

mixtures of MEA plus PZ from 40 and 120 oC are illustrated in Figure 16.2-1 through Figure 

16.2-10.  CO2 solubility from Dang (2003) and Okoye (2005) at 40 and 60 oC were also 

included.  Ordinary least squares (OLS) approximations were included to clarify systematic 

trends within the data set. 
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Figure 16.2-1.  Experimental CO2 Solubility in Mixtures of 3.5 m MEA Plus 2 m PZ from 40 
to 120 oC from this work.  Points: ♦ (40 oC). ■ (60 oC), ▲ (100 oC), and × (120 oC).  Lines: 
OLS Approximations. 
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Figure 16.2-2.  Experimental MEA and PZ Volatility in Mixtures of 3.5 m MEA Plus 2 m PZ 
at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 16.2-3.  Experimental CO2 Solubility in Mixtures of 3.5 m MEA Plus 3.6 m PZ at 40 
and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 16.2-4.  Experimental MEA and PZ Volatility in Mixtures of 3.5 m MEA Plus 3.6 m 
PZ at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS 
Approximations. 
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Figure 16.2-5.   Experimental CO2 Solubility in Mixtures of 5.6 m MEA Plus 1.8 m PZ from 
40 to 120 oC from Dang (2003) and from this work.  Points: ◊ (40 oC)and □ (60 oC), Dang 
(2003),  ▲ (100 oC) and × (120 oC), this work.  Lines: OLS Approximations. 
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Figure 16.2-6.  Experimental CO2 Solubility in Mixtures of 7 m MEA Plus 1 m PZ at 100 and 
120 oC from this work.  Points: ▲ (100 oC) and × (120 oC).  Lines: OLS Approximations. 
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Figure 16.2-7.  Experimental CO2 Solubility in Mixtures of 7 m MEA Plus 2 m PZ from 40 to 
120 oC from Okoye (2005) and from this work.  Points: ◊ (40 oC)and □ (60 oC), Okoye (2005),  
♦ (40 oC), ■ (60 oC), ▲ (100 oC) ● (110 oC), and × (120 oC), this work.  Lines: OLS 
Approximations. 
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Figure 16.2-8.  Experimental MEA and PZ Volatility in Mixtures of 7 m MEA Plus 2 m PZ at 
40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 16.2-9.  Experimental CO2 Solubility in Mixtures of 7 m MEA Plus 3.6 m PZ from 40 
to 120 oC from this work.  Points: ♦ (40 oC). ■ (60 oC), ▲ (100 oC), and × (120 oC).  Lines: 
OLS Approximations. 
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Figure 16.2-10.  Experimental MEA and PZ Volatility in Mixtures of 7 m MEA Plus 3.6 m PZ 
at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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We can quantify the effects of CO2 solubility and amine volatility in the above 

systems by illustrating trends in the CO2 solubility based on the differential capacity of the 

solvent between 0.01 and 1.0 kPa at 60 oC.  Amine volatility at 40 oC for each solvent at a 

loading equal to 0.2 (mol CO2/mol MEA + 2·mol PZ) as compared to the base sub-

component systems of 7 m MEA and 2 m PZ is shown in Table 16.2-3. 

Table 16.2-3.  Comparison of Differential Solvent Capacity Between a CO2 Partial Pressures 
of 0.01 and 1.0 kPa at 60 oC and Amine Volatility (ppmv) at 40 oC at a loading = 0.2 (mol 
CO2/mol MEA + 2·mol PZ).  

 Differential Capacity PMEA PPZ 
System mol CO2/mol MEA + 2·mol PZ ppmv ppmv 
7 m MEA 0.31 61 - 
2 m PZ 0.23 - 19 
7 m MEA + 2 m PZ 0.26 49 17 
3.5 m MEA + 2 m PZ 0.24 29 17 
7 m MEA + 3.6 m PZ 0.22 48 26 
3.5 m MEA + 3.6 m PZ 0.25 22 21 

 
As shown in Table 16.2-3, 7 m MEA has a greater differential capacity as compared 

to piperazine or other mixed amine systems.  On the other hand, 7 m MEA has 

demonstrated to be more volatile as compared to the other mixed amine systems.   With the 

combination of 7 m MEA + 2 m PZ, the relative volatility decreased as compared to the 

base sub-component systems by a factor of ~ 1.2.  When the MEA concentration decreased 

from 7 m to 3.5 m, differential capacity and MEA volatility decreased due to the decrease in 

the total alkalinity of the solvent and is reflected in the MEA volatility deceasing by a factor 

of 2.  However, PZ volatility remained approximately constant and is consistent with effects 

exhibited in the H2O-MEA-PZ systems where large changes in the solution alkalinity may 

not have an effect on the volatility of PZ. 
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16.2.2  Specific Heat Capacity 
 

As stated in Chapter VI, Aspen PlusTM calculates the liquid phase heat capacity of a 

mixture (CPMX) by taking the derivative of the liquid enthalpy at constant pressure: 

 ( ) ( ) ,

T T
l l l
m m p m

T

H T T H T C dT
+∆

+ ∆ − = ∫  16-3 

where the liquid enthalpy of a mixture is calculated by the following equation: 
 
 ( )l E

m i i k k m
i k

H T x H x H H∞= + +∑ ∑  16-4 

for solvents: 

 ( ) ( ) ( ) ( ), ,
ref

T
ig ref ig ig

i f p i i
T

H T H T C dT H T p H T p⎡ ⎤= ∆ + + −⎣ ⎦∫  16-5 

for molecular solutes (CO2): 
 

 ( ) ( ) 2,ln i H Oig
i i ref

H
H T H T RT

P
⎛ ⎞

= + ⎜ ⎟
⎝ ⎠

 16-6 

for cations or anions: 
 

 ( ) ( ), ,
ref

T
ref

k f k p k
T

H T H T C dT∞ ∞ ∞= ∆ + ∫  16-7 

Where 
T∆  is the perturbation in temperature from T, 
E
mH  is the excess enthalpy of the mixture, 

( )ig ref
fH T∆ is the standard enthalpy of formation of component i at refT , 

refT is the reference temperature, 25.0 oC, 
ig
pC is the ideal gas heat capacity of component i, 
ig
iH is the ideal gas enthalpy of component i, 

kH ∞ is the infinite dilution aqueous enthalpy of component k, 
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( ),
ref

f kH T∞∆ is the infinite dilution aqueous phase standard enthalpy of formation of 

component k at refT , 
,p kC∞ is the infinite dilution aqueous phase heat capacity polynomial of component k. 

 
Data in the form of specific heat capacity as a function of loading, molality, and 

temperature were measured in this work for 3.5 m MEA + 2 m PZ and in 7 m MEA + 2 m 

PZ.  Examples of the experimental specific heat capacity from this work from 40 to 120 oC 

are shown in Figure 16.2-11 and Figure 16.2-12, respectively.  Points corresponding to a 

loading of zero were regressed as part of Chapter X.  Please refer to Chapter X for more 

information. 
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Figure 16.2-11.  Specific Heat Capacity in Loaded 7 m MEA + 2 m PZ Solutions from this 
work.  Points: ♦, Ldg = 0.00, ■, Ldg = 0.10, ▲, Ldg = 0.25, ●, Ldg = 0.43. 

3079



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
750 

3

3.4

3.8

4.2

20 40 60 80 100 120 140

Loading (mol CO2/mol MEA + 2mol PZ)

C
P
 (

kJ
/k

g-
K

)

 
Figure 16.2-12.  Specific Heat Capacity in Loaded 3.5 m MEA + 2 m PZ Solutions from this 
work.  Points: ♦, Ldg = 0.00, ■, Ldg = 0.11, ▲, Ldg = 0.24, ●, Ldg = 0.43. 

3.0

3.2

3.4

3.6

3.8

4.0

4.2

20

40

60

80
100

120
140

0.0
0.1

0.2
0.3

0.4

C
P 

(k
J/

kg
-K

)

Te
mpe

ra
tur

e (
o C)

Loading (mol CO2/mol MEA + 2mol PZ)
 

Figure 16.2-13.  Specific Heat Capacity in Loaded 7 and 3.5 m MEA plus 2 m PZ Solutions 
from this work.  Points: 3.5 m MEA + 2 m PZ, ♦, Ldg = 0.00, ■, Ldg = 0.11, ▲, Ldg = 0.24, 
●, Ldg = 0.43, 7 m MEA + 2 m PZ, ◊, Ldg = 0.00, □, Ldg = 0.10, ∆, Ldg = 0.25, ○, Ldg = 
0.43. 
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Figure 16.2-6 illustrates that the specific heat capacity from this work is internally 

consistent.  Increasing the concentration of MEA would require the specific heat capacity to 

decrease by a factor of 2 and does exhibit this concentration based trend as compared to 

vapor-liquid equilibrium experimental results. 

 
16.2.3  Enthalpy of CO2 Absorption 
 

Data in the form of the enthalpy of CO2 absorption for aqueous monoethanolamine 

plus piperazine solutions as a function of loading and temperature were measured by Kim 

(2007) as part of an international collaboration between The University of Texas and the 

Norwegian University of Science and Technology.  Kim (2007) determined the differential 

enthalpy of CO2 absorption for 7 m MEA + 2 m PZ and 7 m MEA + 3.5 m PZ, based on a 

consistent experimental method developed for monoethanolamine [Kim et al. (2007)], at 40, 

80, and 120 oC and over the range of loading from 0 – 0.55 mol CO2/mol MEA + 2·mol PZ 

for use in this work. 

For our true component quaternary system (H2O, MEA, PZ, and CO2), the Gibbs-

Helmholtz equation can be used to represent the differential enthalpy of CO2 absorption: 

 
( )

2

2

 
1/

CO

v
COabs

x

d fH
R d T

⎛ ⎞∆
− = ⎜ ⎟⎜ ⎟

⎝ ⎠
 16-8 

The heat released can be measured by direct calorimetry or estimated from CO2 

solubility data.  The later has been shown to have a high degree of uncertainty on the order 

of ± 20 to 30 % as reported by Lee et al. (1974).  However, if the loading span within one 

CO2 addition can be kept rather low, the measurements gave enthalpy data close to 
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differential values in loading rather than integral as shown by Kim et al. (2007) with respect 

to the total amount of heat released from zero loading to the experimental loading data point 

as shown by the following expression: 

 int
0

dαdiffH H
α

−∆ = − ∆∫  16-9 

Where 
α is the loading of the solution, mole CO2/mole MEA. 
 

 An example of the experimental differential enthalpy of CO2 absorption used in this 

work from Kim et al. (2007) at 40, 80, and 120 oC for 30 wt% monoethanolamine as 

compared to the mixed amine solutions are shown in Figure 16.2-14 through Figure 16.2-19. 
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Figure 16.2-14.  Negative Differential Enthalpy of CO2 Absorption for 7 MEA and 7 m MEA 
+ 2 m PZ at 40 oC.  Points: ◊, Kim et al. (2007), ♦, Kim (2007). 
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Figure 16.2-15.  Negative Differential Enthalpy of CO2 Absorption for 7 MEA and 7 m MEA 
+ 2 m PZ at 80 oC.  Points: □, Kim et al. (2007), ■, Kim (2007). 
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Figure 16.2-16.  Negative Differential Enthalpy of CO2 Absorption for 7 MEA and 7 m MEA 
+ 2 m PZ at 120 oC.  Points: ∆, Kim et al. (2007), ▲, Kim (2007). 
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Figure 16.2-17.  Negative Differential Enthalpy of CO2 Absorption for 7 MEA and 7 m MEA 
+ 3.5 m PZ at 40 oC.  Points: ◊, Kim et al. (2007), ♦, Kim (2007). 
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Figure 16.2-18.  Negative Differential Enthalpy of CO2 Absorption for 7 MEA and 7 m MEA 
+ 3.5 m PZ at 80 oC.  Points: □, Kim et al. (2007), ■, Kim (2007). 
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Figure 16.2-19.  Negative Differential Enthalpy of CO2 Absorption for 7 MEA and 7 m MEA 
+ 3.5 m PZ at 120 oC.  Points: ∆, Kim et al. (2007), ▲, Kim (2007). 

 
With the addition of PZ to a 7 m MEA solution, the enthalpy of CO2 absorption 

decreased over the range in temperature on the order of approximately 10 kJ per mole of 

CO2.  In addition, the enthalpy of CO2 absorption for the mixed amine solutions illustrates a 

shift in speciation.  Over the range in loading between 0 and 0.5 mol CO2/mol MEA, the 

main reaction mechanism is the protonation of MEA where beyond a loading of 0.5 the 

main reaction mechanism is the reaction of MEA with bicarbonate to form MEA carbamate 

as indicated by the steep drop in the enthalpy of CO2 absorption.  With the addition of PZ 

to the system, the reaction mechanism for the protonation of MEA has been shifted to 0.4 

mol CO2/mol MEA + 2·mol PZ due to a change in the total alkalinity of the system. 
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16.2.4  NMR Speciation 
 

Data in the form of carbon13 NMR speciation for aqueous monoethanolamine plus 

piperazine solutions as a function of loading, concentration, and temperature were measured 

for the H2O-MEA-PZ-CO2 system in 7 m MEA + 3.6 m PZ. 

For our true component quaternary system (H2O, MEA, PZ, and CO2), the 

following equations can be used to represent the liquid phase equilibrium for the NMR 

speciation data from this work. 

 *
MEA MEA MEAH

n n n += +  16-10 

 1 1
*
MEACOO MEACOO

n n− −=  16-11 

 2
*
PZ PZ PZH PZH

n n n n+ += + +  16-12 

 
( ) ( )2 2

2 2

*
PZ COO PZ COO

n n− −=  16-13 

 1 1 1
*

/H PZCOO H PZCOO PZCOO
n n n+ − + − −= +  16-14 

 2 122 3 3

*
COCO CO HCO

n n n n− −= + +  16-15 

Where 
ni is the true number of moles for each component per kilogram of water corresponding to 
the relative proton/carbon NMR peak areas, 
ni* is the pseudo-component quantity based on experimental NMR data. 
 

An example of the experimental NMR speciation used in this work for 7 m MEA + 

3.6 m PZ solutions at 27, 40, and 60 oC is shown in Figure 15.3-14, Figure 15.3-15, and 

Figure 15.3-16, respectively.  We were unable to gather speciation for 7 m MEA + 2 m PZ 

due to the sensitivity of the NMR analysis for the detection of low concentration species. 
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Figure 16.2-20.  Liquid Phase Speciation from C13 NMR at 27 oC.  Points: ♦, MEA + 
MEAH+1, ■, MEACOO-1, ▲, PZ + PZH+1, ●, H+1PZCOO-1 + PZCOO-1, ×, PZ(COO-1)2, *, 
CO3-2+HCO3-1. 
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Figure 16.2-21.  Liquid Phase Speciation from C13 NMR at 40 oC.  Points: ♦, MEA + 
MEAH+1, ■, MEACOO-1, ▲, PZ + PZH+1, ●, H+1PZCOO-1 + PZCOO-1, ×, PZ(COO-1)2, *, 
CO3-2+HCO3-1. 
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Figure 16.2-22.  Liquid Phase Speciation from C13 NMR at 60 oC.  Points: ♦, MEA + 
MEAH+1, ■, MEACOO-1, ▲, PZ + PZH+1, ●, H+1PZCOO-1 + PZCOO-1, ×, PZ(COO-1)2, *, 
CO3-2+HCO3-1. 

16.3  Combined Model Predictions 
 

A simple Aspen PlusTM Flash model was used to test the predictive capability of the 

H2O-MEA-PZ-CO2 model against experimental data from using in this work.  For each data 

point, the deviation between the experimental and estimated values is expressed in terms of 

the average absolute relative deviation (AARD) given in Table 16.3-1. 

Table 16.3-1.  Absolute Percent Relative Error for the H2O-MEA-PZ-CO2 System. 

Data Type Source AARD (%)
Dang (2003) 21.2 
Okoye (2005) 55.3 PCO2 

This work. 27.4 
PMEA This work 40.7 
PPZ This work 76.3 
∆Habs Kim (2007) 15.8 

CP This work 5.1 
NMR Speciation This work 61.5 
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Overall, the combined model did not adequately describe the H2O-MEA-PZ-CO2 

property data listed above as shown by an average absolute relative error of ± 37.9 percent 

with the exception of a few outliers.  This would suggest that there may be a need for 

parameter optimization to improve the statistical fit of the experimental data as described by 

the combined model. 

One of the goals of this work was to be able to build a consistent and rigorous 

thermodynamic model to describe the base systems, then to combine the two models and 

test the predictive behavior of the combined model.  Table 16.3-1 illustrates that a simple 

exchange between binary interaction parameters based on the separate systems to create 

analogous interactions for the combined model did not result in an adequate fit of the 

experimental data.  We would recommend that future work interested in the H2O-MEA-PZ-

CO2 system should optimize the binary interaction parameters to capture systematic trends 

presented within the experimental data.  The rest of this chapter will illustrate the combined 

model predictions for the H2O-MEA-PZ-CO2 system. 

16.3.1  CO2 Solubility and Amine Volatility 
 

Figure 16.3-1 through Figure 16.3-22 gives the results of fit for the experimental CO2 

solubility and amine volatility for amine mixtures of MEA plus PZ versus loading from 40 to 

120 oC.  Overall, the combined model adequately described the experimental data within an 

average absolute relative error of ± 44.2 percent. 
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Figure 16.3-1.  Experimental CO2 Solubility in Mixtures of 3.5 m MEA Plus 2 m PZ from 40 
to 120 oC from this work.  Points: ♦ (40 oC). ■ (60 oC), ▲ (100 oC), and × (120 oC).  Lines: 
elecNRTL Predictions. 
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Figure 16.3-2.  Experimental MEA Volatility in Mixtures of 3.5 m MEA Plus 2 m PZ at 40 
and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 

 

0.0001

0.001

0.01

0.1

0 0.1 0.2 0.3 0.4 0.5

Loading (mol CO2/mol MEA + 2·mol PZ)

P
Z

 P
ar

ti
al

 P
re

ss
u

re
 (

kP
a)

40 oC

60 oC

80 oC

 

Figure 16.3-3.  Experimental PZ Volatility in Mixtures of 3.5 m MEA Plus 2 m PZ at 40 and 
60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 
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Figure 16.3-4.  Experimental MEA and PZ Volatility in Mixtures of 3.5 m MEA Plus 2 m PZ 
at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Solid lines: elecNRTL 
Predictions, Dash lines: Raoult’s Law Approximations. 
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Figure 16.3-5.  Experimental CO2 Solubility in Mixtures of 3.5 m MEA Plus 3.6 m PZ from 40 
and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 
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Figure 16.3-6.  Experimental MEA Volatility in Mixtures of 3.5 m MEA Plus 3.6 m PZ at 40 
and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 
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Figure 16.3-7.  Experimental PZ Volatility in Mixtures of 3.5 m MEA Plus 3.6 m PZ at 40 and 
60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 
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Figure 16.3-8.  Experimental MEA and PZ Volatility in Mixtures of 3.5 m MEA Plus 3.6 m 
PZ at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Solid lines: elecNRTL 
Predictions, Dash lines: Raoult’s Law Approximations. 
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Figure 16.3-9.  Experimental CO2 Solubility in Mixtures of 5.6 m MEA Plus 1.8 m PZ from 40 
to 120 oC from Dang (2003) and from this work.  Points: ◊ (40 oC)and □ (60 oC), Dang (2003),  
▲ (100 oC) and × (120 oC), this work.  Lines: elecNRTL Predictions. 
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Figure 16.3-10.  Experimental MEA Volatility in Mixtures of 5.6 m MEA Plus 1.8 m PZ from 
40 to 80 oC.  Lines: elecNRTL Predictions. 
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Figure 16.3-11.  Experimental PZ Volatility in Mixtures of 5.6 m MEA Plus 1.8 m PZ from 40 
to 80 oC.  Lines: elecNRTL Predictions. 
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Figure 16.3-12.  Experimental CO2 Solubility in Mixtures of 7 m MEA Plus 1 m PZ at 100 and 
120 oC from this work.  Points: ▲ (100 oC) and × (120 oC).  Lines: elecNRTL Perdictions. 
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Figure 16.3-13.  Experimental MEA Volatility in Mixtures of 7 m MEA Plus 1 m PZ from 40 
to 80 oC.  Lines: elecNRTL Predictions. 
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Figure 16.3-14.  Experimental PZ Volatility in Mixtures of 7 m MEA Plus 1 m PZ from 40 to 
80 oC.  Lines: elecNRTL Predictions. 
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Figure 16.3-15.  Experimental CO2 Solubility in Mixtures of 7 m MEA Plus 2 m PZ from 40 to 
120 oC from Okoye (2005) and from this work.  Points: ◊ (40 oC)and □ (60 oC), Okoye (2005),  
♦ (40 oC), ■ (60 oC), ▲ (100 oC) ● (110 oC), and × (120 oC), this work.  Lines: elecNRTL 
Perdictions. 
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Figure 16.3-16.  Experimental MEA Volatility in Mixtures of 7 m MEA Plus 2 m PZ from 40 
to 80 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 
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Figure 16.3-17.  Experimental MEA Volatility in Mixtures of 7 m MEA Plus 2 m PZ from 40 
to 80 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 
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Figure 16.3-18.  Experimental MEA and PZ Volatility in Mixtures of 7 m MEA Plus 2 m PZ 
from 40 to 80 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Solid lines: elecNRTL 
Predictions, Dash lines: Raoult’s Law Approximations. 
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Figure 16.3-19.  Experimental CO2 Solubility in Mixtures of 7 m MEA Plus 3.6 m PZ from 40 
to 120 oC from this work.  Points: ♦ (40 oC). ■ (60 oC), ▲ (100 oC), and × (120 oC).  Lines: 
elecNRTL Predictions. 
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Figure 16.3-20.  Experimental MEA Volatility in Mixtures of 7 m MEA Plus 3.6 m PZ from 40 
to 80 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 
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Figure 16.3-21.  Experimental PZ Volatility in Mixtures of 7 m MEA Plus 3.6 m PZ from 40 to 
80 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: elecNRTL Predictions. 
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Figure 16.3-22.  Experimental MEA and PZ Volatility in Mixtures of 7 m MEA Plus 3.6 m PZ 
at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Solid lines: elecNRTL 
Predictions, Dash lines: Raoult’s Law Approximations. 
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As shown in the above figures, the combined model adequately predicts CO2 

solubility and amine volatility for 7 m MEA + 2 m PZ and 3.5 m MEA + 2 m PZ.  For 

other systems, 7 m MEA + 3.6 m PZ, the combined model adequately predicts CO2 

solubility and MEA volatility, but the combined model does not adequately predict PZ 

volatility.  For 3.5 m MEA + 3.6 m PZ, the combined model fails to predict CO2 solubility 

and amine volatility over the entire range of loading and temperature.  Deviations from an 

ideal solution behavior vis-à-vis Raoult’s Law as compared to predictions from the 

combined elecNRTL model for MEA and PZ volatility illustrates that for the H2O-MEA-

PZ-CO2 system Raoult’s  does not adequately describe the vapor pressure of MEA and PZ 

over the entire range of temperature, concentration, and loading.  Raoult’s Law predictions 

do illustrate a considerable effect on the activity coefficient of MEA and PZ in terms of 

predictions for the amine vapor pressure.  Discrepancies in the PZ volatility might be 

explained due to an error in the effect of speciation for the free amine concentration.  If the 

combined model is unable to predict the correct liquid phase speciation in terms of the free 

amine concentration, this would affect the vapor pressure of PZ negatively.  

16.3.2  Specific Heat Capacity 
 

Figure 16.3-23 and Figure 16.3-25 compare experimental specific heat capacity 

measurements from this work to predictions from the combined model.  Predictions from 

this work do capture the correct trends in the specific heat capacity as a function of 

temperature but fall short in predicting the correct specific heat capacity on the order of ± 

40 percent in some cases.  On the other hand, the combined model does adequately predict 

the specific heat capacity below 80 oC in most cases. 
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Figure 16.3-23.  Specific Heat Capacity in Loaded 7 m MEA + 2 m PZ Solutions from this 
work.  Points: ♦, Ldg = 0.00, ■, Ldg = 0.10, ▲, Ldg = 0.25, ●, Ldg = 0.43.  Lines: ▬, Ldg = 
0.00, ─  ─, Ldg = 0.10, - - -, Ldg = 0.25, ─  -  ─, Ldg = 0.43. 
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Figure 16.3-24.  Specific Heat Capacity in Loaded 3.5 m MEA + 2 m PZ Solutions from this 
work.  Points: ♦, Ldg = 0.00, ■, Ldg = 0.11, ▲, Ldg = 0.24, ●, Ldg = 0.43.  Lines: ▬, Ldg = 
0.00, ─  ─, Ldg = 0.11, - - -, Ldg = 0.24, ─  -  ─, Ldg = 0.43. 
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Figure 16.3-25.  Specific Heat Capacity in Loaded 7 and 3.5 m MEA plus 2 m PZ Solutions 
from this work.  Points: 3.5 m MEA + 2 m PZ, ♦, Ldg = 0.00, ■, Ldg = 0.11, ▲, Ldg = 0.24, 
●, Ldg = 0.43, 7 m MEA + 2 m PZ, ◊, Ldg = 0.00, □, Ldg = 0.10, ∆, Ldg = 0.25, ○, Ldg = 
0.43.  Surface: 3.5 m MEA + 2 m PZ, Gray Intensities, 7 m MEA + 2 m PZ, Spectrium 
Intensities. 

 
To investigate the effect of CO2 loading on the liquid phase specific heat capacity, we 

can normalize the specific heat capacity by the kilograms of H2O+MEA+PZ in the 

experimental solution as shown in Figure 16.3-26. 

Figure 16.3-27 illustrates how the experimental apparent partial heat capacity of CO2 

may have an average value of 1.0987 kJ/kgCO2-K over the temperature range from 40 to 120 

oC in aqueous mixtures of monoethanolamine plus piperazine.  This may suggest that 

contributions of the apparent partial heat capacity of CO2 may be considered small. 
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Figure 16.3-26.  Apparent Partial Specific Heat Capacity in Loaded 7 m MEA + 2 m PZ 
Solutions from this work.  Points: ♦, Ldg = 0.00, ■, Ldg = 0.10, ▲, Ldg = 0.25, ●, Ldg = 0.43.  
Lines: ▬, Ldg = 0.00, ─  ─, Ldg = 0.10, - - -, Ldg = 0.25, ─  -  ─, Ldg = 0.43. 
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Figure 16.3-27.  Enlarged Apparent Partial Specific Heat Capacity in Loaded 7 m MEA + 2 
m PZ Solutions from this work.  Points: ♦, Ldg = 0.00, ■, Ldg = 0.10, ▲, Ldg = 0.25, ●, Ldg 
= 0.43.  Lines: ▬, Ldg = 0.00, ─  ─, Ldg = 0.10, - - -, Ldg = 0.25. 
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16.3.3  Enthalpy of CO2 Absorption 
 

Figure 16.3-26 through Figure 16.3-31 compare experimental differential enthalpy of 

CO2 absorption measurements from Kim (2007) to predictions based on Equation 16-8 

(Gibbs-Helmholtz) from this work. 

Combined model predictions do not adequately describe systematic trends presented 

in the enthalpy of CO2 absorption data even though each separate sub-component model 

was able to adequately describe the enthalpy of CO2 absorption for 7 m MEA and 2.4 m PZ 

over the range of loading and temperature. 
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Figure 16.3-28.  Negative Differential Enthalpy of CO2 Absorption for 7 m MEA + 2 m PZ at 
40 oC.  Points: ♦, Kim (2007).  Lines: elecNRTL model. 
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Figure 16.3-29.  Negative Differential Enthalpy of CO2 Absorption for 7 m MEA + 2 m PZ at 
80 oC.  Points: ■, Kim (2007). 
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Figure 16.3-30.  Negative Differential Enthalpy of CO2 Absorption for 7 m MEA + 2 m PZ at 
120 oC.  Points: ▲, Kim (2007). 
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Figure 16.3-31.  Negative Differential Enthalpy of CO2 Absorption for 7 m MEA + 3.5 m PZ 
at 40 oC.  Points: ♦, Kim (2007). 

 

0

20

40

60

80

100

120

0 0.1 0.2 0.3 0.4 0.5 0.6

Loading (mol CO2/mol MEA + 2·mol PZ)

D
if

fe
re

n
ti

al
 -

 ∆
H

ab
s (

kJ
/m

ol
-C

O
2)

 

Figure 16.3-32.  Negative Differential Enthalpy of CO2 Absorption for 7 m MEA + 3.5 m PZ 
at 80 oC.  Points: ■, Kim (2007). 
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Figure 16.3-33.  Negative Differential Enthalpy of CO2 Absorption for 7 m MEA + 3.5 m PZ 
at 120 oC.  Points: ▲, Kim (2007). 

 
 

16.3.4  NMR Speciation 
 

Figure 16.3-32 through Figure 16.3-34 compare experimental liquid phase NMR 

speciation measurements from this work to combined model predictions for 7 m MEA + 

3.6 m PZ at 27, 40, and 60 oC.  Figure 16.3-32 and 16.3-33 illustrate that the combined 

model adequately describes the speciation for the major concentration species, but does fall 

short in prediction the correct speciation for CO3
-2+HCO3

-1 and PZ(COO-1)2.  Trends in the 

carbonate and bicarbonate are due to the speciation of bicarbonate as illustrated in Figure 

16.3-35, since bicarbonate could be considered one of the dominant CO2 reactive species in 

the H2O-MEA-PZ-CO2 system.  

3112



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
783 

0.001

0.01

0.1

1

10

0 0.1 0.2 0.3 0.4 0.5

Loading (mol CO2/mol MEA + 2·mol PZ)

m
ol

e/
kg

-H
2O

 o
f S

p
ec

ie
s 

i

MEA+MEAH+1

PZ+PZH+1

MEACOO-1

H+1PZCOO-1+PZCOO-1

PZ(COO-1)2

CO3
-2+HCO3

-1

 

Figure 16.3-34.  Liquid Phase Speciation from C13 NMR in 7 m MEA + 3.6 m PZ at 27 oC.  
Points: ♦, MEA + MEAH+1, ■, MEACOO-1, ▲, PZ + PZH+1, ●, H+1PZCOO-1 + PZCOO-1, ×, 
PZ(COO-1)2, *, CO3-2+HCO3-1.  Lines: elecNRTL Predictions. 

3113



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
784 

0.001

0.01

0.1

1

10

0 0.1 0.2 0.3 0.4 0.5

Loading (mol CO2/mol MEA + 2·mol PZ)

m
ol

e/
kg

-H
2O

 o
f S

p
ec

ie
s 

i
MEA+MEAH+1

PZ+PZH+1

MEACOO-1

H+1PZCOO-1+PZCOO-1

PZ(COO-1)2

CO3
-2+HCO3

-1

 
Figure 16.3-35.  Liquid Phase Speciation from C13 NMR in 7 m MEA + 3.6 m PZ at 40 oC.  
Points: ♦, MEA + MEAH+1, ■, MEACOO-1, ▲, PZ + PZH+1, ●, H+1PZCOO-1 + PZCOO-1, ×, 
PZ(COO-1)2, *, CO3-2+HCO3-1.  Lines: elecNRTL Predictions. 
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Figure 16.3-36.  Liquid Phase Speciation from C13 NMR in 7 m MEA + 3.6 m PZ at 60 oC.  
Points: ♦, MEA + MEAH+1, ■, MEACOO-1, ▲, PZ + PZH+1, ●, H+1PZCOO-1 + PZCOO-1, ×, 
PZ(COO-1)2, *, CO3-2+HCO3-1.  Lines: elecNRTL Predictions. 
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Figure 16.3-37.  Predictions for Liquid Phase Speciation in 7 m MEA + 3.6 m PZ at 40 oC 
from this work.  Points: ♦, CO2, ■, CO3-2, ▲, HCO3-1. 
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Figure 16.3-38.  Predictions for Liquid Phase Speciation in 7 m MEA + 3.6 m PZ at 40 oC 
from this work.  Points: ♦, MEA, ■, MEAH+1, ▲, MEACOO-1. 
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Figure 16.3-39.  Predictions for Liquid Phase Speciation in 7 m MEA + 3.6 m PZ at 40 oC 
from this work.  Points: ♦, PZ, ■, PZH+1, ▲, PZCOO-1, ●, H+1PZCOO-1, ×, PZ(COO-1)2. 

 
Piperazine speciation presented in Figure 16.3-37 does not explain the behavior of 

the amine vapor pressure prediction previously shown.  The behavior exhibited in the PZ 

volatility might be a result of the predictive activity coefficient of PZ from the combined 

model, thereby adversely affecting the loading and temperature dependence of the amine 

volatility. 

16.4  Conclusions 
 

In conclusion, we have followed in this work a similar approach to the method 

developed by Posey (1996) in terms of choosing values for the mixed system binary 

interaction parameters to examine the predictive ability of our model.  Table 16.2-2 gave 

binary interaction parameters associated with the mixed amine system which were not 

included as part of the original model regressions.  
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We found that binary interaction parameters for MEA and PZ exhibited similar 

properties as reported by Posey (1996) where interactions associated with each amine, given 

in Table 16.2-2, which were assigned to similar interactions values involving the alternative 

protonated amine, did benefit the quality of the model predictions as compared to the 

experimental data.  Binary interaction parameters for H2O, given in Table 16.2-2, were based 

on the average value between H2O MEAH+1/MEACOO-1 and H2O, PZH+1/PZCOO-1 as 

given in Chapters XIII and XIV.  This assumption did exhibit a small benefit to the 

prediction of CO2 solubility data but by varying the parameter from the default values to the 

average values had a minimal effect on the overall predictive outcome at high loading.   

We would recommend that future work to adequately predict the experimental CO2 

solubility, amine volatility, NMR speciation, enthalpy of CO2 absorption, and specific heat 

capacity data for the H2O-MEA-PZ-CO2 system complete an overall simultaneous 

regression of the binary interaction parameters associated with the original and mixed amine 

systems in addition to the chemical equilibrium constant for MEACOO-1 ,PZCOO-1 , 

PZ(COO-1)2, and H+1PZCOO-1 to adequately fit the experimental data.  This would need to 

be completed due to the thermodynamic framework adopted in this work utilizing Aspen 

PlusTM 2006.5. 

As shown in Table 16.2-3, 7 m MEA exhibited a greater differential capacity but 

exhibited a greater volatility as compared to piperazine or other mixed amine systems.  With 

the combination of 7 m MEA + 2 m PZ, the relative volatility decreased as compared to the 

base sub-component systems by a factor of ~ 1.2.  When the concentration of MEA 

decreased from 7 m to 3.5 m; the differential capacity and MEA volatility also decreased due 
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to the decease in the total alkalinity of the solvent as reflected in the MEA volatility 

deceasing by a factor of 2.  However, PZ volatility remained approximately constant which 

would be consistent with effects exhibited in the H2O-MEA-PZ systems where large 

changes in the solution alkalinity may not have an effect on the volatility of PZ. 

Figure 16.2-6 illustrated that the specific heat capacity from this work may be 

considered internally consistent since increasing the concentration of MEA would require 

the specific heat capacity to decrease by a factor of 2 as compared to trends exhibited in 

vapor-liquid equilibrium experimental results. 

Figure 16.3-27 illustrated how the experimental apparent partial heat capacity of CO2 

may have an average value of 1.0987 kJ/kgCO2-K over the temperature range from 40 to 120 

oC in aqueous mixtures of monoethanolamine plus piperazine.  This may suggest that 

contributions of the apparent partial heat capacity of CO2 may be considered small. 

With the addition of PZ to a solution of 7 m MEA, the enthalpy of CO2 absorption 

decreased over the range in temperature on the order of approximately 10 kJ per mole of 

CO2.  In addition, the enthalpy of CO2 absorption for the mixed amine solutions illustrated a 

shift in speciation.  Over the range in loading between 0 and 0.5 mol CO2/mol MEA, the 

main reaction mechanism could be considered the protonation of MEA where beyond a 

loading of 0.5, the main reaction mechanism may be considered the reaction of MEA with 

bicarbonate to form MEA carbamate as indicated by the steep drop in the enthalpy of CO2 

absorption.  With the addition of PZ to the system, the reaction mechanism for the 

protonation of MEA has been shifted to 0.4 mol CO2/mol MEA + 2·mol PZ mainly due to 

a change in the total alkalinity of the system. 
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Overall, the combined model did not adequately describe the H2O-MEA-PZ-CO2 

property data listed above as shown by an average absolute relative error of ± 37.9 percent, 

with the exception of a few outliers.  This would suggest that there may be a need for 

parameter optimization to improve the statistical fit of the experimental data as described by 

the combined model. 

One of the goals of this work was to be able to build a consistent and rigorous 

thermodynamic model to describe the base systems, then to combine the two models and 

test the predictive behavior of the combine model.  Table 16.3-1 illustrated that a simple 

exchange between binary interaction parameters based on the separate systems to create 

analogous interactions for the combined model did not result in an adequate fit of the 

experimental data.  We would recommend that future work interested in the H2O-MEA-PZ-

CO2 system should optimize the binary interaction parameters to capture systematic trends 

presented within the experimental data. 
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_________________ 

CHAPTER XVII  Quaternary System Predictions: 
 H2O-K2CO3-MEA-CO2 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

17.1  Introduction 
 

The thermodynamic models describing each sub-system have been established and 

the combined model can now be used as a predictive tool for the quaternary system.  This 

chapter compares experimental CO2 solubility and amine volatility data from this work for 

the H2O-K2CO3-MEA-CO2 system to model predictions based on the combined H2O-

MEA-CO2 and H2O-K2CO3-CO2 system models.  The combined predictive model 

represents the experimental data with an average absolute relative error of ± 41.9 %, with 

the exception of a few outliers. 
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17.2  H2O-K2CO3-MEA-CO2 System 
 

Up to this point for the H2O-K2CO3-MEA-CO2 system, we have been able to 

describe the molecule-molecule and molecule-electrolyte interactions between H2O-K2CO3, 

H2O-KHCO3, H2O-MEA, H2O-K2CO3-CO2 and H2O-MEA-CO2 given in Chapters XII, 

VIII, XII, and XIII, respectively, as shown in Table 17.2-1. 

Table 17.2-1.  Binary Interaction Parameters for the H2O-K2CO3-MEA-CO2 system. 

 Interaction Species 
System i j k 

H2O K+ CO3
-2 

K+ CO3
-2 H2O 

H2O K+ HCO3
-1 

K+ HCO3
-1 H2O 

H2O-K2CO3-CO2

K+/CO3
-2 K+/HCO3

-1  
H2O MEA  H2O-MEA MEA H2O  
H2O MEAH+1 HCO3

-1 
MEAH+1 HCO3

-1 H2O 
H2O MEAH+1 MEACOO-1 

MEAH+1 MEACOO-1 H2O 
MEA MEAH+1 HCO3

-1 
MEAH+1 HCO3

-1 MEA 
MEA MEAH+1 MEACOO-1 

MEAH+1 MEACOO-1 MEA 
CO2 MEAH+1 HCO3

-1 

H2O-MEA-CO2 

MEAH+1 HCO3
-1 CO2 

 
For the mixed salt/amine system, Posey (1996) suggested a general method for 

parameter determination by examining the mixed salt/amine parameters to form an adequate 

model.  Posey (1996) also reported that many of the mixed system interaction parameters 

appeared to be independent of the amine interaction and could be assigned to a default 

value.  Mixed systems parameters involving H2O and a carbamate species were assigned an 
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average value consistent between the two systems.  Posey (1996) did not optimize the 

parameters to fit the experimental data, but was interested in the ability of the model to 

predict the mixed system. 

In this work, we have followed a similar approach to the method developed by Posey 

(1996), in terms of choosing values for the mixed system binary interaction parameters to 

examine the predictive ability of our model.  Table 17.2-2 lists binary interaction parameters 

associated with the mixed salt/amine system which were not included as part of the original 

model regressions.  

Table 17.2-2.  Mixed Salt/Amine Binary Interaction Parameters. 

Interaction Species Binary Interaction Coefficients 
i j k A B C 

H2O K+ MEACOO-1 -3234 999981 40484 
K+ MEACOO-1 H2O -2469 761540 30650 

MEA K+ CO3
-2 10 0.0 0.0 

K+ CO3
-2 MEA -2 0.0 0.0 

MEA K+ HCO3
-1 10 0.0 0.0 

K+ HCO3
-1 MEA -2 0.0 0.0 

MEA K+ MEACOO-1 10 0.0 0.0 
K+ MEACOO-1 MEA -2 0.0 0.0 

 
Binary interaction parameters for MEA did exhibit similar properties as reported by 

Posey (1996).  Interactions associated with MEA, given in Table 17.2-2, which were assigned 

to similar interaction values involving MEAH+1, did not benefit the quality of the model 

predictions as compared to the experimental data.  Therefore, default binary interaction 

parameters were assigned.  Binary interaction parameters for H2O, given in Table 17.2-2, 

were based on the average value between H2O, K+/HCO3
-1 and H2O, MEAH+1/MEACOO-1 

as given in Chapters XII and XIII.  This assumption did exhibit a small benefit to the 
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prediction of CO2 solubility data but varying the parameter from the default values to the 

average values had a minimal effect on the overall predictive outcome.   

To adequately predict the experimental CO2 solubility and amine volatility data from 

this work for the H2O-K2CO3-MEA-CO2 system, an overall regression of the binary 

interaction parameters associated with the original and mixed salt/amine systems in addition 

to the chemical equilibrium constant for MEACOO-1 would need to be regressed 

simultaneously to adequately fit the experimental data. 

The following section describes the different data types gathered in this work for the 

H2O-K2CO3-MEA-CO2 system as compared to the predictive ability of the combined 

model. 

17.2.1  CO2 Solubility and Amine Volatility 
 

Data in the form of CO2 solubility, which measures the partial pressure of CO2 over 

aqueous K2CO3 plus MEA solutions as a function of loading (mole CO2 per mole K+ plus 

mole MEA) and temperature were compared to predictions based on the combined model 

for the H2O-K2CO3-MEA-CO2 system. 

For our quaternary system (H2O, K2CO3, MEA, and CO2), the following equation 

may be used to represent the equilibrium for CO2 solubility data.  

 
2 2 2 2 2

*
,CO CO CO CO H OPy x Hγ=  17-1 

Where 

2COy is the vapor mole fraction of CO2, 

2

*
COγ is the unsymmetric activity coefficient of CO2, 

2 2,CO H OH is the Henry’s Constant for CO2 in H2O. 
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In this work, we used a unique Fourier-transform infrared (FT-IR) technique to 

measure the vapor phase speciation in aqueous alkanolamine systems as described in 

Chapter II.  Using this technique, we have been able to measure the vapor phase partial 

pressure of MEA over aqueous MEA solutions, MEAP , as a function of loading (mole CO2 

per mole K+ plus mole MEA) and temperature. 

For our quaternary system (H2O, K2CO3, MEA, and CO2), the following equation 

may be used to represent the equilibrium for MEA volatility data. 

 o
MEA MEA MEA MEAPy x Pγ=  17-2 

Where 
MEAy is the vapor mole fraction of MEA, 

MEAγ is the asymmetric activity coefficient of MEA, 
o

MEAP is the extended Antoine vapor pressure correlation for MEA given in Chapter VI. 
 

Experimental CO2 solubility and amine volatility data collected in this work for 

mixtures of 2.5 and 5.0 m (mole/kg-H2O) K+ plus 3.5 and 7.0 m MEA at 40 and 60 oC are 

illustrated in Figure 17.2-1 through Figure 17.2-4.  Ordinary least squares (OLS) 

approximations were included to clarify systematic trends within the data set. 

Figure 17.2-1 through Figure 17.2-4 illustrates the effect of K+ on CO2 solubility and 

amine volatility in 3.5 and 7.0 m MEA solutions.  As the ionic strength of the solution 

increased, from 2.5 m K+ to 5.0 m K+, CO2 solubility increased by a factor of 6 whereas the 

MEA partial pressure moderately decreased.  We could also infer, based on the OLS 

approximations, a decease in the differential capacity of the solvent from 0.12 to 0.15 over a 

CO2 partial pressure range from 0.01 to 1.0 kPa at 60 oC. 
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Figure 17.2-1.  Experimental CO2 Solubility in Mixtures of 2.5 and 5.0 m K+ Plus 7 m MEA at 
40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC) for 5.0 m K+ Plus 7 m MEA, ◊ 
(40 oC) and □ (60 oC) for 2.5 m K+ Plus 7 m MEA.  Lines: OLS Approximations. 
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Figure 17.2-2.  Experimental MEA Volatility in Mixtures of 2.5 and 5.0 m K+ Plus 7 m MEA 
at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC) for 5.0 m K+ Plus 7 m MEA, ◊ 
(40 oC) and □ (60 oC) for 2.5 m K+ Plus 7 m MEA.  Lines: OLS Approximations. 
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Figure 17.2-3.  Experimental CO2 Solubility in Mixtures of 2.5 and 5.0 m K+ Plus 3.5 m MEA 
at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC) for 5.0 m K+ Plus 3.5 m MEA, 
◊ (40 oC) and □ (60 oC) for 2.5 m K+ Plus 3.5 m MEA.  Lines: OLS Approximations. 
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Figure 17.2-4.  Experimental MEA Volatility in Mixtures of 2.5 and 5.0 m K+ Plus 3.5 m MEA 
at 40 and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC) for 5.0 m K+ Plus 3.5 m MEA, 
◊ (40 oC) and □ (60 oC) for 2.5 m K+ Plus 3.5 m MEA.  Lines: OLS Approximations. 
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A simple Aspen PlusTM Flash model was then used to test the predictive capability of 

the H2O-K2CO3-MEA-CO2 model against experimental data from this work.  For each data 

point, the deviation between the experimental and estimated values is expressed in terms of 

the average absolute relative deviation (AARD) given in Table 17.2-3.   

Table 17.2-3.  Absolute Percent Relative Error for the H2O-K2CO3-MEA-CO2 System. 

  AARD (%) 

System PCO2 PMEA Loading

5 m K+ + 3.5 m MEA 58.05 30.82 0.67 

2.5 m K+ + 3.5 m MEA 40.88 45.05 0.95 

5 m K+ + 7.0 m MEA 37.10 35.47 1.33 

2.5 m K+ + 7.0 m MEA 39.20 48.98 3.57 

Overall 46.08 37.71 1.37 
 

Overall, the combined model did not adequately describe the H2O-K2CO3-MEA-

CO2 property data listed above as shown by an average absolute relative error of ± 41.9 

percent, with the exception of a few outliers.  This would suggest that there may be a need 

for parameter optimization to improve the statistical fit of the experimental data as described 

by the combined model. 

One of the goals of this work was to be able to build a consistent and rigorous 

thermodynamic model to describe the base systems, then to combine the two models and 

test the predictive behavior of the combine model.  Table 17.2-3 illustrates that a simple 

exchange between binary interaction parameters base on the separate systems to create 

analogous interactions for the combined model did not result in an adequate fit of the 
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experimental data.  We would recommend that future work interested in the H2O-K2CO3-

MEA-CO2 system should optimize the binary interaction parameters to capture systematic 

trends presented within the experimental data.  The rest of this chapter will illustrate VLE 

predictions based on the combined model for the H2O-K2CO3-MEA-CO2 system. 

Figure 17.2-5 through Figure 17.2-8 compares experimental CO2 solubility from this 

work to predictions from the combined elecNRTL model.  Figure 17.2-5 and Figure 17.2-7 

illustrates that the combined model adequately predicts CO2 solubility even though the 

temperature and loading dependence does not reflect the systematic trends presented within 

the experimental data.   Figure 17.2-6 represents the least adequate representation for all of 

the mixed salt/amine system compared in this work.  The concentration of 2.5 m K+ was a 

part of the original concentration range of K2CO3 in the H2O-K2CO3-CO2 model regression.  

Since this mixture is a part of the concentration boundary for the overall system, this error 

may be due to an extrapolation error of the combined model given the fact that the 

combined model was not optimized to the experimental data. 

 Figure 17.2-9 through Figure 17.2-12 compares experimental MEA volatility from 

this work to predictions from the combined elecNRTL model.  Figure 17.2-9 through 17.2-

12 illustrates the departure from an ideal solution behavior vis-à-vis Raoult’s Law as 

compared to prediction from the combined elecNRTL model.  For the H2O-K2CO3-MEA-

CO2 system, Raoult’s Law does not adequately describe the vapor pressure of MEA over the 

entire range of temperature, concentration, and loading dependence.  Raoult’s Law 

predictions do illustrate a considerable effect of the activity coefficient of MEA on the 

prediction for the vapor pressure of MEA.  In addition, the effect of speciation on the free 
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amine concentration also plays an important role in predicting the correct vapor pressure of 

MEA. 
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Figure 17.2-5.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 5 m K+ + 7 m MEA at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: Combined 
elecNRTL Model Predictions. 
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Figure 17.2-6.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 2.5 m K+ + 7 m MEA at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: Combined 
elecNRTL Model Predictions. 
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Figure 17.2-7.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 5 m K+ + 3.5 m MEA at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: Combined 
elecNRTL Model Predictions. 
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Figure 17.2-8.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 2.5 m K+ + 3.5 m MEA at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: Combined 
elecNRTL Model Predictions. 
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Figure 17.2-9.  Comparison of Experimental Amine Volatility to Combined Model 
Predictions for 5 m K+ + 7 m MEA at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: ▬, 
Combined elecNRTL Model Predictions, - - -, Raoult’s Law Predictions. 
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Figure 17.2-10.  Comparison of Experimental Amine Volatility to Combined Model 
Predictions for 2.5 m K+ + 7 m MEA at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: ▬, 
Combined elecNRTL Model Predictions, - - -, Raoult’s Law Predictions. 
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Figure 17.2-11.  Comparison of Experimental Amine Volatility to Combined Model 
Predictions for 5 m K+ + 3.5 m MEA at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: ▬, 
Combined elecNRTL Model Predictions, - - -, Raoult’s Law Predictions. 
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Figure 17.2-12.  Comparison of Experimental Amine Volatility to Combined Model 
Predictions for 2.5 m K+ + 3.5 m MEA at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: ▬, 
Combined elecNRTL Model Predictions, - - -, Raoult’s Law Predictions. 
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17.3  Conclusions 
 

In conclusion, in this work we have followed a similar approach to the method 

developed by Posey (1996) in terms of choosing values for the mixed system binary 

interaction parameters to examine the predictive ability of our model.  Table 17.2-2 gave 

binary interaction parameters associated with the mixed salt/amine system which were not 

included as part of the original model regressions. 

We found that binary interaction parameters for MEA exhibit similar properties as 

reported by Posey (1996) where interactions associated with MEA, given in Table 17.2-2, 

which were assigned to similar interactions values involving MEAH+1, did not benefit the 

quality of the model predictions as compared to the experimental data.  Therefore, default 

binary interaction parameters were then assigned.  Binary interaction parameters for H2O, 

given in Table 17.2-2, were based on the average value between H2O, K+/HCO3
-1 and H2O, 

MEAH+1/MEACOO-1 given in Chapters XII and XIII.  This assumption did exhibit a small 

benefit to the prediction of CO2 solubility data, but varying the parameter from the default 

value to the average value had a minimal effect on the overall predictive outcome.   

We found that to adequately predict the experimental CO2 solubility and amine 

volatility data from this work for the H2O-K2CO3-MEA-CO2 system, an overall regression 

of the binary interaction parameters associated with the original and mixed salt/amine 

systems in addition to the chemical equilibrium constant for MEACOO-1 would need to be 

regressed simultaneously to adequately fit the experimental data. 
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Figure 17.2-1 through Figure 17.2-4 illustrated the effect of K+ on CO2 solubility and 

amine volatility in 3.5 and 7.0 m MEA solutions.  As the ionic strength of the solution 

increased from 2.5 m K+ to 5.0 m K+, CO2 solubility increased by a factor of 6 whereas the 

MEA partial pressure moderately decreased.  We also inferred, based on an ordinary least 

squares approximation, a decrease in the differential capacity of the solvent from 0.12 to 

0.15 over a CO2 partial pressure range from 0.01 to 1.0 kPa at 60 oC. 

Figure 17.2-5 through Figure 17.2-8 compared experimental CO2 solubility from this 

work to predictions from the combined elecNRTL model.  Figure 17.2-5 and Figure 17.2-7 

illustrated that the combined model adequately predicts CO2 solubility even though the 

temperature and loading dependence does not reflect the systematic trends presented within 

the experimental data.   Figure 17.2-6 represented the least adequate representation for all of 

the mixed salt/amine system compared in this work.  This discrepancy may be due to a 

concentration boundary for the overall system.  A concentration of 2.5 m K+ was within the 

original concentration range for the H2O-K2CO3-CO2 regression, but this error may be an 

extrapolation error of the combined model given the fact that the combined model was not 

optimized to the experimental data. 

Figure 17.2-9 through Figure 17.2-12 compared experimental MEA volatility from 

this work to predictions from the combined elecNRTL model.  Figure 17.2-9 through 17.2-

12 illustrated the departure from an ideal solution behavior vis-à-vis Raoult’s Law as 

compared to prediction from the combined elecNRTL model.  For the H2O-K2CO3-MEA-

CO2 system, Raoult’s Law did not adequately describe the vapor pressure of MEA over the 

entire range of temperature, concentration, and loading dependence.  Raoult’s Law 
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predictions did illustrate a considerable effect of the activity coefficient of MEA on the 

prediction for the vapor pressure of MEA.  In addition, the effect of speciation on the free 

amine concentration also played an important role in predicting the correct vapor pressure 

of MEA. 

One of the goals of this work was to be able to build a consistent and rigorous 

thermodynamic model to describe the base systems, then to combine the two models and 

test the predictive behavior of the combined model.  Table 17.2-3 illustrated that a simple 

exchange between binary interaction parameters based on the separate systems to create 

analogous interactions for the combined model did not result in an adequate fit of the 

experimental data.  We would recommend that future work interested in the H2O-K2CO3-

MEA-CO2 system should optimize the binary interaction parameters to capture the 

systematic trends presented within the experimental data from this work. 
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_________________ 

CHAPTER XVIII  Quinary System Predictions: 
 H2O-K2CO3-MEA-PZ-CO2 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

18.1  Introduction 
 

In our efforts to describe the thermodynamics in mixed salt/amine electrolyte 

solutions, we have arrived at the final system involving mixtures of water (H2O), potassium 

carbonate (K2CO3), potassium bicarbonate (KHCO3), monoethanolamine (MEA), piperazine 

(PZ), and carbon dioxide (CO2).  This chapter compares experimental CO2 solubility and 

amine volatility data from this work for the H2O-K2CO3-MEA-PZ-CO2 system to model 

predictions based on the combined model for each sub-system.  The combined predictive 

model represents the experimental data with an average absolute relative error of ± 163 %, 

with the exception of a few outliers. 
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18.2  H2O-K2CO3-MEA-PZ-CO2 System 
 

At this point, the thermodynamic model is complete.  For each sub-system, we have 

utilized techniques to fit experimental data from the literature and based on this work.  In 

each ternary system, we were very successful in describing the experimental data but using 

the model as a predictive tool for quaternary systems, the combined model illustrated that to 

adequately fit the experimental data an overall parameter optimization was required.  For the 

H2O-K2CO3-MEA-PZ-CO2 system, all of the practical binary interaction parameters and 

state properties used to describe interactions between molecule-molecule, molecule-

electrolyte, and electrolyte-electrolyte already have been assigned in previous chapters.  Thus, 

the H2O-K2CO3-MEA-PZ-CO2 system illustrates the final test for the predictive capabilities 

of the combined model.  As a result, the following section describes the different data types 

gathered in this work for the H2O-K2CO3-MEA-PZ-CO2 system as compared to the 

predictive ability of the combined model. 

18.2.1  CO2 Solubility and Amine Volatility 
 

Data in the form of CO2 solubility, which measures the partial pressure of CO2 over 

aqueous K2CO3 plus MEA plus PZ solutions, as a function of loading (mole CO2 per mole 

K+ plus mole MEA plus 2 moles PZ) and temperature were compared to predictions based 

on the combined model for the H2O-K2CO3-MEA-PZ-CO2 system. 

For our quinary system (H2O, K2CO3, MEA, PZ, and CO2), the following equation 

may be used to represent the equilibrium for CO2 solubility data.  

 
2 2 2 2 2

*
,CO CO CO CO H OPy x Hγ=  18-1 
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Where 

2COy is the vapor mole fraction of CO2, 

2

*
COγ is the unsymmetric activity coefficient of CO2, 

2 2,CO H OH is the Henry’s Constant for CO2 in H2O. 
 

In this work, we used a unique Fourier-transform infrared (FT-IR) technique to 

measure the vapor phase speciation in aqueous alkanolamine systems as described in 

Chapter II  Using this technique, we have been able to measure the vapor phase partial 

pressure of each amine over aqueous solutions, AmineP , as a function of loading (mole CO2 

per mole K+ plus mole MEA plus 2 mole PZ) and temperature. 

For our quaternary system (H2O, K2CO3, MEA, and CO2), the following equation 

may be used to represent the equilibrium for amine volatility data. 

 Amine Amine Amine Amine
oPy x Pγ=  18-2 

Where 
Aminey is the vapor mole fraction of the amine, 

Amineγ is the asymmetric activity coefficient of the amine, 

Amine
oP is the extended Antoine vapor pressure correlation for the amine given in Chapter VI. 

 
Experimental CO2 solubility and amine volatility data collected in this work for 

mixtures presented in Table 18.2-1 at 40 and 60 oC are illustrated in Figure 18.2-1 through 

Figure 18.2-9.  Ordinary least squares (OLS) approximations were included to clarify 

systematic trends within the data set. 

Table 18.2-1.  Experimental Mixtures for the H2O-K2CO3-MEA-PZ-CO2 system. 

5 m K++3.5 m MEA+2 m PZ 2.5 m K++7 m MEA+2 m PZ 2.5 m K++3.5 m MEA+1.8 m PZ 
2.5 m K++3.5 m MEA+2 m PZ 2.5 m K++7 m MEA+3.6 m PZ 5 m K++3.5 m MEA+3.6 m PZ 

5 m K++7 m MEA+2 m PZ 5 m K++7 m MEA+3.6 m PZ 2.5 m K++3.5 m MEA+3.6 m PZ 
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Figure 18.2-1.  Experimental Data in Mixtures of 5 m K+ + 3.5 m MEA + 2 m PZ at 40 and 60 
oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 18.2-2.  Experimental Data in Mixtures of 2.5 m K+ + 3.5 m MEA + 2 m PZ at 40 and 
60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 18.2-3.  Experimental Data in Mixtures of 5 m K+ + 7 m MEA + 2 m PZ at 40 and 60 
oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 18.2-4.  Experimental Data in Mixtures of 2.5 m K+ + 7 m MEA + 2 m PZ at 40 and 60 
oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 18.2-5.  Experimental Data in Mixtures of 2.5 m K+ + 7 m MEA + 3.6 m PZ at 40 and 
60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 18.2-6.  Experimental Data in Mixtures of 5 m K+ + 7 m MEA + 3.6 m PZ at 40 and 60 
oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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Figure 18.2-7.  Experimental Data in Mixtures of 2.5 m K+ + 3.5 m MEA + 1.8 m PZ at 40 
and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 

 
 

3146



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
817 

 

0.001

0.01

0.1

1

0.3 0.32 0.34 0.36 0.38 0.4 0.42

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

C
O

2 
P

ar
ti

al
 P

re
ss

ur
e 

(k
P

a)

 

0.001

0.01

0.1

0.3 0.32 0.34 0.36 0.38 0.4 0.42

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

M
E

A
 P

ar
ti

al
 P

re
ss

u
re

 (
kP

a)

 

0.001

0.01

0.1

0.3 0.32 0.34 0.36 0.38 0.4 0.42

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

P
Z

 P
ar

ti
al

 P
re

ss
u

re
 (

kP
a)

 
Figure 18.2-8.  Experimental Data in Mixtures of 5 m K+ + 3.5 m MEA + 3.6 m PZ at 40 and 
60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 

 
 

3147



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
818 

 

0.1

1

10

100

0.36 0.38 0.4 0.42 0.44 0.46 0.48 0.5

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

C
O

2 
P

ar
ti

al
 P

re
ss

ur
e 

(k
P

a)

 

0.0001

0.001

0.01

0.1

0.36 0.38 0.4 0.42 0.44 0.46 0.48 0.5

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

M
E

A
 P

ar
ti

al
 P

re
ss

u
re

 (
kP

a)

 

0.0001

0.001

0.01

0.1

0.36 0.38 0.4 0.42 0.44 0.46 0.48 0.5

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

P
Z

 P
ar

ti
al

 P
re

ss
u

re
 (

kP
a)

 
Figure 18.2-9.  Experimental Data in Mixtures of 2.5 m K+ + 3.5 m MEA + 3.6 m PZ at 40 
and 60 oC from this work.  Points: ♦ (40 oC) and ■ (60 oC).  Lines: OLS Approximations. 
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We can quantify the effects of CO2 solubility in the above systems by illustrating 

trends in CO2 solubility at 60 oC based on the differential capacity of the solvent between the 

range of 0.01 and 1.0 kPa as shown in Table 18.2-2.   

Table 18.2-2.  Comparison of Differential Solvent Capacity Between CO2 Partial Pressures of 
0.01 and 1.0 kPa at 60 oC.  

 Differential Capacity 
System mol CO2/mol K+ + mol MEA + 2·mol PZ 
7 m MEA 0.31 
2 m PZ 0.23 
5 m K++3.5 m MEA+2 m PZ 0.13 
2.5 m K++3.5 m MEA+2 m PZ 0.16 
5 m K++7 m MEA+2 m PZ 0.15 
2.5 m K++7 m MEA+2 m PZ 0.17 
2.5 m K++7 m MEA+3.6 m PZ 0.13 
5 m K++7 m MEA+3.6 m PZ 0.14 
2.5 m K++3.5 m MEA+1.8 m PZ 0.16 
5 m K++3.5 m MEA+3.6 m PZ 0.12 
2.5 m K++3.5 m MEA+3.6 m PZ 0.14 

 
As shown in Table 18.2-2, 7 m MEA demonstrated a greater differential capacity as 

compared to piperazine or other mixed salt-amine systems.  For mixed salt-amine systems, 

only systems composed of 2.5 m K+ exhibited an increase in the differential capacity as 

compared to similar systems containing 5 m K+.  Overall, 2.5 m K++7 m MEA+2 m PZ 

exhibited the largest differential capacity equal to 0.17 out of nine solvents studied as part of 

this work. 

Amine volatility at 40 oC for each solvent can then be compared based on a CO2 

partial pressure from 0.01 to 0.1 kPa as illustrated in Figure 18.2-10 based on experimental 

MEA volatility and in Figure 18.2-11 based on experimental PZ volatility.  Table 18.2-3 
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compares the amine volatility of the nine mixed salt-amine systems in this work to the base 

sub-component systems of 7 m MEA and 2 m PZ at 40 oC. 
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Figure 18.2-10.  Comparison of Experimental MEA Volatility versus CO2 Solubility at 40 oC 
from this work.  Points: ♦, 7 m MEA, ■, 5 m K+ + 7 m MEA + 2 m PZ. 
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Figure 18.2-11.  Comparison of Experimental PZ Volatility versus CO2 Solubility at 40 oC 
from this work.  Points: ♦, 2 m PZ, ■, 5 m K+ + 7 m MEA + 2 m PZ. 
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 We can quantify the effects of amine volatility for each solvent at a given CO2 

partial pressure from 0.01 to 0.1 kPa at 40 oC as compared to the base sub-component 

systems of 7 m MEA and 2 m PZ as shown in Table 18.2-3. 

Table 18.2-3.  Comparison of Experimental Amine Volatility Evaluated at a CO2 Partial 
Pressure from 0.01 to 0.1 kPa at 40 oC. 

System PMEA (ppmv) PPZ (ppmv) 
7 m MEA 62-35 - 
2 m PZ - 21-18 
5 m K++3.5 m MEA+2 m PZ 25-15 24-9 
2.5 m K++3.5 m MEA+2 m PZ 32-20 29-14 
5 m K++7 m MEA+2 m PZ 60-27 39-11 
2.5 m K++7 m MEA+2 m PZ 54-28 32-12 
2.5 m K++7 m MEA+3.6 m PZ 54-25 60-17 
5 m K++7 m MEA+3.6 m PZ 54-29 49-23 
2.5 m K++3.5 m MEA+1.8 m PZ 37-22 33-14 
5 m K++3.5 m MEA+3.6 m PZ 25-14 52-17 
2.5 m K++3.5 m MEA+3.6 m PZ 31-16 68-21 

 
 

As shown in Table 18.2-3, 7 m MEA demonstrates a greater range of volatility at 40 

oC as compared to piperazine or other mixed salt-amine systems.  For different 

combinations of potassium + 7 m MEA + piperazine; the relative volatility of MEA 

remained between 55 and 27 ppmv over the range of CO2 partial pressures.  When the MEA 

concentration decreased from 7 m to 3.5 m, the volatility of MEA volatility decreased due to 

the decease in the total alkalinity of the solvent and is reflected in the MEA volatility 

deceasing by a factor of 2.  However, PZ volatility remained approximately constant and is 

consistent with effects exhibited in the H2O-MEA-PZ systems, where large changes in the 

solution alkalinity may not have an effect on the volatility of PZ. 
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Figure 18.2-12 through Figure 18.2-20 illustrates the effects exhibited in CO2 

solubility and amine volatility due to an increase in the concentration of potassium, 

monoethanolamine, and piperazine, respectively, Table 18.2-4 documents systematic trends 

presented within the experimental data. 

Table 18.2-4.  Systematic Trends For Effects Exhibited in CO2 Solubility and Amine 
Volatility Due to an Increase in the Concentration of K+, MEA, or PZ. 

Relative Change Effect of   
K+/MEA/PZ PCO2 PMEA PPZ

2.5-5/7/2 ↑ ↓ ↓ 
5/3.5-7/2 ↓ - ↑ 
5/7/2-3.6 ↑ ↓ ↓ 
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Figure 18.2-12.  Effect of Increasing K+ Concentration on CO2 Solubility from 2.5 to 5 m in a 
7 m MEA + 2 m PZ Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 
m MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 2.5 m K+ + 7 m MEA+ 2 m PZ.  Lines: OLS 
Approximations. 
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Figure 18.2-13.  Effect of Increasing K+ Concentration on MEA Volatility from 2.5 to 5 m in a 
7 m MEA + 2 m PZ Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 
m MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 2.5 m K+ + 7 m MEA+ 2 m PZ.  Lines: OLS 
Approximations. 
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Figure 18.2-14.  Effect of Increasing K+ Concentration on PZ Volatility from 2.5 to 5 m in a 7 
m MEA + 2 m PZ Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 m 
MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 2.5 m K+ + 7 m MEA+ 2 m PZ.  Lines: OLS 
Approximations. 
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Monoethanolamine Effect 
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Figure 18.2-15.  Effect of Increasing MEA Concentration on CO2 Solubility from 3.5 to 7 m in 
a 5 m K+ + 2 m PZ Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 m 
MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 5 m K+ + 3.5 m MEA+ 2 m PZ.  Lines: OLS 
Approximations. 
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Figure 18.2-16.  Effect of Increasing MEA Concentration on MEA Volatility from 3.5 to 7 m 
in a 5 m K+ + 2 m PZ Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 
m MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 5 m K+ + 3.5 m MEA+ 2 m PZ.  Lines: OLS 
Approximations. 
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Figure 18.2-17.  Effect of Increasing MEA Concentration on PZ Volatility from 3.5 to 7 m in a 
5 m K+ + 2 m PZ Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 m 
MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 5 m K+ + 3.5 m MEA+ 2 m PZ.  Lines: OLS 
Approximations. 
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Figure 18.2-18.  Effect of Increasing PZ Concentration on CO2 Solubility from 2 to 3.6 m in a 
5 m K+ + 7 m MEA Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 
m MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 5 m K+ + 7 m MEA+ 3.6 m PZ.  Lines: OLS 
Approximations. 
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Figure 18.2-19.  Effect of Increasing PZ Concentration on MEA Volatility from 2 to 3.6 m in a 
5 m K+ + 7 m MEA Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 
m MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 5 m K+ + 7 m MEA+ 3.6 m PZ.  Lines: OLS 
Approximations. 
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Figure 18.2-20.  Effect of Increasing PZ Concentration on PZ Volatility from 2 to 3.6 m in a 5 
m K+ + 7 m MEA Solution at 40 and 60 oC.  Points: ♦ (40 oC) and ■ (60 oC) for 5 m K+ + 7 m 
MEA+ 2 m PZ, ◊ (40 oC) and □ (60 oC) for 5 m K+ + 7 m MEA+ 3.6 m PZ.  Lines: OLS 
Approximations. 
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18.3  Combined Model Predictions 
 

A simple Aspen PlusTM Flash model was used to test the predictive capability of the 

H2O-K2CO3-MEA-PZ-CO2 combined model against experimental data from this work.  For 

each data point, the deviation between the experimental and estimated values is expressed in 

terms of the average absolute relative deviation (AARD) given in Table 18.3-1. 

Table 18.3-1.  Absolute Percent Relative Error for the H2O-K2CO3-MEA-PZ-CO2 System. 

 AARD (%) 

System PCO2 PMEA PPZ 
5 m K++3.5 m MEA+2 m PZ 1071 54 73 

2.5 m K++3.5 m MEA+2 m PZ 168 64 47 
5 m K++7 m MEA+2 m PZ 402 58 43 

2.5 m K++7 m MEA+2 m PZ 26 56 37 
2.5 m K++7 m MEA+3.6 m PZ 26 49 21 
5 m K++7 m MEA+3.6 m PZ 20 44 23 

2.5 m K++3.5 m MEA+1.8 m PZ 79 62 45 
5 m K++3.5 m MEA+3.6 m PZ 254 24 32 

2.5 m K++3.5 m MEA+3.6 m PZ 38 43 17 
Overall 237 51 38 

 
Overall, the combined model adequately described most of the H2O-K2CO3-MEA-

PZ-CO2 property data list above.  Even though, the combined model did fall short in 

describing the CO2 solubility in 5 m K++3.5 m MEA+2 m PZ, 2.5 m K++3.5 m MEA+2 m 

PZ, 5 m K++7 m MEA+2 m PZ, and 5 m K++3.5 m MEA+3.6 m PZ, the combined model 

did an adequate job at predicting the amine volatility for all of the solvents studied in this 

work.  The above results would suggest that there may be a need for parameter optimization 

to improve the statistical fit of the experimental data as described by the combined model. 
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One of the goals of this work was to be able to build a consistent and rigorous 

thermodynamic model to describe the base systems.  The three models where then merged 

to test the combined model’s predictive behavior.   Table 18.3-1 illustrates that a simple 

exchange between binary interaction parameters, as utilized in previous chapters, to create a 

combined model for the H2O-K2CO3-MEA-PZ-CO2 system did not result in an adequate fit 

of the experimental data.  We would recommend that future work interested in the H2O-

K2CO3-MEA-PZ-CO2 system to optimize the binary interaction parameters to capture 

systematic trends presented within the experimental data.  The rest of this chapter will 

illustrate VLE predictions based on the combined model for the H2O-K2CO3-MEA-PZ-CO2 

system. 

Figure 18.3-1 through Figure 18.3-27 compares experimental CO2 solubility and 

amine volatility from this work to predictions from the combined elecNRTL model.  As 

illustrated in Table 18.3-1 the combined model adequately describes most of the 

experimental H2O-K2CO3-MEA-PZ-CO2 system data, but does fall short for the previously 

mentioned compositions.  In addition, the combined model does not predict the 

precipitation of KHCO3 and K2PZ(COO)2 as illustrated in Chapter V.  Figure 18.3-10 

through Figure 18.3-27 illustrates the combined model predictions to experimental amine 

volatility from this work.  Raoult’s Law approximations have also been included to described 

the departure from an ideal solution behavior as compared to predictions from the 

combined elecNRTL model.  Even though, Raoult’s Law does not adequately describe the 

amine volatility, the comparison does illustrate a considerable effect of the activity 

coefficient on the prediction of the amine vapor pressure. 
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Figure 18.3-1.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 5 m K+ + 3.5 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-2.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 2.5 m K+ + 3.5 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-3.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 5 m K+ + 7 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-4.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 2.5 m K+ + 7 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-5.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 2.5 m K+ + 7 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-6.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 5 m K+ + 7 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-7.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 2.5 m K+ + 3.5 m MEA + 1.8 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-8.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 5 m K+ + 3.5 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-9.  Comparison of Experimental CO2 Solubility to Combined Model Predictions 
for 2.5 m K+ + 3.5 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Lines: 
Combined elecNRTL Model Predictions. 
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Figure 18.3-10.  Comparison of Experimental MEA Volatility to Combined Model 
Predictions for 5 m K+ + 3.5 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  
Solid Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law 
Approximations. 
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Figure 18.3-11.  Comparison of Experimental MEA Volatility to Combined Model Predictions 
for 2.5 m K+ + 3.5 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid Lines: 
Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 

 

0.0001

0.001

0.01

0.1

0.3 0.35 0.4 0.45 0.5 0.55

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

M
E

A
 P

ar
ti

al
 P

re
ss

u
re

 (
kP

a)

40 oC

60 oC

 
Figure 18.3-12.  Comparison of Experimental MEA Volatility to Combined Model 
Predictions for 5 m K+ + 7 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  
Solid Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law 
Approximations. 
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Figure 18.3-13.  Comparison of Experimental MEA Volatility to Combined Model 
Predictions for 2.5 m K+ + 7 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  
Solid Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law 
Approximations. 
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Figure 18.3-14.  Comparison of Experimental MEA Volatility to Combined Model 
Predictions for 2.5 m K+ + 7 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  
Solid Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law 
Approximations. 
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Figure 18.3-15.  Comparison of Experimental MEA Volatility to Combined Model 
Predictions for 5 m K+ + 7 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  
Solid Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law 
Approximations. 
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Figure 18.3-16.  Comparison of Experimental MEA Volatility to Combined Model 
Predictions for 2.5 m K+ + 3.5 m MEA + 1.8 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  
Solid Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law 
Approximations. 
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Figure 18.3-17.  Comparison of Experimental MEA Volatility to Combined Model 
Predictions for 5 m K+ + 3.5 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  
Solid Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law 
Approximations. 

 

0.0001

0.001

0.01

0.1

0.36 0.38 0.4 0.42 0.44 0.46 0.48 0.5

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

M
E

A
 P

ar
ti

al
 P

re
ss

ur
e 

(k
P

a)

40 oC

60 oC

 
Figure 18.3-18.  Comparison of Experimental MEA Volatility to Combined Model 
Predictions for 2.5 m K+ + 3.5 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  
Solid Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law 
Approximations. 
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Figure 18.3-19.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 5 m K+ + 3.5 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid Lines: 
Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 
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Figure 18.3-20.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 2.5 m K+ + 3.5 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid Lines: 
Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 
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Figure 18.3-21.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 5 m K+ + 7 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid Lines: 
Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 
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Figure 18.3-22.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 2.5 m K+ + 7 m MEA + 2 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid Lines: 
Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 
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Figure 18.3-23.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 2.5 m K+ + 7 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid Lines: 
Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 
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Figure 18.3-24.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 5 m K+ + 7 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid Lines: 
Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 
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Figure 18.3-25.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 2.5 m K+ + 3.5 m MEA + 1.8 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid 
Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 

 

0.001

0.01

0.1

1

0.3 0.32 0.34 0.36 0.38 0.4 0.42

Loading (mol CO2/mol K+ + mol MEA + 2·mol PZ)

P
Z

 P
ar

ti
al

 P
re

ss
u

re
 (

kP
a)

40 oC

60 oC

 
Figure 18.3-26.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 5 m K+ + 3.5 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid Lines: 
Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 
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Figure 18.3-27.  Comparison of Experimental PZ Volatility to Combined Model Predictions 
for 2.5 m K+ + 3.5 m MEA + 3.6 m PZ at 40 and 60 oC.  Points: ♦, 40 oC, ■, 60 oC.  Solid 
Lines: Combined elecNRTL Model Predictions.  Dash Lines: Raoult’s Law Approximations. 

 

18.4  Conclusions 
 

In conclusion, in this work we have illustrated an approach to predicting the vapor 

phase behavior of CO2, MEA and PZ associated with the H2O-K2CO3-MEA-PZ-CO2 

system.  For the H2O-K2CO3-MEA-PZ-CO2 system, all of the practical binary interaction 

parameters and state properties used to describe interactions between molecule-molecule, 

molecule-electrolyte, and electrolyte-electrolyte already were assigned in previous chapters.  

Thus, the H2O-K2CO3-MEA-PZ-CO2 system illustrated the final test for the predictive 

capabilities of the combined model.  As a result, the combined model adequately described 

most of the H2O-K2CO3-MEA-PZ-CO2 property even though, the combined model did fall 

short in describing the CO2 solubility in 5 m K++3.5 m MEA+2 m PZ, 2.5 m K++3.5 m 

MEA+2 m PZ, 5 m K++7 m MEA+2 m PZ, and 5 m K++3.5 m MEA+3.6 m PZ.  The 
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combined model did do an adequate job in predicting the amine volatility for all of the 

solvents studied in this work.  Results presented in this work would suggest that there may 

be a need for parameter optimization to improve the statistical fit of the experimental data as 

described by the combined model. 

In terms of differential capacity, 7 m MEA demonstrated a greater differential 

capacity as compared to piperazine or other mixed salt-amine systems.  For mixed salt-amine 

systems composed of 2.5 m K+ did exhibited an increase in the differential capacity as 

compared to similar systems containing 5 m K+.  Overall, 2.5 m K++7 m MEA+2 m PZ 

exhibited the largest differential capacity equal to 0.17 out of nine solvents studied as part of 

this work.  In addition, Table 18.2-3 illustrated that 7 m MEA demonstrated a greater range 

of volatility at 40 oC as compared to piperazine or other mixed salt-amine systems.  For 

different combinations of potassium + 7 m MEA + piperazine; the relative volatility of 

MEA remained between 55 and 27 ppmv over the range of CO2 partial pressures.  When the 

MEA concentration decreased from 7 m to 3.5 m, the volatility of MEA volatility decreased 

due to the decease in the total alkalinity of the solvent and is reflected in the MEA volatility 

deceasing by a factor of 2.  However, PZ volatility remained approximately constant and is 

consistent with effects exhibited in the H2O-MEA-PZ systems, where large changes in the 

solution alkalinity may not have an effect on the volatility of PZ. 

One of the goals of this work was to be able to build a consistent and rigorous 

thermodynamic model to describe the base systems.  Then combine the three models and 

test the predictive behavior of the combined model.   Table 18.3-1 illustrated that a simple 

exchange between binary interaction parameters, as utilized in previous chapters, to create a 
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combined model for the H2O-K2CO3-MEA-PZ-CO2 system did not result in an adequate fit 

of the experimental data.  We would recommend that future work interested in the H2O-

K2CO3-MEA-PZ-CO2 system to optimize the binary interaction parameters to capture 

systematic trends presented within the experimental data. 
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_________________ 

CHAPTER XIX  Overall Differential Capacity 
 and Amine Volatility 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

19.1  Introduction 
 

In this work, we have completed a comprehensive review of experimental data 

collected and have created a rigorous and consistent thermodynamic model to describe the 

sub-component systems for the H2O-K2CO3-MEA-PZ-CO2 system.  Some parts of the 

model adequately described systematic trends better than others, but on the whole we are 

satisfied with the overall result.  At this point, we can use the experimental data collected in 

this work and illustrate systematic trends for the differential capacity and amine volatility 

associated with each solvent.   
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19.2  Differential Capacity 
 

We can quantify the effects of CO2 solubility in the systems studied in this work by 

illustrating trends in experimental CO2 solubility at 60 oC based on the differential capacity 

of the solvent between the range of 0.01 and 1.0 kPa as shown in Table 19.2-1. 

Table 19.2-1.  Differential Capacity Based on Experimental CO2 Solubility at 60 oC Between 
the Range of 0.01 and 1.0 kPa from this work. 

    Differential Capacity 
K+ (m) MEA (m) PZ (m) TA α β γ δ 

- 7 - 7 0.34 2.38 - 0.34 
- 3.5 - 3.5 0.32 1.11 - 0.32 
- 11 - 11 0.32 3.50 - 0.32 
- - 0.9 1.8 0.21 0.38 0.21 - 
- - 2 4 0.23 0.90 0.23 - 
- - 2.5 5 0.24 1.19 0.24 - 
- - 3.6 7.2 0.22 1.60 0.22 - 
- - 5 10 0.20 1.96 0.20 - 
- 3.5 2 7.5 0.24 1.82 0.46 0.52 
- 3.5 3.6 10.7 0.24 2.60 0.36 0.74 
- 7 2 11 0.26 2.82 0.71 0.40 
- 7 3.6 14.2 0.22 3.08 0.43 0.44 

2.5 3.5 - 6 0.15 0.87 - 0.25 
2.5 7 - 9.5 0.16 1.50 - 0.21 
5 3.5 - 8.5 0.12 1.06 - 0.30 
5 7 - 12 0.11 1.27 - 0.18 
5 - 2.5 10 0.13 1.32 0.26 - 

3.6 - 0.6 4.8 0.15 0.71 0.59 - 
3.6 - 1.8 7.2 0.14 1.02 0.28 - 
3.6 - 3.6 10.8 0.15 1.58 0.22 - 
6 - 1.2 8.4 0.13 1.06 0.44 - 
5 - 3.6 12.2 0.12 1.43 0.20 - 
5 - 2 9 0.13 1.18 0.29 - 

2.5 - 3.6 9.7 0.19 1.83 0.25 - 
2.5 - 2 6.5 0.16 1.06 0.27 - 
5 3.5 2 12.5 0.13 1.57 0.39 0.45 

2.5 3.5 2 10 0.16 1.60 0.40 0.46 
5 7 2 16 0.15 2.34 0.59 0.33 

2.5 7 2 13.5 0.16 2.21 0.55 0.32 
2.5 7 3.6 16.7 0.13 2.25 0.31 0.32 
5 7 3.6 19.2 0.14 2.60 0.36 0.37 

2.5 3.5 1.8 9.6 0.16 1.50 0.42 0.43 
5 3.5 3.6 15.7 0.12 1.84 0.26 0.52 

2.5 3.5 3.6 13.2 0.14 1.88 0.26 0.54 
        TA: Total Alkalinity, α: mol CO2/Total Alkalinity, β: mol CO2/kg-H2O, 
        γ: mol CO2/mol MEA, δ: mol CO2/2·mol PZ. 
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 We can illustrate trends presented in Table 19.2-1 for the differential capacity of each 

solvent normalized by the kilograms of H2O within the solvent as shown in Figure 19.2-1.  

Ordinary least squared (OLS) approximations were added for clarification. 
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Figure 19.2-1.  Differential Capacity of Each Solvent Normalized by the Kilograms of Water.  
Points: ■, H2O-MEA-CO2, ♦, H2O-PZ-CO2, ●, H2O-MEA-PZ-CO2, ▲, H2O-K2CO3-PZ-CO2, 
×, H2O-K2CO3-MEA-CO2, *, H2O-K2CO3-MEA-PZ-CO2. Lines: OLS Approximations. 

 
Figure 19.2-1, vis-à-vis Table 19.2-1, illustrates that very few solvent compositions 

have a greater differential capacity than 7 m MEA; specifically only five solvents (11 m 

MEA, 3.5 m MEA + 3.6 m MEA, 7 m MEA + 2 m PZ, 7 m MEA + 3.6 m PZ, and 5 m K+ 

+ 7 m MEA + 3.6 m PZ) demonstrate a greater differential capacity as compared to 7 m 

MEA.  Piperazine may exhibit a possible maximum differential capacity of 2.21 at a 
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piperazine concentration of 7.3 m based on a forward extrapolation of the OLS curve.  For 

the two mixed salt-amine systems, only systems composed of piperazine exhibit an increase 

in the differential capacity as compared to similar systems containing monoethanolamine.       

19.3  Amine Volatility 
 

Experimental amine volatility at 40 oC for each solvent can then be compared based 

on a CO2 partial pressure from 0.01 to 0.1 kPa as illustrated in Figure 19.3-1 and Figure 19.3-

2 based on experimental MEA and PZ volatility.  Table 19.3-1 compares the amine volatility 

for the 37 mixed salt and or amine systems in this work at 40 oC. 
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Figure 19.3-1.  Comparison of Normalized MEA Volatility versus CO2 Solubility at 40 oC from 
this work.  Points: ♦, H2O-MEA-CO2, ▲, H2O-MEA-PZ-CO2, ●, H2O-K2CO3-MEA-CO2, ■, 
H2O-K2CO3-MEA-PZ-CO2.  Lines: OLS Approximations. 
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Figure 19.3-2.  Comparison of Normalized PZ Volatility versus CO2 Solubility at 40 oC from 
this work. Points: ♦, H2O-PZ-CO2, ▲, H2O-MEA-PZ-CO2, ●, H2O-K2CO3-PZ-CO2, ■, H2O-
K2CO3-MEA-PZ-CO2. Lines: OLS Approximations. 

 
Table 19.3-1.  Comparison of Experimental Amine Volatility Evaluated at a CO2 Partial 
Pressure from 0.01 to 0.1 kPa at 40 oC. 

      
K+ (m) MEA (m) PZ (m) TA PMEA (ppmv) PPZ (ppmv) 

- 7 - 7 58 - 38   
- 3.5 - 3.5 39 - 31   
- 11 - 11 84 - 49   
- - 0.9 1.8   10 - 8 
- - 2 4   22 - 18 
- - 2.5 5   25 - 20 
- - 3.6 7.2   34 - 24 
- - 5 10   37 - 24 
- 3.5 2 7.5 32 - 24 18 - 14 
- 3.5 3.6 10.7 26 - 17 25 - 17 
- 7 2 11 56 - 37 18 - 14 
- 7 3.6 14.2 55 - 34 30 - 18 

2.5 3.5 - 6 41 - 29   
2.5 7 - 9.5 74 - 44   
5 3.5 - 8.5 43 - 25   
5 7 - 12 59 - 41   
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K+ (m) MEA (m) PZ (m) TA PMEA (ppmv) PPZ (ppmv) 

5 - 2.5 10   32 - 13 
3.6 - 0.6 4.8   10 - 4 
3.6 - 1.8 7.2   22 - 12 
3.6 - 3.6 10.8   36 - 15 
6 - 1.2 8.4   22 - 6 
5 - 3.6 12.2   54 - 39 
5 - 2 9   27 - 11 

2.5 - 3.6 9.7   29 - 16 
2.5 - 2 6.5   15 - 9 
5 3.5 2 12.5 25 - 15 24 - 9 

2.5 3.5 2 10 32 - 20 29 - 14 
5 7 2 16 60 - 27 39 - 11 

2.5 7 2 13.5 54 - 28 32 - 12 
2.5 7 3.6 16.7 54 - 25 60 - 17 
5 7 3.6 19.2 54 - 29 49 - 23 

2.5 3.5 1.8 9.6 37 - 22 33 - 14 
5 3.5 3.6 15.7 25 - 14 52 - 17 

2.5 3.5 3.6 13.2 31 - 16 68 - 21 
    TA: Total Alkalinity 

 

Figure 19.3-1, vis-à-vis Table 19.3-1, illustrates that with the addition of potassium to 

a ternary mixture of H2O-MEA-CO2, the volatility of MEA increases whereas with the 

addition of piperazine and or potassium the volatility of MEA decreased.  Over the CO2 

partial pressure range of 0.01 to 0.1 kPa, the volatility of MEA can be approximated to be 50 

ppmv at 40 oC for any solvent composition studied in this work within an absolute error of 

approximately ± 15 percent.  In terms of PZ volatility, with the addition of potassium and 

potassium + MEA to a ternary mixture of H2O-PZ-CO2, the volatility of PZ increases at low 

CO2 partial pressures and has the opposite effect at high CO2 partial pressures.  On the 

other hand, with the addition of MEA, the volatility of PZ decreases by a factor of 

approximately 1.5.  Over the CO2 partial pressure range of 0.01 to 0.1 kPa the volatility of 

PZ can be approximated to be approximately 20 ppmv at 40 oC for any solvent composition 

studied in this work within an absolute error of approximately ± 30 percent. 
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19.4  Conclusions 
 

In this work, we have illustrated trends associated with differential capacity and 

amine volatility for each solvent concentration studied.  We have been able to generalize 

systematic trends associated with the experimental data where very few solvent compositions 

exhibited a greater differential capacity as compared to 7 m MEA at 60 oC.  Piperazine was 

shown to have the possibility to exhibit a maximum differential capacity of 2.21 at a 

piperazine concentration of 7.3 m based on a forward extrapolation of the OLS curve, but 

this would need to be validated through additional experimentation.  We would recommend 

that additional CO2 solubility and PZ volatility measurements be carried out for piperazine 

concentrations greater than 5 m but less than 10 m.  Concentrations greater than 10 m PZ 

would be exponentially difficult to handle in terms of avoiding salt precipitation in the low 

temperature atmospheric pressures reactor used in this work to determine the CO2 solubility 

and amine volatility at 40 and 60 oC.  Generally, over the CO2 partial pressure range of 0.01 

to 0.1 kPa, the volatility of MEA and PZ can be approximated to be 50 ppmv and 20 ppmv at 

40 oC for any solvent composition studied within an absolute error of approximately ± 15 

and 30 percent, respectively. 
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_________________ 

CHAPTER XX  Summary and 
 Recommendations 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 
 

At the end of each chapter, we gave detailed conclusions and recommendations on 

each topic covered in this work.  This chapter provides a summary based on previous 

chapters and offers suggestions for future work.  

 
In this work we developed a new vapor-liquid equilibrium apparatus to measure 

carbon dioxide, amine, and water vapor pressures at 40 and 60 oC for aqueous combinations 

of potassium carbonate (K2CO3), potassium bicarbonate (KHCO3), monoethanolamine 

(MEA), piperazine (PZ), and carbon dioxide (CO2).  We found that the volatility of MEA 

and PZ can be approximated at 50 ppmv and 20 ppmv at 40 oC for any solvent composition 

studied in this work, within an absolute error of approximately ± 15 and 30 percent, 

respectively, over the CO2 partial pressure range of 0.01 to 0.1 kPa.  We have also 

generalized systematic trends associated with the experimental data; very few solvent 
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compositions exhibited a greater differential capacity than 7 m MEA at 60 oC.  Piperazine 

exhibited a possible maximum differential capacity of 2.21 mole CO2/kg-H2O at a 

concentration of 7.3 m, but this would need to be validated through addition 

experimentation.  We recommend that additional CO2 solubility and PZ volatility 

measurements be carried out for piperazine concentrations greater than 5 m but less than   

10 m.  Concentrations greater than 10 m PZ would be exponentially difficult to handle in 

terms of avoiding salt precipitation in the low temperature atmospheric pressure reactor used 

in this work to determine the CO2 solubility and amine volatility at 40 and 60 oC. 

As in international collaboration between The University of Texas and the 

Norwegian University of Science and Technology, Kim (2007) determined the differential 

enthalpy of CO2 absorption for aqueous combinations of potassium carbonate, potassium 

bicarbonate, monoethanolamine, piperazine, and carbon dioxide, based on a consistent 

experimental method she developed for monoethanolamine [Kim et al. (2007)], from 40 to 

120 oC for use in this work.  In addition, we developed a consistent method, based on the 

ASTM standard, to measure the specific heat capacity for a number of similar solvent 

combinations.  We found that the enthalpy of CO2 absorption increased in temperature 

because the apparent partial heat capacity of CO2 is small due to the heat capacities of the 

amine carbamate and the hydrated amine are approximately equal over a given temperature 

interval. 

By using a differential scanning calorimeter, we determined the dissolution 

temperature for aqueous mixtures of unloaded piperazine.  When this data was modeled, we 

found that piperazine hexahydrate (PZ·6H2O) would not precipitate from solutions of 
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concentrated piperazine, greater than 5 m PZ, over a loading range between 0.25 to 0.45 

mole CO2/2·mol PZ.  In addition, we were able to identify and characterize the presence of 

three solid phases, in aqueous mixture combinations of potassium carbonate, potassium 

bicarbonate, piperazine, and carbon dioxide, in the H2O-PZ system as piperazine 

hexahydrate  and in the H2O-K2CO3-PZ-CO2 system as potassium bicarbonate (KHCO3) 

and dipotassium piperazine dicarbamate (K2PZ(COO)2) through a unit cell x-ray diffraction 

analysis performed by Lynch (2007). 

Finally, we developed a rigorous and consistent thermodynamic model in Aspen 

PlusTM 2006.5 which adequately predicts CO2 solubility, amine volatility, enthalpy of CO2 

absorption, and specific heat capacity for the base sub-component systems in aqueous 

mixture combinations of potassium carbonate, potassium bicarbonate, monoethanolamine, 

piperazine, and carbon dioxide.  Due to the broad scope of this work, the model does not 

represent a comprehensive thermodynamic model for all systems studied in this work and 

therefore should not be relied upon for extrapolation outside the bounds of this work. 
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APPENDIX A  CO2 Analysis 
 via Titration 
  
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
  

A.1  Experimental Method 
 
The CO2 loading analysis was preformed by using two parallel liquid samples each titrated 
for CO2 and total alkalinity using barium chloride (BaCl2) precipitation and sulfuric acid 
(H2SO4), respectively, using a Metrohm 720 SM Titrino automatic titrator. The relative 
standard uncertainty in the loadings was estimated to be ± 2 %. 
 

A.2  CO2 Analysis Procedure 
 
Sample Preparation 
   

1. Take a 250 ml Erlenmeyer flask and dispense 25 ml of 0.5 M BaCl2 and 50 ml of 0.1 
M NaOH from the automatic dispensers. 

2. Weigh the flask and tare the scale. 
3. Use an automatic pipette and dispense 0.25 ml of sample into the Erlenmeyer flask 

and weight. 
4. Record the weight of the sample. 
5. Seal the flask with a stopper with vapor tube. 
6. Place the flask on the warming plate and bring to a boil. 
7. Boil for ~4 minutes. 

a. BaCO3 will precipitate out of solution by the given reaction: 
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 ( )2
2 3 22Ba CO OH BaCO s H O+ −+ + = +  

 
8. After 4 minutes, transfer the flask to the cooling tray and wait 5 minutes. 
9. After 5 minutes replace the stopper with a square of paraffin wax and seal the flask. 
10. After 5 minutes the flask should be at room temperature and can then be transported 

to the vacuum filtration apparatus. 
 
CO2 Filtration 
 

1. Take a silicone filter and place it in the center the vacuum filter. 
a. The thickness of filter is 0.6 micrometer with a diameter of 47 millimeters. 

2. Start the vacuum filter. 
3. Wet the filter with a little bit of DI water. 
4. Place the top of the filter and clap the apparatus together. 
5. Pour your cooled solution into the middle of filter. 
6. Use DI water to get the last drop of solution from the flask rim. 
7. Go through 3 - 100 ml washings of the flask. 
8. Carefully take off the top of the vacuum filter and place it onto the work bench. 
9. Remove the filter and place it into a 100 ml beaker. 
10. Place the top of the vacuum filter on top of the 100 beaker and rinse the top with 50 

ml of DI water. 
11. Turn off the suction. 

 
CO2 Titration 
 

1. Weigh the flask and tare the scale. 
2. For Sample A and B, dispense 40 ml of a 0.1 N HCl solution using the automatic 

dispenser. 
3. For the Blank, dispense 10 ml of a 0.1 N HCl solution using the automatic dispenser. 
4. Barium carbonate will then react with the hydrochloric acid liberating CO2 into the 

solution by the following reaction: 
 

 3 2 2 22BaCO HCl BaCl CO H O+ = + +  
 

5. Record the weight of the acid. 
6. Place on the magnetic stirrer and allow the BaCO3 to dissolve completely. 
7. After the BaCO3 has completely dissolved, place the flask on the autotitrator. 
8. We are going to titrate the solution with 0.1 M NaOH until we get a pH=5.2 

b. A method has been programmed into the autotitrator to stops automatically 
after measuring a pH = 5.2 for a given period of time. 

9. Rinse the electrode and the NaOH dispenser with DI water. 
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10. Tap dry with a paper towel. 
11. Push the dose button twice to clear the line. 
12. Push the fill button to fill the reservoir. 
13. Place the flask on the magnetic stirrer and lower the electrode into the solution. 
14. Be careful not to allow the electrode to touch the magnetic stirrer. 
15. Push start. 
16. After the titration is complete, record the final amount of NaOH. 
17. Use the following equation to calculate the CO2 concentration: 

 

( ) ( ) ( ) ( ) ( )[ ]
( )2

Blank Blank NaOH1
mole/kg-soln

20
HCl gm NaOH ml HCl gm ml

CO
Sample gm

− − −
= ⋅  

A.3  Total Alkalinity Analysis Procedure 
 
Sample Preparation 
 

1. Take a 100 ml beaker and dispense 60 ml of DI water from the automatic dispenser. 
2. Weigh the beaker and tare the scale. 
3. Use an automatic pipette and dispense 0.5 ml of sample into the beaker and weight. 
4. Record the weight of the sample. 
5. Place the beaker on the autotitrator with a magnetic stir rode in the bottom of the 

beaker. 
6. We are going to titrate the solution with 0.1 M H2SO4 until we get a pH~2.00 

c. A method has not been programmed into the autotitrator to stop 
automatically, so you will have to monitor the titration results. 

7. Rinse the electrode and the H2SO4 dispenser with DI water. 
8. Tap dry with a paper towel. 
9. Push the dose button twice to clear the line. 
10. Push the fill button to fill the reservoir. 
11. Place the flask on the magnetic stirrer and lower the electrode into the solution. 
12. Be careful not to allow the electrode to touch the magnetic stir rode. 
13. Push start. 
14. After the titration is complete, record the amount of H2SO4 and the measured pH at 

each equivalence point.  An example of a typical titration curve for a loaded amine 
solution is shown in Figure A.3-1. 

 
Please note:  Since CO2 species are present in the titration; at point “A” CO2 species are 
reacting with the acid to form bicarbonate.  On the other side of point “A” the bicarbonate 
reacts with more acid to form CO2 (g).  With increasing amounts of acid, more of amine 
species are protanated where beyond point “B” most of the amine species are converted to 
the ionic form. 
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Figure A.3-1.  Example Titration Curve for a Loaded Amine Solution. 

 
15. Use the following equation to calculate the total alkalinity at Point B: 

 

( ) ( )
( )

2 4 0.2
Total Alkalinity mole/kg-soln

H SO ml
Sample gm

⋅
=  

 
Please note: For samples containing a primary and a secondary amine, the total alkalinity will 
be equal to the primary amine plus two times the secondary amine (i.e. MEA + 2PZ). 
 

A.4  Total Piperazine Analysis Procedure 
 
Sample Preparation 
 

1. Take the Total Alkalinity 100 ml beaker and place the flask on the warming plate and 
bring to a boil. 

2. Boil for ~2 minutes. 
3. After 2 minutes, transfer the beaker to the cooling tray and wait 5 minutes until the 

beaker returns to room temperature. 
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4. We are going to titrate the solution with 0.1 M NaOH until we get a pH=10.0 
d. A method has not been programmed into the autotitrator to stop 

automatically, so you will have to monitor the titration results. 
5. Rinse the electrode and the NaOH dispenser with DI water. 
6. Tap dry with a paper towel. 
7. Push the dose button twice to clear the line. 
8. Push the fill button to fill the reservoir. 
9. Place the flask on the magnetic stirrer and lower the electrode into the solution. 
10. Be careful not to allow the electrode to touch the magnetic stir rode. 
11. Push start. 
16. After the titration is complete, record the amount of NaOH and the measured pH at 

each equivalence point.  An example of a typical back titration curve for a loaded 
amine solution is shown in Figure A.4-1. 
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Figure A.4-1.  Example Back Titration Curve for a Loaded Amine Solution. 

 
Please note: A back titration is only required when your sample contains two different 
amines (i.e. MEA and PZ) or salt plus amine.  In Figure A.4-1, the measured pH to the left 
of point “A” represents a buffer between H+ → H2O.  Between points “A” and “B” 
represents another buffer region between PZH+2 → PZH+ and the region to the right of 
point “B” represent a buffer between PZH+ → PZ.  By taking the difference between points 
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“B” and “A” we can represent the total amount of piperazine that has been converted from 
PZH+2.  
 

12. Use the following equation to calculate the total piperazine concentration: 
 

( )
( ) ( )

( )

7 4 0.1
Total Piperazine mole/kg-soln

pH pHNaOH ml NaOH ml
Sample gm

= =⎡ ⎤− ⋅⎣ ⎦=  

 
 
We can now use both equations to solve for the amount of primary amine (i.e. MEA) in our 
sample by the following equation: 
 
 ( )mole/kg-soln 2MEA TA TPZ= − ⋅  
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APPENDIX B  CO2 Analysis 
 via Acidic Evolution 
  
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 

B.1  Reagents 
 
Solution standards were made from sodium carbonate (Na2CO3) obtained from Acros 
Organics, 99.5 % pure, without further purification.  Nitrogen (N2) gas was obtained from 
the Cryogenics Laboratory at The University of Texas at Austin at a purity of 99.0 mol%. 
 

B.2  Experimental Method 
 
CO2 loading analysis was determined by analyzing for total inorganic carbon by acidic 
evolution, 30 wt% phosphoric acid (H2PO4), into a Horiba PIR 2000 carbon dioxide 
analyzer shown in Figure B.2-1. 
 

iMac

 
 

Figure B.2-1.  Process Flow Diagram for CO2 Analysis. 
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During the analysis, N2 gas flows through a evolution column (EC) containing ~1 cm3 of 
H2PO4.  When a standard (1000 ppmv Na2CO3) or unknown sample is injected into the EC, 
CO2 is released through the following chemical reactions: 
 
 2 3 32            H O H O OH Kw H O OH+ − + −⎡ ⎤ ⎡ ⎤↔ + = ⎣ ⎦ ⎣ ⎦  (1) 

For the polyfunctional acid: 
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For the polyfunctional base:  
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B.3  Sample Preparation 
 
For each sample to be analyzed, the total dissolved CO2 concentration in each sample should 
be within the range of 15 – 150 ppmv of total carbon.  If the sample has a high total CO2 
concentration, the sample should be diluted in order for the analyzer response to stay within 
the calibration range. 
 
Sample Dilution 
 
1. Weigh a dry 25 ml volumetric flask and tare the scale. 
2. Record the weight of the flask. 
3. Use a glass pipette and dispense ~25 ml of Ultra pure DI-water so that the meniscus or 

the curved upper surface of the liquid is just touching the 25 ml calibration line. 
4. Record the weight of the sample. 
5. Use an automatic pipette; dispense 100 µl of your sample into the volumetric flask. 
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6. Record the weight of the sample. 
7. Seal the volumetric flask with a yellow stopper. 
 
Now we can determine the dilution factor for your unknown sample using the following 
equation: 

 2H O

Sample

m
F

m
=  

B.4  Equipment Preparation 
 
Drying bed(s) 
 
There are 3 magnesium perchlorate drying beds on the carbonate analyzer.  The first bed 
must be changed each day before analyzing samples.  It may also need to be changed again if 
many samples are to be analyzed.  The second drying bed may be changed occasionally if the 
analyzer continues giving erratic results after changing the first bed.  The third drying bed 
should rarely need to be changed.  
 
To change any of the drying beds: 
 
1. Remove the drying bed by pulling up on the glass tube.  Be careful not to break the glass. 
2. Discard the glass wool and the old bed. 
3. Wash out the glass tube and then dry thoroughly. 
4. Cut a small piece of glass wool and insert it into one end of the glass tube. 
5. Through the other end, fill the tube with large magnesium perchlorate crystals. 
6. Cut another small piece of glass wool and insert it into the open end of the tube. 
7. Place the drying bed back in the carbonate analyzer. 
 
Gas flow 
 
1. Verify that the nitrogen (N2) cylinder is open and the pressure regulator is set at a 

minimum pressure of 40 psi. 
2. Open the nitrogen needle valve by the hood. 
3. Adjust the rotameter so that the middle of the ball float is at 12. 
4. Check that the gas is flowing all the way through the analyzer and is not obstructed. 
5. Allow N2 to flow through the analyzer for ~5 minutes before starting your analysis. 
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Acid bath 
 
1. Obtain 30 wt% phosphoric acid (H3PO4) solution. 
2. Check that the septum on the analyzer for wear.  If necessary, turn off gas and replace 

septum. 
3. Using a 3 mL syringe, inject approximately 1 mL of acid into the analyzer. 
4. Wait for the background CO2 to be stripped out of solution and allow the analyzer 

response to stabilize/return back to “zero.” 
 
Data Logger 
 
1. Turn on the computer and log-in using the Rochelle Group password. 
2. The data logger software can be found by going to START>Programs>Pico 

Technology>PicoLog Recorder   
3. The data logger will record the voltage, in 1 second increments, from the CO2 analyzer 

and display the values graphically and in a tabular spreadsheet format. 
4. Create a new file for your calibration/sample data points by pressing the New File 

button on the control panel. 
5. Save your data under My Documents and then the appropriate subfolder.   
6. When you are ready to start collecting data, BEFORE you inject a solution into the CO2 

analyzer, press the Start Recording button on the control panel. 
7. When you are finished collecting data for sample, press the Stop Recording button on 

the control panel. 
8. You can transfer your tabular data to Excel by pressing Select button and then by 

pressing Copy to clipboard button on the control panel. 
9. Open Excel and select cell A1 and press Ctrl V to paste your data into the spreadsheet. 
10. Make sure that the average area deviation for each group of calibration points is < 2 % 

error.  Please refer to the Data Analysis Section for more information about calculating 
the area for each curve. 

B.5 Calibration 
 
The calibration solutions and procedure will depend on the expected concentrations of the 
samples to be analyzed. 
 
Standard solutions 
 
For our standard, we will be using a 15, 25, 50, 75, 100, 125, and 150 ppmv of carbon 
solutions prepared from sodium carbonate (Na2CO3).  Make sure that you follow proper 
laboratory procedures when handling this standards.  Please replace and tighten the cap after 
each use. 
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Calibration procedure 
 
Calibrate the total carbonate analyzer by injecting different amounts of a known 
concentration. 
1. Adjust the range on the analyzer.  (For spray experiments, the analyzer should be on the 

0.05% range.) 
2. Flush a 250 µL syringe with Ultra-pure DI-H2O and discard into a waste container. 
3. Repeat Step 2 three times to clean the syringe. 
4. Record the weight of the syringe. 
5. Draw 100 µL of standard solution into a 100 µL syringe and then discard it. 
6. Draw 100 µL of standard solution into the 100 µL syringe. 
7. Press Start Recording on the Data Logger control panel. 
8. Inject the 100 µL of standard solution into the analyzer. 
9. Watch for the peak on the data logger and wait for the analyzer output to return to zero. 
10. Repeat steps 2, 3, 5-7, 9-10 until you have three peaks in close agreement (similar peak 

heights). 
11. Press Stop Recording when you are finished collecting data for a particular data point. 
12. Press Re-Record and then create a new file to store your new data. 
13. Repeat with other volumes of the standard solutions to create a calibration curve. 
 
Sample Analysis 
 
1. Flush a 100 µL syringe with Ultra-pure DI-H2O and discard into a waste container. 
2. Repeat Step 2 three times to clean the syringe. 
3. Draw 100 µL of the dilute sample into the 100 µL syringe and then discard it.  
4. Draw 100 µL of the dilute sample into the 100 µL syringe. 
5. Press Start Recording on the Data Logger control panel. 
6. Inject the 100 µL of sample into the analyzer. 
7. Watch for the peak on the data logger and wait for the analyzer output to return to zero. 
8. Repeat steps 1-9 until you have three peaks in close agreement (similar peak heights). 
9. Press Stop Recording when you are finished collecting data for a particular data point. 

B.6  Data Analysis 
Once you have collected your data, integrate the peak area using the trapezoid rule. 
 

 
( )1

1 12

n n

i i i
i i

hA a f f +
= =

= = +∑ ∑
 

where, 
n  is the number of data points in your curve, 
h  is the length of the interval, 1 sec, 

if  is the voltage of data point i. 
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In Excel, your data should look something like this. 
 

A B C
1 Sample 1
2 Time Voltage Area
3 Seconds V
4 Trapezoid
5 0 0 =(B5+B6)*0.5
6 1 0.0027 =(B6+B7)*0.5+C5
7 2 0.0098 =(B6+B7)*0.5+C6  

 
Drag the formula in cell C7 until the analyzer output (voltage) returns to zero.  At this point, 
the value will correspond to the area under the curve as shown below in Figure B.6-1. 
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Figure B.6-1.  Response Signal for 100 ppmv of Carbon Standard of Na2CO3 Solution. 
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Figure B.6-2.  Acidic Evolution Calibration Curve Based on Na2CO3 Standards. 

 
1. Calculate the area for the other data points you have collected.  
2. Calculate the average area for each set of data points. 
3. Make sure that the average area deviation for each group of calibration points is < 2 % 

error. 
 
Your calibration curve will look something like Figure B.6-2.  From this you will be able to 
determine the total CO2 concentration of your dilute unknown sample. 
 
Use the calibration curve to determine the concentration of your unknown sample based on 
the integrated area of the response peaks in ppmv of carbon. 
 
Then convert ppmv of carbon to mol CO2/kg-soln using the following equation: 
 

 
2

v2 ppm  of Carbonmol CO
kg-soln 12.0107*1000COn ⎛ ⎞

=⎜ ⎟
⎝ ⎠

 

 
Then you can calculate the concentration of total CO2 in your concentrated sample using the 
dilution factor of your unknown sample. 

 
2 2

2mol CO *
kg-solnCO CON n F⎛ ⎞

=⎜ ⎟
⎝ ⎠
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B.7  Troubleshooting 
 
From time to time, check that the rotameter is still at 12 and inject 100 µL of the 100 ppmv 
standard solution to check the calibration. 
 
Sample cell gets full 
 
1. Remove the acid bath/sample solution from the analyzer with the 3 mL syringe. 
2. Flush a 100 µL syringe with Ultra-pure DI-H2O and discard into a waste container.  
3. Using a 3 mL syringe, inject approximately 1mL of acid into the analyzer. 
4. Wait for the background CO2 to be stripped out of solution.  Allow the analyzer 

response to stabilize/return back to “zero.” 
5. Inject 100 µL of standard solution to check the calibration. 
 
Sudden drop in gas flow 
 
1. Check gas flow through analyzer. 
2. May need to change the drying bed.  Turn off the gas flow, empty the acid bath, and 

replace the drying bed(s). 
 
No response from analyzer 
 
1. Check gas flow through analyzer. 
2. Inspect tubing inside and outside of analyzer. 
 
Shutdown 
 
1. Reduce the gas flow by turning the rotameter down to about 3. 
2. Remove the acid bath/sample solution from the analyzer with the 3mL syringe.  
3. Turn the rotameter down to zero.  Close the nitrogen needle valve by the hood. 
4. If no one else is using the nitrogen, close the cylinder. 
5. Rinse the syringes with distilled water. 
6. Close the PicoLog Recorder and shut down the computer. 

B.8  Total Alkalinity Analysis Procedure 
 
Please refer to Appendix A, Section A.3 for more information.  The same method was used 
in this work. 

B.9  Total Piperazine Analysis Procedure 
 
Please refer to Appendix A, Section A.4 for more information.  The same method was used 
in this work. 
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APPENDIX C  FT-IR Analysis Methods 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

C.1  Introduction 
 

This appendix documents the CALCMETTM analysis method used in this work for 

low CO2 concentration analysis, medium CO2 concentration analysis, and high CO2 

concentration analysis as described in Chapter II.  

C.2  Low CO2 Concentration Analysis Method 
 
LibraryPath = C:\Pickle Piperazine Method\ 
ComponentNumber = 1 
ComponentName = Water vapor H2O 
ConcentrationUnit = vol-% 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 15 
Range2 = 0 30 
AlarmLimits = 0 30 
AlarmSound = 0 
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Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 1 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 11 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1096 1304 1 
AnalysisArea = 1 1923 2223 1 
AnalysisArea = 1 2559 3319 0.5 
Interference = 001111101000100000001100111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = H2O_03.ref 
ReferenceFile = H2O_01.ref 
ReferenceFile = H2O_02.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_04.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_06.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_08.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_10.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_12.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_24.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_26.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_28.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_30.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_22.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_14.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_16.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_18.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_20.ref 
ComponentNumber = 2 
ComponentName = Carbon dioxide CO2 (vol%) 
ConcentrationUnit = vol-% 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 2 
Range1 = 0 5 
Range2 = 0 50 
AlarmLimits = 0 60 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 0 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 910 1019 1 
AnalysisArea = 0 2450 2650 0.5 
AnalysisArea = 1 1984 2169 0.5 
Interference = 101011101000000000000100111001 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 3 
ComponentName = Carbon monoxide CO 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
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AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 500 
AlarmLimits = 0 5000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2007 2207 0.5 
AnalysisArea = 1 2624 2750 1 
AnalysisArea = 0 2550 2600 1 
Interference = 100011101000000000001100111101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = CO_998.ref 
ReferenceFile = CO_11.ref 
ReferenceFile = CO_51.ref 
ReferenceFile = CO_100.ref 
ReferenceFile = CO_200.ref 
ReferenceFile = CO_402.ref 
ReferenceFile = CO_602.ref 
ReferenceFile = CO_805.ref 
ComponentNumber = 4 
ComponentName = Methane CH4 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1292 1412 0.5 
AnalysisArea = 1 2833 3203 0.5 
AnalysisArea = 1 3018 3203 0.5 
Interference = 100010101000100000001100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Methane CH4 0050 ppm.ref 
ReferenceFile = C:\Library180\Methane CH4 0101 ppm.ref 
ComponentNumber = 5 
ComponentName = Nitrous oxide N2O 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
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ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 100 
Range2 = 0 500 
AlarmLimits = 0 100000 
AlarmSound = 1 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2107 2246 0.5 
AnalysisArea = 1 2647 2900 1 
AnalysisArea = 0 2400 2700 1 
Interference = 101101101000000000001100111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Nitrous oxide N2O 0122 ppm.ref 
ReferenceFile = Nitrous oxide N2O 0050 ppm.ref 
ComponentNumber = 6 
ComponentName = Nitrogen monoxide NO 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 150 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1760 1868 0.8 
AnalysisArea = 1 1883 2099 0.8 
AnalysisArea = 1 2450 2700 1 
Interference = 1010100010000000000001001001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = NO_194.ref 
ReferenceFile = NO_10.ref 
ReferenceFile = NO_50.ref 
ReferenceFile = NO_99.ref 
ComponentNumber = 7 
ComponentName = Nitrogen dioxide NO2 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
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ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 941 1397 1 
AnalysisArea = 0 1497 1706 1.8 
AnalysisArea = 1 2550 2933 0.5 
Interference = 100110001000100000001100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Nitrogen dioxide NO2 0050 ppm.ref 
ReferenceFile = NO2_194.ref 
ReferenceFile = Nitrogen dioxide NO2 0005 ppm.ref 
ComponentNumber = 8 
ComponentName = Sulfur dioxide SO2 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 500 
Range2 = 0 3000 
AlarmLimits = 0 5000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1042 1250 1 
AnalysisArea = 0 1190 1250 1 
AnalysisArea = 1 2485 2600 1 
Interference = 1100100010000000000011001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = SO2_810.ref 
ReferenceFile = SO2_1012.ref 
ReferenceFile = SO2_202.ref 
ReferenceFile = SO2_408.ref 
ReferenceFile = SO2_50.ref 
ReferenceFile = SO2_602.ref 
ReferenceFile = SO2_10.ref 
ComponentNumber = 9 
ComponentName = Ammonia NH3 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
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ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 250 
Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 6 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 910 980 0.5 
AnalysisArea = 0 1096 1250 0.5 
AnalysisArea = 1 3196 3396 0.5 
Interference = 100010100000100000001100111101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = NH3_1000ppm.ref 
ReferenceFile = NH3_51ppm.ref 
ReferenceFile = NH3_100ppm.ref 
ReferenceFile = NH3_249ppm.ref 
ReferenceFile = NH3_498ppm.ref 
ReferenceFile = NH3_742ppm.ref 
ComponentNumber = 10 
ComponentName = Hydrogen chloride HCl 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 0 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 2550 2990 1 
AnalysisArea = 0 2550 3200 1 
AnalysisArea = 1 2609 2888 0.5 
Interference = 00000001000000000000001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = HCl_983.ref 
ReferenceFile = HCL_801.ref 
ReferenceFile = HCL_100.ref 
ReferenceFile = HCL_19.ref 
ReferenceFile = HCL_200.ref 
ReferenceFile = HCL_403.ref 
ReferenceFile = HCL_49.ref 
ReferenceFile = HCL_51.ref 
ReferenceFile = HCL_599.ref 
ReferenceFile = HCL_10.ref 
ComponentNumber = 11 
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ComponentName = Hydrogen fluoride HF 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 10 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 910 1397 1 
AnalysisArea = 0 1798 2246 1 
AnalysisArea = 1 4010 4230 1 
Interference = 100000000100001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library180\HF_100.ref 
ComponentNumber = 12 
ComponentName = MEK C4H80 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 950 1230 0.5 
AnalysisArea = 1 1644 1837 0.5 
AnalysisArea = 0 2871 3064 0.5 
Interference = 1111111110101110111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Methyl ethyl ketone C4H8O 0021 ppm.ref 
ReferenceFile = C:\Temet\library\Methyl ethyl ketone C4H8O 0058 ppm.ref 
ComponentNumber = 13 
ComponentName = Ethylene C2H4 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
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AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 500 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 0 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 918 995 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2925 3234 1 
Interference = 100010001000000000001100011101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Ethylene C2H4 0093 ppm.ref 
ComponentNumber = 14 
ComponentName = Acetone C3H60 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1142 1320 0.5 
AnalysisArea = 0 1798 2238 1 
AnalysisArea = 0 2825 3450 1 
Interference = 1001110010110000111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Acetone C3H6O 0084 ppm.ref 
ReferenceFile = C:\Temet\library\Acetone C3H6O 0490 ppm.ref 
ComponentNumber = 15 
ComponentName = Sulfur Hexafluoride 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 20 
Range2 = 0 1000 
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AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 895 1032 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2550 3450 1 
Interference = 1101010111111100110111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\EMS Library\SF6-10.ref 
ComponentNumber = 16 
ComponentName = Hexane C6H14 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 900 1400 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 1 2825 3003 0.5 
Interference = 11010011010101001111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Hexane C6H14 0024 ppm.ref 
ReferenceFile = C:\Temet\library\Hexane C6H14 0045 ppm.ref 
ComponentNumber = 17 
ComponentName = Propane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
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UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1296 1558 0.5 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 1 2918 3100 1 
Interference = 11011011111101010111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Propane C3H8 0147 ppm.ref 
ComponentNumber = 18 
ComponentName = Butane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 895 1380 0.8 
AnalysisArea = 0 1810 2223 0.8 
AnalysisArea = 1 2550 2910 0.5 
Interference = 10011011010101011011111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Butane C4H10 0097 ppm.ref 
ComponentNumber = 19 
ComponentName = Octane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 895 1380 0.8 
AnalysisArea = 0 1810 2223 0.8 
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AnalysisArea = 1 2800 2965 0.8 
Interference = 11010011010101011101111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\n-Octane C8H18 0036 ppm.ref 
ComponentNumber = 20 
ComponentName = Benzene C2H6 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 910 1397 1 
AnalysisArea = 0 1798 2238 1 
AnalysisArea = 1 3000 3130 0.5 
Interference = 101100001001111111101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Benzene C6H6 0066 ppm.ref 
ComponentNumber = 21 
ComponentName = Formaldehyde 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 995 1250 1 
AnalysisArea = 1 2450 2600 0.6 
AnalysisArea = 1 2650 3211 0.5 
Interference = 100110101000100000000100111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = HCHO_50.ref 
ReferenceFile = Formaldehyde CH2O.ref 
ReferenceFile = HCHO_10.ref 
ComponentNumber = 22 
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ComponentName = Acetaldehyde 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 3200 3350 1 
AnalysisArea = 1 2925 3200 1 
AnalysisArea = 1 2638 2916 1 
Interference = 100110101000100000001000111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Acetaldehyde C2H4O_05.ref 
ReferenceFile = Acetaldehyde C2H4O 0100 ppm.ref 
ReferenceFile = Acetaldehyde C2H4O 0500 ppm.ref 
ComponentNumber = 23 
ComponentName = Ozone O3 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 926 1127 1 
AnalysisArea = 0 1798 2246 1 
AnalysisArea = 0 2550 3450 1 
Interference = 1101010110110110111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = O3_785.ref 
ReferenceFile = O3_560.ref 
ReferenceFile = O3_190.ref 
ComponentNumber = 24 
ComponentName = SO3 
ConcentrationUnit = ppm 
ActiveLines = All 
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AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1196 1397 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2550 3450 1 
Interference = 110000011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\DemoLibrary\Sulfur trioxide SO3 50ppm (cemdemo).ref 
ComponentNumber = 25 
ComponentName = MEA 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 300 
Range2 = 0 700 
AlarmLimits = 0 15000 
AlarmSound = 1 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.005 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2624 3150 1 
AnalysisArea = 1 2416 2601 1 
AnalysisArea = 0 995 1119 1 
Interference = 100110100000100000001100011011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = MEA_500.ref 
ReferenceFile = MEA_100.ref 
ReferenceFile = C:\Pickle References\MEA_15000.ref 
ReferenceFile = C:\Pickle References\MEA_1000.ref 
ReferenceFile = C:\Pickle References\MEA_2000.ref 
ReferenceFile = C:\Pickle References\MEA_5000.ref 
ReferenceFile = C:\Pickle References\MEA_10000.ref 
ComponentNumber = 26 
ComponentName = Methanol 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
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OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 25 
Range2 = 0 500 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.005 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 995 1073 1 
AnalysisArea = 1 1095 1150 1 
AnalysisArea = 1 2450 3180 1 
Interference = 100110101000100000001100101111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Methanol_100.ref 
ComponentNumber = 27 
ComponentName = Methylamine 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2022 2223 1 
AnalysisArea = 1 2450 2650 1 
AnalysisArea = 1 2800 3203 1 
Interference = 101111101000100000001100110111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Methylamine CH5N 0100 ppm.ref 
ReferenceFile = Methylamine CH5N 0500 ppm.ref 
ReferenceFile = Methylamine CH5N 0894 ppm.ref 
ComponentNumber = 28 
ComponentName = Carbon Dioxide CO2 (ppm) 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
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RangeSetting = 0 
Range1 = 0 1000 
Range2 = 0 7000 
AlarmLimits = 0 6000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2207 2501 1 
AnalysisArea = 1 1984 2169 1 
AnalysisArea = 0 910 1019 1 
Interference = 101011101000100000001100111001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = CO2_1000ppm.ref 
ReferenceFile = CO2_5000ppm.ref 
ReferenceFile = CO2_100ppm.ref 
ReferenceFile = CO2_15000ppm.ref 
ReferenceFile = CO2_50ppm.ref 
ReferenceFile = CO2_250ppm.ref 
ReferenceFile = CO2_750ppm.ref 
ReferenceFile = CO2_2500ppm.ref 
ReferenceFile = CO2_500ppm.ref 
ComponentNumber = 29 
ComponentName = Methane CH4 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1292 1412 0.5 
AnalysisArea = 1 2833 3203 0.5 
AnalysisArea = 1 3018 3203 0.5 
Interference = 100110101000000000001100101001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Methane CH4 0101 ppm.ref 
ReferenceFile = Methane CH4 0050 ppm.ref 
ComponentNumber = 30 
ComponentName = Piperazine 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
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ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 250 
Range2 = 0 500 
AlarmLimits = 0 500 
AlarmSound = 1 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 4 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1096 1380 1 
AnalysisArea = 0 1810 2223 1 
AnalysisArea = 1 2550 3095 1 
Interference = 10011010100010000000110011101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Piperazine_2ppm_180C.ref 
ReferenceFile = Piperazine_105ppm_180C.ref 
ReferenceFile = Piperazine_188ppm_180C.ref 
ReferenceFile = Piperazine_407ppm_180C.ref 
ReferenceFile = Piperazine_471ppm_180C.ref 
ReferenceFile = Piperazine_40ppm_180C.ref 
ComponentNumber = 201 
ComponentName = NOx 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 250 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0000111 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 202 
ComponentName = THC 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 500 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0001000000011 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 211 
ComponentName = Input1 
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ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 212 
ComponentName = Input2 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 213 
ComponentName = Input3 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 214 
ComponentName = Input4 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
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Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 215 
ComponentName = Input5 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 216 
ComponentName = Input6 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 217 
ComponentName = Input7 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 218 
ComponentName = Input8 
ConcentrationUnit = % 
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ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 219 
ComponentName = Pressure 
ConcentrationUnit = mbar 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 2000 
Range2 = 0 2000 
AlarmLimits = 900 2000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 220 
ComponentName = Oxygen (O2) 
ConcentrationUnit = vol-% 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 221 
ComponentName = AUX 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
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AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
 

C.3  Medium CO2 Concentration Analysis Method 
 
LibraryPath = C:\Pickle Piperazine Method\ 
ComponentNumber = 1 
ComponentName = Water vapor H2O 
ConcentrationUnit = vol-% 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 15 
Range2 = 0 30 
AlarmLimits = 0 30 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 1 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 11 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1096 1304 1 
AnalysisArea = 1 1923 2223 1 
AnalysisArea = 1 2559 3319 0.5 
Interference = 001111101000100000001100111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = H2O_03.ref 
ReferenceFile = H2O_01.ref 
ReferenceFile = H2O_02.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_04.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_06.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_08.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_10.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_12.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_24.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_26.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_28.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_30.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_14.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_16.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_18.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_20.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_22.ref 
ComponentNumber = 2 
ComponentName = Carbon dioxide CO2 (vol%) 
ConcentrationUnit = vol-% 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
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ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 2 
Range1 = 0 5 
Range2 = 0 50 
AlarmLimits = 0 60 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 0 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 910 1019 1 
AnalysisArea = 0 2450 2650 0.5 
AnalysisArea = 1 1984 2169 0.5 
Interference = 101011101000000000000100111001 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 3 
ComponentName = Carbon monoxide CO 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 500 
AlarmLimits = 0 5000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2007 2207 0.5 
AnalysisArea = 1 2624 2750 1 
AnalysisArea = 0 2550 2600 1 
Interference = 100011101000000000001100111101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = CO_998.ref 
ReferenceFile = CO_11.ref 
ReferenceFile = CO_51.ref 
ReferenceFile = CO_100.ref 
ReferenceFile = CO_200.ref 
ReferenceFile = CO_402.ref 
ReferenceFile = CO_602.ref 
ReferenceFile = CO_805.ref 
ComponentNumber = 4 
ComponentName = Methane CH4 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
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ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1292 1412 0.5 
AnalysisArea = 1 2833 3203 0.5 
AnalysisArea = 1 3018 3203 0.5 
Interference = 100010101000100000001100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Methane CH4 0050 ppm.ref 
ReferenceFile = C:\Library180\Methane CH4 0101 ppm.ref 
ComponentNumber = 5 
ComponentName = Nitrous oxide N2O 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 100 
Range2 = 0 500 
AlarmLimits = 0 100000 
AlarmSound = 1 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2107 2246 0.5 
AnalysisArea = 1 2647 2900 1 
AnalysisArea = 0 2400 2700 1 
Interference = 101101101000000000001100111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Nitrous oxide N2O 0122 ppm.ref 
ReferenceFile = Nitrous oxide N2O 0050 ppm.ref 
ComponentNumber = 6 
ComponentName = Nitrogen monoxide NO 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 150 
AlarmLimits = 0 1000 
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AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1760 1868 0.8 
AnalysisArea = 1 1883 2099 0.8 
AnalysisArea = 1 2450 2700 1 
Interference = 1010100010000000000001001001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = NO_194.ref 
ReferenceFile = NO_10.ref 
ReferenceFile = NO_50.ref 
ReferenceFile = NO_99.ref 
ComponentNumber = 7 
ComponentName = Nitrogen dioxide NO2 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 941 1397 1 
AnalysisArea = 0 1497 1706 1.8 
AnalysisArea = 1 2550 2933 0.5 
Interference = 100110001000100000001100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Nitrogen dioxide NO2 0050 ppm.ref 
ReferenceFile = NO2_194.ref 
ReferenceFile = Nitrogen dioxide NO2 0005 ppm.ref 
ComponentNumber = 8 
ComponentName = Sulfur dioxide SO2 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 500 
Range2 = 0 3000 
AlarmLimits = 0 5000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
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Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1042 1250 1 
AnalysisArea = 0 1190 1250 1 
AnalysisArea = 1 2485 2600 1 
Interference = 1100100010000000000011001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = SO2_810.ref 
ReferenceFile = SO2_1012.ref 
ReferenceFile = SO2_202.ref 
ReferenceFile = SO2_408.ref 
ReferenceFile = SO2_50.ref 
ReferenceFile = SO2_602.ref 
ReferenceFile = SO2_10.ref 
ComponentNumber = 9 
ComponentName = Ammonia NH3 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 250 
Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 6 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 910 980 0.5 
AnalysisArea = 0 1096 1250 0.5 
AnalysisArea = 1 3196 3396 0.5 
Interference = 100010100000100000001100111101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = NH3_1000ppm.ref 
ReferenceFile = NH3_51ppm.ref 
ReferenceFile = NH3_100ppm.ref 
ReferenceFile = NH3_249ppm.ref 
ReferenceFile = NH3_498ppm.ref 
ReferenceFile = NH3_742ppm.ref 
ComponentNumber = 10 
ComponentName = Hydrogen chloride HCl 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
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Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 0 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 2550 2990 1 
AnalysisArea = 0 2550 3200 1 
AnalysisArea = 1 2609 2888 0.5 
Interference = 00000001000000000000001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = HCl_983.ref 
ReferenceFile = HCL_801.ref 
ReferenceFile = HCL_100.ref 
ReferenceFile = HCL_19.ref 
ReferenceFile = HCL_200.ref 
ReferenceFile = HCL_403.ref 
ReferenceFile = HCL_49.ref 
ReferenceFile = HCL_51.ref 
ReferenceFile = HCL_599.ref 
ReferenceFile = HCL_10.ref 
ComponentNumber = 11 
ComponentName = Hydrogen fluoride HF 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 10 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 910 1397 1 
AnalysisArea = 0 1798 2246 1 
AnalysisArea = 1 4010 4230 1 
Interference = 100000000100001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library180\HF_100.ref 
ComponentNumber = 12 
ComponentName = MEK C4H80 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 

3225



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
896 

RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 950 1230 0.5 
AnalysisArea = 1 1644 1837 0.5 
AnalysisArea = 0 2871 3064 0.5 
Interference = 1111111110101110111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Methyl ethyl ketone C4H8O 0021 ppm.ref 
ReferenceFile = C:\Temet\library\Methyl ethyl ketone C4H8O 0058 ppm.ref 
ComponentNumber = 13 
ComponentName = Ethylene C2H4 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 500 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 0 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 918 995 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2925 3234 1 
Interference = 100010001000000000001100011101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Ethylene C2H4 0093 ppm.ref 
ComponentNumber = 14 
ComponentName = Acetone C3H60 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
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Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1142 1320 0.5 
AnalysisArea = 0 1798 2238 1 
AnalysisArea = 0 2825 3450 1 
Interference = 1001110010110000111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Acetone C3H6O 0084 ppm.ref 
ReferenceFile = C:\Temet\library\Acetone C3H6O 0490 ppm.ref 
ComponentNumber = 15 
ComponentName = Sulfur Hexafluoride 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 20 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 895 1032 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2550 3450 1 
Interference = 1101010111111100110111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\EMS Library\SF6-10.ref 
ComponentNumber = 16 
ComponentName = Hexane C6H14 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
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BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 900 1400 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 1 2825 3003 0.5 
Interference = 11010011010101001111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Hexane C6H14 0024 ppm.ref 
ReferenceFile = C:\Temet\library\Hexane C6H14 0045 ppm.ref 
ComponentNumber = 17 
ComponentName = Propane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1296 1558 0.5 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 1 2918 3100 1 
Interference = 11011011111101010111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Propane C3H8 0147 ppm.ref 
ComponentNumber = 18 
ComponentName = Butane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 895 1380 0.8 
AnalysisArea = 0 1810 2223 0.8 
AnalysisArea = 1 2550 2910 0.5 
Interference = 10011011010101011011111 
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CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Butane C4H10 0097 ppm.ref 
ComponentNumber = 19 
ComponentName = Octane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 895 1380 0.8 
AnalysisArea = 0 1810 2223 0.8 
AnalysisArea = 1 2800 2965 0.8 
Interference = 11010011010101011101111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\n-Octane C8H18 0036 ppm.ref 
ComponentNumber = 20 
ComponentName = Benzene C2H6 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 910 1397 1 
AnalysisArea = 0 1798 2238 1 
AnalysisArea = 1 3000 3130 0.5 
Interference = 101100001001111111101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Benzene C6H6 0066 ppm.ref 
ComponentNumber = 21 
ComponentName = Formaldehyde 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
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OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 995 1250 1 
AnalysisArea = 1 2450 2600 0.6 
AnalysisArea = 1 2650 3211 0.5 
Interference = 100110101000100000000100111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = HCHO_50.ref 
ReferenceFile = Formaldehyde CH2O.ref 
ReferenceFile = HCHO_10.ref 
ComponentNumber = 22 
ComponentName = Acetaldehyde 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 3200 3350 1 
AnalysisArea = 1 2925 3200 1 
AnalysisArea = 1 2638 2916 1 
Interference = 100110101000100000001000111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Acetaldehyde C2H4O_05.ref 
ReferenceFile = Acetaldehyde C2H4O 0100 ppm.ref 
ReferenceFile = Acetaldehyde C2H4O 0500 ppm.ref 
ComponentNumber = 23 
ComponentName = Ozone O3 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
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ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 926 1127 1 
AnalysisArea = 0 1798 2246 1 
AnalysisArea = 0 2550 3450 1 
Interference = 1101010110110110111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = O3_785.ref 
ReferenceFile = O3_560.ref 
ReferenceFile = O3_190.ref 
ComponentNumber = 24 
ComponentName = SO3 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1196 1397 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2550 3450 1 
Interference = 110000011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\DemoLibrary\Sulfur trioxide SO3 50ppm (cemdemo).ref 
ComponentNumber = 25 
ComponentName = MEA 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 300 
Range2 = 0 500 
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AlarmLimits = 0 15000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.005 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2624 3150 1 
AnalysisArea = 1 2416 2601 1 
AnalysisArea = 0 995 1119 1 
Interference = 100110100000100000001100011011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = MEA_500.ref 
ReferenceFile = MEA_100.ref 
ReferenceFile = C:\Pickle References\MEA_15000.ref 
ReferenceFile = C:\Pickle References\MEA_1000.ref 
ReferenceFile = C:\Pickle References\MEA_2000.ref 
ReferenceFile = C:\Pickle References\MEA_5000.ref 
ReferenceFile = C:\Pickle References\MEA_10000.ref 
ComponentNumber = 26 
ComponentName = Methanol 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 25 
Range2 = 0 500 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.005 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 995 1073 1 
AnalysisArea = 1 1095 1150 1 
AnalysisArea = 1 2450 3180 1 
Interference = 100110101000100000001100101111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Methanol_100.ref 
ComponentNumber = 27 
ComponentName = Methylamine 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 

3232



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
903 

AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2022 2223 1 
AnalysisArea = 1 2450 2650 1 
AnalysisArea = 1 2800 3203 1 
Interference = 101111101000100000001100110111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Methylamine CH5N 0100 ppm.ref 
ReferenceFile = Methylamine CH5N 0500 ppm.ref 
ReferenceFile = Methylamine CH5N 0894 ppm.ref 
ComponentNumber = 28 
ComponentName = Carbon Dioxide CO2 (ppm) 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 5000 
Range2 = 0 25000 
AlarmLimits = 0 25000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 6 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 2207 2501 1.2 
AnalysisArea = 1 1984 2169 1 
AnalysisArea = 1 910 1019 1 
Interference = 101010101000100000001100111001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = CO2_500ppm.ref 
ReferenceFile = CO2_1000ppm.ref 
ReferenceFile = CO2_5000ppm.ref 
ReferenceFile = CO2_100ppm.ref 
ReferenceFile = CO2_15000ppm.ref 
ReferenceFile = CO2_50ppm.ref 
ReferenceFile = CO2_250ppm.ref 
ReferenceFile = CO2_750ppm.ref 
ReferenceFile = CO2_2500ppm.ref 
ComponentNumber = 29 
ComponentName = Methane CH4 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
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Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1292 1412 0.5 
AnalysisArea = 1 2833 3203 0.5 
AnalysisArea = 1 3018 3203 0.5 
Interference = 100110101000000000001100101001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Methane CH4 0101 ppm.ref 
ReferenceFile = Methane CH4 0050 ppm.ref 
ComponentNumber = 30 
ComponentName = Piperazine 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 250 
Range2 = 0 500 
AlarmLimits = 0 500 
AlarmSound = 1 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 4 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1096 1380 1 
AnalysisArea = 0 1810 2223 1 
AnalysisArea = 1 2550 3095 1 
Interference = 10011010100010000000110011101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Piperazine_2ppm_180C.ref 
ReferenceFile = Piperazine_105ppm_180C.ref 
ReferenceFile = Piperazine_188ppm_180C.ref 
ReferenceFile = Piperazine_407ppm_180C.ref 
ReferenceFile = Piperazine_471ppm_180C.ref 
ReferenceFile = Piperazine_40ppm_180C.ref 
ComponentNumber = 201 
ComponentName = NOx 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
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Range2 = 0 250 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0000111 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 202 
ComponentName = THC 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 500 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0001000000011 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 211 
ComponentName = Input1 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 212 
ComponentName = Input2 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 213 
ComponentName = Input3 
ConcentrationUnit = % 
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ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 214 
ComponentName = Input4 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 215 
ComponentName = Input5 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 216 
ComponentName = Input6 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
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AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 217 
ComponentName = Input7 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 218 
ComponentName = Input8 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 219 
ComponentName = Pressure 
ConcentrationUnit = mbar 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 2000 
Range2 = 0 2000 
AlarmLimits = 900 2000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 220 
ComponentName = Oxygen (O2) 
ConcentrationUnit = vol-% 
ActiveLines = All 
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AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 221 
ComponentName = AUX 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 

C.4  High CO2 Concentration Analysis Method 
 
LibraryPath = C:\Pickle Piperazine Method\ 
ComponentNumber = 1 
ComponentName = Water vapor H2O 
ConcentrationUnit = vol-% 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 15 
Range2 = 0 30 
AlarmLimits = 0 30 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 1 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 12 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1093 1304 1 
AnalysisArea = 1 1923 2223 1 
AnalysisArea = 1 2550 3319 0.5 
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Interference = 011111101000100000001100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = H2O_03.ref 
ReferenceFile = H2O_01.ref 
ReferenceFile = H2O_02.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_04.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_06.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_08.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_10.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_12.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_24.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_26.ref 
ReferenceFile = C:\Pickle Piperazine Method\Water Ref - 20050802\H2O_28.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_30.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_14.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_16.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_18.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_20.ref 
ReferenceFile = C:\Library 01253\Water Ref - 20040616\H2O_22.ref 
ComponentNumber = 2 
ComponentName = Carbon dioxide CO2 (vol%) 
ConcentrationUnit = vol-% 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 15 
Range2 = 0 60 
AlarmLimits = 0 50 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 3 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 910 1019 1 
AnalysisArea = 0 2450 2650 0.5 
AnalysisArea = 1 1984 2169 0.5 
Interference = 101010101000100000001100111001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = CO2_30vol.ref 
ReferenceFile = CO2_06vol.ref 
ReferenceFile = CO2_03vol.ref 
ReferenceFile = CO2_27vol.ref 
ReferenceFile = CO2_24vol.ref 
ReferenceFile = CO2_21vol.ref 
ReferenceFile = CO2_09vol.ref 
ReferenceFile = CO2_12vol.ref 
ReferenceFile = CO2_15vol.ref 
ReferenceFile = CO2_50vol.ref 
ComponentNumber = 3 
ComponentName = Carbon monoxide CO 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
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ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 500 
AlarmLimits = 0 5000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2007 2207 0.5 
AnalysisArea = 1 2624 2750 1 
AnalysisArea = 0 2550 2600 1 
Interference = 110011101000000000001100111001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = CO_998.ref 
ReferenceFile = CO_11.ref 
ReferenceFile = CO_51.ref 
ReferenceFile = CO_100.ref 
ReferenceFile = CO_200.ref 
ReferenceFile = CO_402.ref 
ReferenceFile = CO_602.ref 
ReferenceFile = CO_805.ref 
ComponentNumber = 4 
ComponentName = Methane CH4 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1292 1412 0.5 
AnalysisArea = 1 2833 3203 0.5 
AnalysisArea = 1 3018 3203 0.5 
Interference = 100010101000100000001100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Methane CH4 0050 ppm.ref 
ReferenceFile = C:\Library180\Methane CH4 0101 ppm.ref 
ComponentNumber = 5 
ComponentName = Nitrous oxide N2O 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
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ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 100 
Range2 = 0 500 
AlarmLimits = 0 100000 
AlarmSound = 1 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2107 2246 0.5 
AnalysisArea = 1 2647 2900 1 
AnalysisArea = 0 2400 2700 1 
Interference = 111101101000000000001100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Nitrous oxide N2O 0122 ppm.ref 
ReferenceFile = Nitrous oxide N2O 0050 ppm.ref 
ComponentNumber = 6 
ComponentName = Nitrogen monoxide NO 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 150 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1760 1868 0.8 
AnalysisArea = 1 1883 2099 0.8 
AnalysisArea = 1 2450 2700 1 
Interference = 1110100010000000000001001001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = NO_194.ref 
ReferenceFile = NO_10.ref 
ReferenceFile = NO_50.ref 
ReferenceFile = NO_99.ref 
ComponentNumber = 7 
ComponentName = Nitrogen dioxide NO2 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
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Range1 = 0 20 
Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 941 1397 1 
AnalysisArea = 0 1497 1706 1.8 
AnalysisArea = 1 2550 2933 0.5 
Interference = 100110001000100000001100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Nitrogen dioxide NO2 0050 ppm.ref 
ReferenceFile = NO2_194.ref 
ReferenceFile = Nitrogen dioxide NO2 0005 ppm.ref 
ComponentNumber = 8 
ComponentName = Sulfur dioxide SO2 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 500 
Range2 = 0 3000 
AlarmLimits = 0 5000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1042 1250 1 
AnalysisArea = 0 1190 1250 1 
AnalysisArea = 1 2485 2600 1 
Interference = 1100100010000000000011001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = SO2_810.ref 
ReferenceFile = SO2_1012.ref 
ReferenceFile = SO2_202.ref 
ReferenceFile = SO2_408.ref 
ReferenceFile = SO2_50.ref 
ReferenceFile = SO2_602.ref 
ReferenceFile = SO2_10.ref 
ComponentNumber = 9 
ComponentName = Ammonia NH3 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
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RangeSetting = 0 
Range1 = 0 250 
Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 6 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 910 980 0.5 
AnalysisArea = 0 1096 1250 0.5 
AnalysisArea = 1 3196 3396 0.5 
Interference = 110010100000100000001100111001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = NH3_1000ppm.ref 
ReferenceFile = NH3_51ppm.ref 
ReferenceFile = NH3_100ppm.ref 
ReferenceFile = NH3_249ppm.ref 
ReferenceFile = NH3_498ppm.ref 
ReferenceFile = NH3_742ppm.ref 
ComponentNumber = 10 
ComponentName = Hydrogen chloride HCl 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 1000 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 0 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 2550 2990 1 
AnalysisArea = 0 2550 3200 1 
AnalysisArea = 1 2609 2888 0.5 
Interference = 00000001000000000000001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = HCl_983.ref 
ReferenceFile = HCL_801.ref 
ReferenceFile = HCL_100.ref 
ReferenceFile = HCL_19.ref 
ReferenceFile = HCL_200.ref 
ReferenceFile = HCL_403.ref 
ReferenceFile = HCL_49.ref 
ReferenceFile = HCL_51.ref 
ReferenceFile = HCL_599.ref 
ReferenceFile = HCL_10.ref 
ComponentNumber = 11 
ComponentName = Hydrogen fluoride HF 
ConcentrationUnit = ppm 
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ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 10 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 910 1397 1 
AnalysisArea = 0 1798 2246 1 
AnalysisArea = 1 4010 4230 1 
Interference = 100000000100001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library180\HF_100.ref 
ComponentNumber = 12 
ComponentName = MEK C4H80 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 950 1230 0.5 
AnalysisArea = 1 1644 1837 0.5 
AnalysisArea = 0 2871 3064 0.5 
Interference = 1111111110101110111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Methyl ethyl ketone C4H8O 0021 ppm.ref 
ReferenceFile = C:\Temet\library\Methyl ethyl ketone C4H8O 0058 ppm.ref 
ComponentNumber = 13 
ComponentName = Ethylene C2H4 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
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ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 500 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 0 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 918 995 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2925 3234 1 
Interference = 110010001000000000001100011001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Ethylene C2H4 0093 ppm.ref 
ComponentNumber = 14 
ComponentName = Acetone C3H60 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1142 1320 0.5 
AnalysisArea = 0 1798 2238 1 
AnalysisArea = 0 2825 3450 1 
Interference = 1001110010110000111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Acetone C3H6O 0084 ppm.ref 
ReferenceFile = C:\Temet\library\Acetone C3H6O 0490 ppm.ref 
ComponentNumber = 15 
ComponentName = Sulfur Hexafluoride 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 20 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
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Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 895 1032 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2550 3450 1 
Interference = 1101010111111100110111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\EMS Library\SF6-10.ref 
ComponentNumber = 16 
ComponentName = Hexane C6H14 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 900 1400 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 1 2825 3003 0.5 
Interference = 11010011010101001111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Hexane C6H14 0024 ppm.ref 
ReferenceFile = C:\Temet\library\Hexane C6H14 0045 ppm.ref 
ComponentNumber = 17 
ComponentName = Propane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
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DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1296 1558 0.5 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 1 2918 3100 1 
Interference = 11011011111101010111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Propane C3H8 0147 ppm.ref 
ComponentNumber = 18 
ComponentName = Butane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 895 1380 0.8 
AnalysisArea = 0 1810 2223 0.8 
AnalysisArea = 1 2550 2910 0.5 
Interference = 10011011010101011011111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Butane C4H10 0097 ppm.ref 
ComponentNumber = 19 
ComponentName = Octane 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 895 1380 0.8 
AnalysisArea = 0 1810 2223 0.8 
AnalysisArea = 1 2800 2965 0.8 
Interference = 11010011010101011101111 
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CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\n-Octane C8H18 0036 ppm.ref 
ComponentNumber = 20 
ComponentName = Benzene C2H6 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 0 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 910 1397 1 
AnalysisArea = 0 1798 2238 1 
AnalysisArea = 1 3000 3130 0.5 
Interference = 101100001001111111101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Temet\library\Benzene C6H6 0066 ppm.ref 
ComponentNumber = 21 
ComponentName = Formaldehyde 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 995 1250 1 
AnalysisArea = 1 2450 2600 0.6 
AnalysisArea = 1 2650 3211 0.5 
Interference = 110110101000100000000100111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = HCHO_50.ref 
ReferenceFile = Formaldehyde CH2O.ref 
ReferenceFile = HCHO_10.ref 
ComponentNumber = 22 
ComponentName = Acetaldehyde 
ConcentrationUnit = ppm 
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ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 3200 3350 1 
AnalysisArea = 1 2925 3200 1 
AnalysisArea = 1 2638 2916 1 
Interference = 110110101000100000001000111011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Acetaldehyde C2H4O_05.ref 
ReferenceFile = Acetaldehyde C2H4O 0100 ppm.ref 
ReferenceFile = Acetaldehyde C2H4O 0500 ppm.ref 
ComponentNumber = 23 
ComponentName = Ozone O3 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 926 1127 1 
AnalysisArea = 0 1798 2246 1 
AnalysisArea = 0 2550 3450 1 
Interference = 1101010110110110111111 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = O3_785.ref 
ReferenceFile = O3_560.ref 
ReferenceFile = O3_190.ref 
ComponentNumber = 24 
ComponentName = SO3 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
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ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 1196 1397 1 
AnalysisArea = 0 1800 2250 1 
AnalysisArea = 0 2550 3450 1 
Interference = 110000011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\DemoLibrary\Sulfur trioxide SO3 50ppm (cemdemo).ref 
ComponentNumber = 25 
ComponentName = MEA 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 300 
Range2 = 0 500 
AlarmLimits = 0 15000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.005 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2624 3150 1 
AnalysisArea = 1 2416 2601 1 
AnalysisArea = 0 995 1119 1 
Interference = 110110100000100000001100011011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = MEA_500.ref 
ReferenceFile = MEA_100.ref 
ReferenceFile = C:\Pickle References\MEA_15000.ref 
ReferenceFile = C:\Pickle References\MEA_1000.ref 
ReferenceFile = C:\Pickle References\MEA_2000.ref 
ReferenceFile = C:\Pickle References\MEA_5000.ref 
ReferenceFile = C:\Pickle References\MEA_10000.ref 
ComponentNumber = 26 
ComponentName = Methanol 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
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AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 25 
Range2 = 0 500 
AlarmLimits = 0 1000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.005 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 995 1073 1 
AnalysisArea = 1 1095 1150 1 
AnalysisArea = 1 2450 3180 1 
Interference = 110110101000100000001100101011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = C:\Library180\Methanol_100.ref 
ComponentNumber = 27 
ComponentName = Methylamine 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 2022 2223 1 
AnalysisArea = 1 2450 2650 1 
AnalysisArea = 1 2800 3203 1 
Interference = 111111101000100000001100110011 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Methylamine CH5N 0100 ppm.ref 
ReferenceFile = Methylamine CH5N 0500 ppm.ref 
ReferenceFile = Methylamine CH5N 0894 ppm.ref 
ComponentNumber = 28 
ComponentName = Carbon Diocide- CO2 (ppm) 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 0 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 2 
Range1 = 0 20000 
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Range2 = 0 100000 
AlarmLimits = 0 100000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 4 0 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 0 0.005 
DefaultReference = 0 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 1 3273 3666 0.5 
AnalysisArea = 1 1984 2554 0.5 
AnalysisArea = 1 910 1019 0.5 
Interference = 101010101000100000000100111001 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 29 
ComponentName = Methane CH4 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 10 
Range2 = 0 100 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 
UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 1 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1292 1412 0.5 
AnalysisArea = 1 2833 3203 0.5 
AnalysisArea = 1 3018 3203 0.5 
Interference = 100110101000000000001100101001 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Methane CH4 0101 ppm.ref 
ReferenceFile = Methane CH4 0050 ppm.ref 
ComponentNumber = 30 
ComponentName = Piperazine 
ConcentrationUnit = Auto 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 250 
Range2 = 0 500 
AlarmLimits = 0 500 
AlarmSound = 1 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
ResidualWarningLimit = 0.01 
ResidualErrorLimit = 0.02 

3252



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
923 

UseDoubleReferences = 0 (1=Yes) 
AutoInterferenceUpdate = 1 0.001 
DefaultReference = 2 
BaselineCorrections = 1 0 
MethodNumber = 0 (1=Yes) 
AnalysisArea = 0 1096 1380 1 
AnalysisArea = 0 1810 2223 1 
AnalysisArea = 1 2550 3095 1 
Interference = 10011010100010000000110011101 
CrossInterferences = 0 0 0 0 0 
ReferenceFile = Piperazine_2ppm_180C.ref 
ReferenceFile = Piperazine_105ppm_180C.ref 
ReferenceFile = Piperazine_188ppm_180C.ref 
ReferenceFile = Piperazine_407ppm_180C.ref 
ReferenceFile = Piperazine_471ppm_180C.ref 
ReferenceFile = Piperazine_40ppm_180C.ref 
ComponentNumber = 201 
ComponentName = NOx 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 0 
Range1 = 0 20 
Range2 = 0 250 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0000111 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 202 
ComponentName = THC 
ConcentrationUnit = ppm 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 500 
Range2 = 0 1000 
AlarmLimits = 0 500 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0001000000011 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 211 
ComponentName = Input1 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
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AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 212 
ComponentName = Input2 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 213 
ComponentName = Input3 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 214 
ComponentName = Input4 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 215 
ComponentName = Input5 
ConcentrationUnit = % 
ActiveLines = All 
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AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 216 
ComponentName = Input6 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 217 
ComponentName = Input7 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 218 
ComponentName = Input8 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
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AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 219 
ComponentName = Pressure 
ConcentrationUnit = mbar 
ActiveLines = All 
AutoAnalyze = 1 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 2000 
Range2 = 0 2000 
AlarmLimits = 900 2000 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 220 
ComponentName = Oxygen (O2) 
ConcentrationUnit = vol-% 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
ComponentNumber = 221 
ComponentName = AUX 
ConcentrationUnit = % 
ActiveLines = All 
AutoAnalyze = 0 (1=Yes) 
OutputChannel = 0 
ViewResults = 1 (1=Yes) 
AllowNegative = 1 (1=Yes) 
ConversionMultiplier = 1 
ResultSmoothing = 0 
RangeSetting = 1 
Range1 = 0 100 
Range2 = 0 1000 
AlarmLimits = 0 100 
AlarmSound = 0 
Compensations = 1 1 1 0 -11 
Calibrations = 0 0 4 2 
Interference = 0 
CrossInterferences = 0 0 0 0 0 
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APPENDIX D  Tabulated VLE Data (UT) 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

D.1  Tabulated Data for H2O-MEA 
 

MEA/m Date T/oC Soln PMEA/kPa PH2O/kPa
3.50 03/15/06 45.952 1-1 0.00588 8.69 
3.50 03/15/06 51.210 1-2 0.00800 11.8 
3.50 03/15/06 58.875 1-3 0.0135 16.6 
3.50 03/15/06 65.294 1-4 0.0190 21.0 
3.50 03/21/06 42.698 2-1 0.00451 6.85 
3.50 03/21/06 49.400 2-2 0.00729 9.76 
3.50 03/21/06 56.312 2-3 0.0112 13.6 
3.50 03/21/06 65.471 2-4 0.0182 19.9 
3.50 10/31/06 59.950 1a 0.0132 17.1 
3.50 11/06/06 39.969 3a 0.00419 6.94 

a: Sample part of MEA-CO2-H2O data set   
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MEA/m Date T/oC Soln PMEA/kPa PH2O/kPa
7.00 03/10/06 72.656 3-5 0.0790 29.1 
7.00 03/14/06 64.734 4-5 0.0336 20.6 
7.00 03/22/06 42.114 5-1 0.0106 6.60 
7.00 03/22/06 49.250 5-2 0.0156 9.29 
7.00 03/22/06 52.797 5-3 0.0205 11.0 
7.00 03/22/06 56.752 5-4 0.0210 13.1 
7.00 03/22/06 61.433 5-5 0.0283 15.4 
7.00 09/22/06 39.800 10a 0.0100 7.50 
7.00 10/02/06 59.945 12a 0.0271 18.3 

11.00 10/03/06 60.026 3a 0.0402 15.3 
11.00 10/09/06 39.993 2a 0.0120 6.17 
23.80 03/23/06 42.768 2-1 0.0243 4.86 
23.80 03/23/06 49.948 2-2 0.0447 6.70 
23.80 03/23/06 53.872 2-3 0.0611 8.26 
23.80 03/23/06 61.686 2-4 0.141 12.1 

a: Sample part of MEA-CO2-H2O data set   

D.2  Tabulated Data for H2O-PZ 

PZ/m Date T/oC Soln PPZ/kPa PH2O/kPa
0.90 04/03/06 35.949 1-1 0.00049 6.06 
0.90 04/03/06 44.290 1-2 0.00129 9.51 
0.90 04/03/06 52.768 1-3 0.00216 14.0 
0.90 04/03/06 63.411 1-4 0.00544 22.2 
0.89 05/01/06 35.467 2-1 0.00056 6.01 
0.89 05/01/06 44.040 2-2 0.00125 9.37 
0.89 05/01/06 52.474 2-3 0.00267 13.7 
0.89 05/01/06 61.592 2-4 0.00517 19.7 
0.90 11/08/06 40.012 1a 0.00104 7.23 
0.90 11/14/06 59.994 3a 0.00375 18.1 
1.80 04/05/06 36.180 1-1 0.00150 5.93 
1.80 04/05/06 44.427 1-2 0.00211 9.08 
1.80 04/05/06 52.833 1-3 0.00434 13.6 
1.80 04/05/06 60.405 1-4 0.00759 19.4 

a: Sample part of PZ-CO2-H2O data set    
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PZ/m Date T/oC Soln PPZ/kPa PH2O/kPa
1.80 05/02/06 35.553 2-1 0.00149 5.87 
1.80 05/02/06 43.857 2-2 0.00208 9.16 
1.80 05/02/06 52.210 2-3 0.00458 13.6 
1.80 05/02/06 60.725 2-4 0.00680 19.4 
2.00 11/17/06 60.026 1a 0.00678 17.6 
2.00 11/29/06 40.019 4a 0.00217 7.06 
2.49 04/06/06 32.722 2-1 0.00160 6.17 
2.49 04/06/06 39.704 2-2 0.00299 9.13 
2.49 04/06/06 52.920 2-3 0.00720 16.6 
2.49 04/06/06 61.006 2-4 0.0124 23.1 
2.50 05/03/06 35.610 3-1 0.00140 5.78 
2.50 05/03/06 44.035 3-2 0.00302 9.03 
2.50 05/03/06 52.255 3-3 0.00526 13.4 
2.50 05/03/06 60.393 3-4 0.0101 19.2 
2.50 12/04/06 40.006 1a 0.00267 7.15 
2.50 12/07/06 59.976 3a 0.00763 17.9 
3.60 04/07/06 34.655 1-1 0.00194 5.70 
3.60 04/07/06 45.083 1-2 0.00471 9.97 
3.60 04/07/06 53.218 1-3 0.00885 14.6 
3.60 04/07/06 61.156 1-4 0.0156 20.8 
3.60 05/04/06 35.122 2-1 0.00201 5.66 
3.60 05/04/06 43.804 2-2 0.00422 8.73 
3.60 05/04/06 52.513 2-3 0.00685 13.1 
3.60 05/04/06 60.376 2-4 0.0114 18.6 
3.60 12/13/06 39.995 3a 0.00374 6.99 
3.60 12/11/06 60.001 1a 0.0116 17.7 
5.00 05/05/06 40.558 1-1 0.00430 6.70 
5.00 05/05/06 44.713 1-2 0.00540 8.45 
5.00 05/05/06 53.317 1-3 0.0108 12.8 
5.00 05/05/06 60.970 1-4 0.0238 18.3 
5.00 02/06/07 40.013 1a 0.00512 6.77 
5.00 02/08/07 60.006 3a 0.0172 17.1 

a: Sample part of PZ-CO2-H2O data set    
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D.3  Tabulated Data for H2O-MEA-PZ 

MEA/m PZ/m Date T/oC Soln PMEA/kPa PPZ/kPa PH2O/kPa 
3.50 1.80 04/10/06 37.317 1-1 0.00248 0.00142 5.58 
3.50 1.80 04/10/06 44.934 1-2 0.00462 0.00202 8.63 
3.50 1.80 04/10/06 52.647 1-3 0.00899 0.00438 12.9 
3.50 1.80 04/10/06 60.362 1-4 0.0161 0.00702 18.5 
3.50 1.80 05/08/06 37.084 2-1 0.00275 0.00119 5.45 
3.50 1.80 05/08/06 44.144 2-2 0.00450 0.00175 8.45 
3.50 1.80 05/08/06 53.072 2-3 0.00857 0.00394 12.8 
3.50 1.80 05/08/06 60.900 2-4 0.0162 0.00701 18.3 
3.50 2.00 01/03/07 40.018 1a 0.00433 0.00224 6.77 
3.50 2.00 01/05/07 59.994 3a 0.0144 0.00624 17.3 
3.50 3.60 04/11/06 37.241 1-1 0.00265 0.00219 5.34 
3.50 3.60 04/11/06 44.776 1-2 0.00498 0.00485 8.11 
3.50 3.60 04/11/06 53.438 1-3 0.00982 0.00746 12.4 
3.50 3.60 04/11/06 60.325 1-4 0.0190 0.0154 17.9 
3.50 3.60 05/09/06 34.478 2-1 0.00235 0.00154 5.17 
3.50 3.60 05/09/06 42.772 2-2 0.00415 0.00346 7.97 
3.50 3.60 05/09/06 51.325 2-3 0.00793 0.00652 12.3 
3.50 3.60 05/09/06 60.226 2-4 0.0152 0.0124 17.6 
3.50 3.60 01/23/07 40.004 1a 0.00382 0.00368 6.54 
3.50 3.60 01/26/07 60.007 3a 0.0148 0.0131 17.1 
7.00 1.80 04/12/06 36.820 1-1 0.00498 0.00106 5.23 
7.00 1.80 04/12/06 44.473 1-2 0.00991 0.00238 7.99 
7.00 1.80 04/12/06 53.726 1-3 0.0181 0.00483 12.1 
7.00 1.80 04/12/06 61.446 1-4 0.0337 0.00719 17.6 
7.00 1.80 05/10/06 34.463 2-1 0.00451 0.00074 5.02 
7.00 1.80 05/10/06 43.141 2-2 0.00812 0.00162 7.71 
7.00 1.80 05/10/06 43.273 2-3 0.00809 0.00164 7.71 
7.00 1.80 05/10/06 60.504 2-4 0.0262 0.00591 17.1 
7.00 2.00 12/15/06 39.957 1a 0.00758 0.00213 6.38 
7.00 2.00 12/19/06 59.998 3a 0.0282 0.00697 16.5 
7.00 3.60 04/13/06 35.783 1-1 0.00502 0.00216 4.96 
7.00 3.60 04/13/06 44.522 1-2 0.0108 0.00472 7.55 

a: Sample part of MEA-PZ-CO2-H2O data set     
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MEA/m PZ/m Date T/oC Soln PMEA/kPa PPZ/kPa PH2O/kPa 
7.00 3.60 04/13/06 53.036 1-3 0.0197 0.00873 11.5 
7.00 3.60 04/13/06 60.688 1-4 0.0366 0.0169 16.7 
7.00 3.60 05/11/06 36.676 2-1 0.00517 0.00188 4.87 
7.00 3.60 05/11/06 44.822 2-2 0.00871 0.00397 7.40 
7.00 3.60 05/11/06 52.846 2-3 0.0158 0.00698 11.5 
7.00 3.60 05/11/06 60.513 2-4 0.0281 0.0130 16.7 
7.00 3.60 01/30/07 40.016 1a 0.00817 0.00433 6.11 
7.00 3.60 02/02/07 60.012 3a 0.0279 0.0131 15.9 

a: Sample part of MEA-PZ-CO2-H2O data set     

D.4  Tabulated H2O-MEA-CO2 Data 

MEA/m Date T/oC Soln αa PCO2/kPa PMEA/kPa PH2O/kPa 
3.57 11/01/06 59.948 2-1 0.159 0.0212 0.0110 17.57 
3.63 11/01/06 60.057 2-2 0.219 0.0780 0.00926 17.63 
3.53 11/01/06 60.039 2-3 0.307 0.244 0.00720 17.64 
3.57 11/01/06 60.018 2-4 0.380 0.794 0.00508 17.62 
3.55 11/02/06 59.944 2-5 0.477 4.32 0.00323 17.70 
3.54 11/02/06 60.005 2-6 0.504 14.8 0.00219 18.01 
3.53 11/06/06 39.979 4-1 0.121 0.00555 0.00391 6.880 
3.46 11/06/06 40.023 4-2 0.212 0.0140 0.00341 6.971 
3.51 11/07/06 39.938 4-3 0.300 0.0362 0.00281 6.980 
3.54 11/07/06 40.079 4-4 0.369 0.116 0.00224 7.024 
3.57 11/07/06 40.003 4-5 0.467 0.879 0.00168 7.058 
3.49 11/08/06 39.969 4-6 0.552 8.56 0.00098 7.128 
6.88 09/05/06 39.987 6-1 0.153 0.00570 0.00658 6.60 
6.98 09/05/06 39.985 6-2 0.170 0.00721 0.00636 6.65 
6.95 09/05/06 40.058 6-3 0.163 0.00664 0.00636 6.69 
6.85 09/07/06 40.034 6-4 0.194 0.00985 0.00645 6.71 
6.97 09/07/06 40.144 6-5 0.191 0.00995 0.00623 6.61 
6.93 09/07/06 40.353 6-6 0.272 0.0224 0.00511 6.65 
7.06 09/11/06 40.034 7-1 0.232 0.0146 0.00563 6.63 
7.08 09/11/06 40.120 7-2 0.246 0.0191 0.00553 6.65 
7.10 09/11/06 39.968 7-3 0.269 0.0231 0.00516 6.63 

a: α = loading = mole CO2/mol MEA      
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MEA/m Date T/oC Soln αa PCO2/kPa PMEA/kPa PH2O/kPa 
7.12 09/12/06 39.870 7-4 0.360 0.0966 0.00355 6.75 
7.05 09/12/06 39.990 7-5 0.350 0.0721 0.00423 6.75 
7.06 09/12/06 39.880 7-6 0.386 0.120 0.00362 6.66 
7.05 09/18/06 39.850 8-1 0.389 0.113 0.00338 6.59 
7.05 09/18/06 40.000 8-2 0.400 0.128 0.00350 6.71 
7.58 09/19/06 40.050 8-3 0.382 0.131 0.00332 6.72 
7.00 09/19/06 39.930 8-4 0.466 0.574 0.00270 6.75 
7.11 09/19/06 40.000 8-5 0.591 28.3 0.00146 6.72 
7.06 09/19/06 39.990 8-6 0.481 0.883 0.00247 6.73 
7.17 09/22/06 40.019 9-1 0.464 0.750 0.00266 6.67 
7.06 09/22/06 40.018 9-2 0.501 1.87 0.00199 6.80 
7.11 09/25/06 39.878 9-3 0.491 1.10 0.00193 6.68 
7.06 09/25/06 39.997 9-4 0.518 3.03 0.00172 6.80 
7.06 09/25/06 39.866 9-5 0.326 0.0485 0.00458 6.60 
7.04 09/26/06 39.879 9-6 0.348 0.0662 0.00423 6.60 
7.00 10/03/06 59.868 11-1 0.114 0.0194 0.0215 16.6 
7.08 10/03/06 59.964 11-2 0.191 0.0589 0.0186 16.7 
7.07 10/03/06 59.960 11-3 0.291 0.209 0.0141 16.6 
7.03 10/04/06 59.884 11-4 0.386 0.763 0.0100 16.7 
7.14 10/04/06 59.771 11-5 0.485 4.86 0.00494 16.8 
7.17 10/04/06 60.106 11-6 0.544 25.8 0.00316 16.8 
7.38 10/31/06 59.945 13 0.565 50.2 0.00288 18.0 
11.00 10/09/06 39.989 1-1 0.115 0.00505 0.0104 6.09 
10.75 10/11/06 40.021 1-2 0.201 0.0108 0.00842 6.12 
10.90 10/12/06 39.938 1-3 0.298 0.0295 0.00603 6.14 
11.28 10/12/06 40.108 1-4 0.373 0.104 0.00439 6.18 
11.06 10/13/06 39.996 1-5 0.485 1.62 0.00198 6.29 
11.12 10/13/06 39.967 1-6 0.545 22.3 0.00095 6.59 
11.21 10/03/06 59.996 4-1 0.136 0.0155 0.03609 15.4 
11.17 10/03/06 60.043 4-2 0.225 0.0731 0.02838 15.5 
11.12 10/04/06 59.986 4-3 0.291 0.199 0.02252 15.5 
11.36 10/04/06 60.041 4-4 0.415 0.847 0.0143 15.5 
11.32 10/04/06 59.931 4-5 0.464 6.98 0.00655 15.8 
10.98 10/02/06 60.003 4-6 0.502 26.5 0.00416 16.3 

a: α = loading = mole CO2/mol MEA      
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D.5  Tabulated H2O-PZ-CO2 Data 

PZ/m Date T/oC Soln αa PCO2/kPa PPZ/kPa PH2O/kPa 
0.89 11/09/06 39.977 2-1 0.208 0.0440 0.00083 7.29 
0.91 11/09/06 40.089 2-2 0.217 0.0705 0.00089 7.33 
0.93 11/09/06 39.987 2-3 0.241 0.103 0.00085 7.37 
0.91 11/13/06 40.000 2-4 0.284 0.234 0.00072 7.22 
0.91 11/13/06 40.012 2-5 0.344 0.987 0.00066 7.39 
0.90 11/13/06 40.024 2-6 0.418 4.85 0.00053 7.46 
0.91 11/14/06 60.051 4-1 0.111 0.0290 0.00325 18.5 
0.91 11/14/06 60.001 4-2 0.217 0.299 0.00197 18.6 
0.91 11/14/06 60.016 4-3 0.242 0.841 0.00157 18.6 
0.89 11/15/06 60.003 4-4 0.325 1.93 0.00108 18.3 
0.89 11/15/06 60.032 4-5 0.370 8.29 0.00085 18.5 
0.91 11/16/06 59.948 4-6 0.383 14.7 0.00080 18.6 
2.03 11/17/06 60.058 2-1 0.132 0.0924 0.00555 18.0 
2.02 11/17/06 60.039 2-2 0.193 0.296 0.00480 18.1 
2.03 11/18/06 59.999 2-3 0.275 1.40 0.00293 17.9 
2.02 11/18/06 59.998 2-4 0.330 3.95 0.00224 18.1 
2.02 11/18/06 60.037 2-5 0.370 9.91 0.00177 18.2 
2.00 11/19/06 59.951 2-6 0.412 24.7 0.00128 18.5 
1.90 11/28/06 59.945 3-1 0.169 0.142 0.00513 17.9 
2.07 11/28/06 59.965 3-2 0.383 13.7 0.00187 18.3 
2.03 11/29/06 40.050 5-1 0.146 0.0215 0.00212 7.13 
2.08 11/29/06 40.013 5-2 0.227 0.106 0.00180 7.21 
2.02 11/29/06 40.072 5-3 0.257 0.184 0.00168 7.20 
2.05 11/30/06 40.007 5-4 0.309 0.526 0.00149 7.07 
2.03 11/30/06 40.090 5-5 0.372 1.95 0.00138 7.18 
1.99 11/30/06 40.058 5-6 0.431 10.1 0.00109 7.51 
2.57 12/04/06 40.007 2-1 0.166 0.0317 0.00229 7.16 
2.50 12/05/06 39.969 2-2 0.228 0.0884 0.00208 7.13 
2.49 12/05/06 39.975 2-3 0.278 0.247 0.00184 7.23 
2.50 12/06/06 39.966 2-4 0.328 0.662 0.00152 7.27 
2.49 12/06/06 40.014 2-5 0.423 7.51 0.00125 7.53 
2.48 12/06/06 40.011 2-6 0.437 10.6 0.00115 7.57 
2.51 12/07/06 59.974 4-1 0.164 0.141 0.00618 18.1 

a: α = loading = mole CO2/mol 2·PZ      
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PZ/m Date T/oC Soln αa PCO2/kPa PPZ/kPa PH2O/kPa 
2.50 12/07/06 60.029 4-2 0.196 0.263 0.00527 18.0 
2.53 12/08/06 59.980 4-3 0.251 0.725 0.00456 18.0 
2.52 12/08/06 60.018 4-4 0.341 3.96 0.00311 18.2 
2.53 12/08/06 60.028 4-5 0.400 16.9 0.00245 18.5 
2.45 12/08/06 60.021 4-6 0.443 27.4 0.00224 18.6 
3.63 12/11/06 59.991 2-1 0.158 0.129 0.00747 17.7 
3.58 12/11/06 60.016 2-2 0.217 0.431 0.00642 17.7 
3.58 12/11/06 60.013 2-3 0.277 1.05 0.00493 17.8 
3.60 12/12/06 60.009 2-4 0.338 3.49 0.00382 17.8 
3.67 12/12/06 60.006 2-5 0.385 13.6 0.00309 17.9 
3.66 12/12/06 60.128 2-6 0.400 19.3 0.00277 18.1 
3.63 12/13/06 40.031 4-1 0.146 0.0211 0.00331 7.10 
3.59 12/13/06 40.017 4-2 0.217 0.0628 0.00251 7.02 
3.65 12/13/06 40.009 4-3 0.272 0.211 0.00212 7.08 
3.61 12/14/06 39.995 4-4 0.318 0.687 0.00183 7.02 
3.65 12/14/06 40.043 4-5 0.384 4.37 0.00144 7.11 
3.58 12/14/06 40.024 4-6 0.412 8.42 0.00141 7.27 
5.09 02/06/07 40.028 2-1 0.172 0.0287 0.00312 6.83 
4.83 02/06/07 40.049 2-2 0.220 0.0605 0.00288 6.92 
5.07 02/06/07 40.029 2-3 0.274 0.211 0.00220 6.86 
4.97 02/06/07 39.997 2-4 0.339 0.798 0.00103 6.83 
4.96 02/06/07 40.029 2-5 0.409 5.71 0.00082 6.94 
5.02 02/06/07 40.051 2-6 0.413 6.99 0.00086 6.99 
5.18 02/08/07 60.023 4-1 0.164 0.137 0.0102 17.3 
5.05 02/08/07 60.020 4-2 0.226 0.365 0.00745 17.3 
5.08 02/08/07 60.042 4-3 0.296 1.29 0.00559 17.6 
5.05 02/08/07 60.075 4-4 0.330 3.31 0.00486 17.4 
5.02 02/08/07 60.046 4-5 0.386 18.3 0.00286 17.6 
4.96 02/08/07 60.061 4-6 0.417 51.4 0.00223 18.5 

a: α = loading = mole CO2/mol 2·PZ      
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D.6  Tabulated H2O-K2CO3-PZ-CO2 Data 
 

K2CO3 
m 

KHCO3 
m 

K+a 
m 

PZ 
m Date 

T 
oC Soln αb 

PCO2 
kPa 

PPZ 
kPa 

PH2O 
kPa 

1.63 1.75 5.00 2.50 02/10/07 39.996 1 0.337 0.00286 0.00632 6.16 
1.60 1.72 4.92 2.46 02/10/07 39.995 2-1 0.389 0.00802 0.00347 6.22 
1.57 1.70 4.85 2.42 02/10/07 39.981 2-2 0.425 0.0250 0.00197 6.29 
1.59 1.71 4.90 2.45 02/10/07 40.005 2-3 0.455 0.0815 0.00191 6.31 
1.58 1.71 4.88 2.44 02/10/07 39.992 2-4 0.488 0.300 0.00093 6.36 
1.58 1.70 4.86 2.43 02/10/07 39.974 2-5 0.520 0.922 0.00053 6.31 
1.58 1.70 4.86 2.43 02/10/07 40.002 2-6 0.550 2.70 0.00045 6.41 
1.63 1.75 5.00 2.50 02/12/07 59.994 4-0 0.339 0.00569 0.0243 15.7 
1.61 1.73 4.95 2.48 02/12/07 59.988 4-1 0.391 0.0323 0.0126 15.9 
1.60 1.73 4.93 2.47 02/12/07 60.022 4-2 0.420 0.0935 0.00754 16.1 
1.60 1.72 4.91 2.46 02/12/07 60.013 4-3 0.458 0.431 0.00518 16.5 
1.60 1.72 4.91 2.46 02/12/07 60.007 4-4 0.472 0.680 0.00356 16.5 
1.59 1.71 4.90 2.45 02/12/07 60.090 4-5 0.510 2.03 0.00190 16.6 
1.60 1.72 4.91 2.46 02/12/07 60.003 4-6 0.542 5.91 0.00120 16.6 
0.71 2.14 3.56 3.56 02/15/07 40.006 1 0.266 0.00315 0.00597 6.21 
0.71 2.13 3.54 3.54 02/15/07 39.994 2-1 0.333 0.0150 0.00301 6.36 
0.71 2.14 3.57 3.57 02/15/07 40.003 2-2 0.368 0.0447 0.00245 6.42 
0.71 2.13 3.54 3.54 02/15/07 40.001 2-3 0.390 0.0848 0.00150 6.42 
0.71 2.13 3.55 3.55 02/15/07 40.009 2-4 0.424 0.255 0.00099 6.43 
0.72 2.15 3.58 3.58 02/15/07 40.006 2-5 0.436 0.477 0.00082 6.43 
0.71 2.12 3.53 3.53 02/15/07 40.012 2-6 0.467 1.09 0.00067 6.48 
0.71 2.14 3.57 3.57 02/16/07 60.007 3 0.263 0.00771 0.0201 16.4 
0.71 2.12 3.53 3.53 02/16/07 60.002 4-1 0.339 0.103 0.00977 16.4 
0.71 2.12 3.54 3.54 02/16/07 60.026 4-2 0.357 0.158 0.00751 16.4 
0.71 2.13 3.54 3.54 02/16/07 60.038 4-3 0.389 0.496 0.00526 16.5 
0.72 2.15 3.58 3.58 02/16/07 59.998 4-4 0.411 0.852 0.00532 16.5 
0.72 2.15 3.58 3.58 02/16/07 60.032 4-5 0.438 1.87 0.00372 16.6 
0.71 2.14 3.57 3.57 02/16/07 60.041 4-6 0.467 4.78 0.00243 16.7 

a: mol K+ = mol 2·K2CO3 + mol KHCO3         
b: α = loading = mole CO2tot/mol K+ + mol 2·PZ        
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K2CO3 

m 
KHCO3 

m 
K+a 
m 

PZ 
m Date 

T 
oC Soln αb 

PCO2 
kPa 

PPZ 
kPa 

PH2O 
kPa 

0.86 3.22 4.95 3.57 03/11/07 40.010 2-0 0.341 0.00577 0.00595 5.93 
0.84 3.14 4.83 3.48 03/11/07 40.002 2-1c 0.361 0.00909 0.00497 6.05 
0.81 3.03 4.66 3.36 03/11/07 39.898 2-6c 0.507 2.28 0.00046 6.27 
1.53 1.84 4.90 3.53 03/12/07 40.003 5-1 0.284 0.00100 0.00784 5.89 
1.54 1.85 4.93 3.55 03/12/07 40.005 5-4A 0.328 0.00469 0.00658 5.91 
0.82 3.06 4.70 3.38 03/11/07 59.998 4-0 0.349 0.0194 0.0206 15.3 
0.85 3.16 4.86 3.50 03/11/07 60.022 4-1 0.360 0.0350 0.0157 15.6 
0.82 3.07 4.71 3.39 03/11/07 60.014 4-6 0.525 22.1 0.00121 16.6 
1.54 1.85 4.92 3.54 03/12/07 59.996 5-4B 0.330 0.0138 0.0234 15.5 
1.63 1.71 4.96 1.99 03/08/07 40.017 2-0 0.382 0.0034 0.00452 6.28 
1.62 1.70 4.95 1.98 03/08/07 40.007 2-1 0.397 0.0062 0.00343 6.30 
1.62 1.70 4.94 1.98 03/08/07 40.001 2-2 0.423 0.0152 0.00196 6.45 
1.61 1.69 4.92 1.97 03/08/07 40.039 2-3 0.458 0.0504 0.00119 6.34 
1.62 1.69 4.93 1.97 03/08/07 40.015 2-4 0.498 0.237 0.00098 6.47 
1.61 1.69 4.91 1.97 03/08/07 40.030 2-5 0.520 0.522 0.00066 6.52 
1.61 1.69 4.91 1.97 03/08/07 40.016 2-6 0.533 0.858 0.00053 6.50 
1.63 1.71 4.96 1.98 03/09/07 60.009 4-0 0.379 0.0109 0.0166 16.0 
1.62 1.70 4.95 1.98 03/09/07 60.058 4-1 0.391 0.0205 0.0138 16.3 
1.63 1.71 4.96 1.98 03/09/07 60.044 4-2 0.421 0.0581 0.00833 16.4 
1.62 1.70 4.95 1.98 03/09/07 60.000 4-3 0.456 0.214 0.00621 16.4 
1.63 1.71 4.97 1.99 03/09/07 60.035 4-4 0.490 0.764 0.00276 16.5 
1.62 1.70 4.95 1.98 03/09/07 60.042 4-5 0.512 1.34 0.00195 16.5 
1.62 1.70 4.95 1.98 03/09/07 59.989 4-6 0.536 2.29 0.00140 16.4 
2.53 0.91 5.97 1.19 02/20/07 40.004 1 0.409 0.00200 0.00556 6.16 
2.50 0.90 5.90 1.18 02/20/07 40.024 2-1 0.432 0.00399 0.00418 6.16 
2.51 0.90 5.92 1.18 02/20/07 40.022 2-2 0.463 0.0122 0.00197 6.28 
2.49 0.89 5.87 1.17 02/20/07 39.999 2-3 0.512 0.0792 0.00104 6.33 
2.49 0.89 5.87 1.17 02/20/07 40.012 2-4 0.575 0.689 0.000228 6.39 

a: mol K+ = mol 2·K2CO3 + mol KHCO3         
b: α = loading = mole CO2tot/mol K+ + mol 2·PZ        
c: solid phase present          
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K2CO3 

m 
KHCO3 

m 
K+a 
m 

PZ 
m Date 

T 
oC Soln αb 

PCO2 
kPa 

PPZ 
kPa 

PH2O 
kPa 

2.47 0.89 5.83 1.17 02/21/07 60.003 3 0.405 0.00499 0.0185 15.9 
2.50 0.90 5.89 1.18 02/21/07 59.972 4-1 0.434 0.0157 0.0131 16.0 
2.49 0.89 5.87 1.17 02/21/07 60.030 4-2 0.462 0.0494 0.00686 16.3 
2.49 0.89 5.88 1.18 02/21/07 60.023 4-3 0.523 0.459 0.00244 16.3 
2.50 0.90 5.90 1.18 02/21/07 60.026 4-4 0.534 0.664 0.00184 16.3 
2.51 0.90 5.91 1.18 02/21/07 60.038 4-5 0.561 1.43 0.000981 16.4 
2.43 0.87 5.74 1.15 02/21/07 60.020 4-6 0.574 2.53 0.000705 16.4 
1.58 0.43 3.59 0.60 02/27/07 40.008 2-0 0.418 0.00324 0.00147 6.78 
1.57 0.43 3.56 0.59 02/27/07 40.024 2-1 0.443 0.00846 0.00121 6.87 
1.56 0.43 3.55 0.59 02/27/07 40.027 2-2 0.491 0.0384 0.00057 6.93 
1.56 0.43 3.55 0.59 02/27/07 40.025 2-3 0.508 0.0753 0.000401 6.91 
1.56 0.43 3.55 0.59 02/27/07 40.043 2-4 0.545 0.228 0.000244 6.96 
1.57 0.43 3.56 0.59 02/27/07 40.016 2-5 0.579 0.771 0.000175 6.94 
1.58 0.43 3.60 0.60 02/28/07 60.025 4-0 0.439 0.0134 0.00522 17.3 
1.59 0.43 3.61 0.60 02/28/07 60.041 4-1 0.475 0.0421 0.00379 17.5 
1.58 0.43 3.59 0.60 02/28/07 59.991 4-2 0.489 0.0796 0.00244 17.3 
1.58 0.43 3.60 0.60 02/28/07 60.055 4-3 0.524 0.289 0.00200 17.4 
1.58 0.43 3.60 0.60 02/28/07 60.078 4-4 0.564 0.848 0.00107 17.4 
1.58 0.43 3.59 0.60 02/28/07 60.008 4-5 0.588 1.51 0.000849 17.4 
1.58 0.43 3.58 0.60 02/28/07 60.029 4-6 0.630 5.98 0.000608 17.5 
1.00 1.57 3.57 1.79 03/02/07 40.013 2-0 0.374 0.00631 0.00252 6.57 
1.00 1.57 3.56 1.78 03/02/07 40.017 2-1 0.385 0.00861 0.00228 6.60 
1.00 1.57 3.56 1.78 03/02/07 40.035 2-2 0.414 0.0204 0.00154 6.64 
1.00 1.57 3.57 1.78 03/02/07 40.018 2-3 0.439 0.0467 0.00128 6.65 
1.00 1.57 3.57 1.78 03/02/07 39.994 2-4 0.478 0.212 0.000889 6.75 
1.00 1.57 3.57 1.79 03/02/07 40.001 2-5 0.510 0.696 0.000644 6.77 
1.00 1.57 3.56 1.78 03/02/07 40.003 2-6 0.534 1.33 0.000641 6.81 

a: mol K+ = mol 2·K2CO3 + mol KHCO3         
b: α = loading = mole CO2tot/mol K+ + mol 2·PZ        
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K2CO3 

m 
KHCO3 

m 
K+a 
m 

PZ 
m Date 

T 
oC Soln αb 

PCO2 
kPa 

PPZ 
kPa 

PH2O 
kPa 

1.02 1.60 3.64 1.82 03/03/07 60.005 4-0 0.373 0.0211 0.00935 16.9 
1.01 1.58 3.59 1.80 03/03/07 60.005 4-1 0.391 0.0442 0.00875 17.2 
1.01 1.58 3.59 1.80 03/03/07 60.073 4-2 0.449 0.208 0.00433 17.3 
1.00 1.57 3.58 1.79 03/03/07 60.011 4-3 0.467 0.575 0.00248 17.3 
1.01 1.58 3.60 1.80 03/03/07 60.075 4-4 0.483 0.708 0.00222 17.3 
1.00 1.58 3.59 1.79 03/03/07 60.078 4-5 0.511 2.00 0.00114 17.3 
1.01 1.58 3.60 1.80 03/03/07 60.075 4-6 0.528 4.01 0.000920 17.4 
0.36 1.76 2.49 3.58 04/07/07 40.032 2-0 0.335 0.0438 0.00207 6.66 
0.36 1.74 2.46 3.54 04/07/07 39.996 2-1 0.381 0.169 0.00127 6.69 
0.36 1.75 2.47 3.56 04/07/07 40.025 2-2 0.439 1.20 0.000826 6.72 
0.36 1.75 2.47 3.56 04/07/07 60.037 4-0 0.327 0.235 0.00651 17.1 
0.36 1.75 2.47 3.56 04/07/07 60.042 4-1 0.383 0.889 0.00480 17.2 
0.36 1.76 2.48 3.57 04/07/07 60.031 4-2 0.452 4.85 0.00224 17.3 
0.34 1.81 2.49 1.99 04/09/07 40.014 2-0 0.386 0.0299 0.00114 6.92 
0.34 1.80 2.48 1.98 04/09/07 40.021 2-1 0.457 0.249 0.000956 7.01 
0.34 1.80 2.48 1.98 04/09/07 40.002 2-2 0.511 1.43 0.000516 7.11 
0.34 1.82 2.49 2.00 04/09/07 60.016 4-0 0.385 0.135 0.00488 17.6 
0.34 1.82 2.50 2.00 04/09/07 59.990 4-1 0.454 0.909 0.00208 17.6 
0.34 1.81 2.49 1.99 04/09/07 60.004 4-2 0.509 4.47 0.00140 17.5 

a: mol K+ = mol 2·K2CO3 + mol KHCO3         
b: α = loading = mole CO2tot/mol K+ + mol 2·PZ        

D.7  Tabulated H2O-MEA-PZ-CO2 Data 

MEA/m PZ/m Date T/oC Soln αa PCO2/kPa PMEA/kPa PPZ/kPa PH2O/kPa
7.00 2.00 12/15/06 39.957 1 0.000 - 0.00758 0.00213 6.38 
6.90 1.97 12/15/06 40.023 2-1 0.113 0.00635 0.00659 0.00191 6.40 
6.86 1.96 12/15/06 39.997 2-2 0.183 0.0139 0.00542 0.00172 6.43 
6.99 2.00 12/18/06 39.981 2-3 0.235 0.0281 0.00414 0.00157 6.43 
7.20 2.06 12/18/06 40.010 2-4 0.306 0.0962 0.00346 0.00137 6.50 
7.23 2.07 12/18/06 40.007 2-5 0.366 0.313 0.00248 0.00110 6.51 
6.95 1.99 12/18/06 39.968 2-6 0.450 2.67 0.00134 0.000592 6.50 

a: Loading = mol CO2/mol MEA + 2·mol PZ)       
 
 

3268



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
939 

 

MEA/m PZ/m Date T/oC Soln αa PCO2/kPa PMEA/kPa PPZ/kPa PH2O/kPa
7.00 2.00 12/19/06 59.998 3 0.000 - 0.0282 0.00697 16.5 
7.13 2.04 12/19/06 60.004 4-1 0.097 0.0225 0.0242 0.00662 16.5 
7.13 2.04 12/19/06 60.013 4-2 0.164 0.0633 0.0204 0.00621 16.6 
7.01 2.00 12/19/06 60.005 4-3 0.238 0.162 0.0164 0.00518 16.7 
7.01 2.00 12/20/06 59.992 4-4 0.308 0.615 0.0116 0.00345 16.6 
7.16 2.04 12/20/06 60.013 4-5 0.368 1.90 0.00763 0.00219 16.6 
7.09 2.03 12/20/06 60.003 4-6 0.444 12.8 0.00428 0.00113 16.9 
3.50 2.00 01/03/07 40.018 1 0.000 - 0.00433 0.00224 6.77 
3.49 2.00 01/04/07 40.076 2-1 0.129 0.00797 0.00333 0.00194 6.86 
3.48 1.99 01/04/07 40.018 2-2 0.178 0.0163 0.00315 0.00191 6.89 
3.57 2.04 01/04/07 40.020 2-3 0.243 0.0365 0.00272 0.00169 6.90 
3.55 2.03 01/04/07 40.009 2-4 0.318 0.140 0.00197 0.00125 6.89 
3.45 1.98 01/04/07 40.005 2-5 0.403 0.756 0.00153 0.000972 6.90 
3.52 2.02 01/04/07 40.022 2-6 0.452 4.37 0.00148 0.000745 6.95 
3.50 2.00 01/05/07 59.994 3 0.000 - 0.0144 0.00624 17.3 
3.52 2.01 01/05/07 60.005 4-1 0.103 0.0265 0.0124 0.00542 17.3 
3.53 2.02 01/05/07 60.006 4-2 0.169 0.0840 0.00994 0.00626 17.3 
3.53 2.02 01/08/07 60.020 4-3 0.241 0.256 0.00746 0.00454 17.4 
3.54 2.02 01/08/07 60.005 4-4 0.313 0.817 0.00585 0.00352 17.5 
3.62 2.07 01/08/07 60.003 4-5 0.381 2.98 0.00385 0.00224 17.5 
3.56 2.04 01/08/07 60.046 4-6 0.453 25.0 0.00232 0.00135 17.9 
7.00 3.60 01/30/07 40.016 1 0.000 - 0.00817 0.00433 6.11 
7.04 3.62 01/30/07 40.028 2-1 0.113 0.00628 0.00684 0.00371 6.11 
7.11 3.65 01/30/07 40.025 2-2 0.187 0.0156 0.00518 0.00279 6.14 
7.11 3.66 01/31/07 40.005 2-3 0.248 0.0341 0.00372 0.00177 6.14 
7.53 3.87 01/31/07 40.018 2-4 0.335 0.118 0.00259 0.00119 6.20 
7.16 3.68 01/31/07 40.055 2-5 0.372 0.559 0.00151 0.000606 6.18 
7.03 3.62 01/31/07 39.999 2-6 0.429 4.87 0.000850 0.000323 6.24 
7.00 3.60 02/02/07 60.012 3 0.000 - 0.0279 0.0131 15.9 
6.91 3.56 02/02/07 60.011 4-1 0.129 0.0316 0.0223 0.0108 15.9 
6.95 3.57 02/02/07 60.012 4-2 0.189 0.0827 0.0196 0.00869 15.8 
6.95 3.57 02/02/07 60.000 4-3 0.271 0.310 0.0132 0.00790 15.8 
6.97 3.59 02/05/07 60.004 4-4 0.317 0.783 0.0101 0.00551 15.9 

a: Loading = mol CO2/mol MEA + 2·mol PZ)       

3269



 
 
 
________________________________________________________________________ 

________________________________________________________________________ 
940 

MEA/m PZ/m Date T/oC Soln αa PCO2/kPa PMEA/kPa PPZ/kPa PH2O/kPa
7.15 3.68 02/05/07 60.033 4-5 0.367 2.95 0.00571 0.00260 16.0 
6.87 3.54 02/05/07 59.999 4-6 0.430 21.2 0.00286 0.00108 16.4 
3.50 3.60 01/23/07 40.004 1 0.000 - 0.00382 0.00368 6.54 
3.45 3.55 01/24/07 39.995 2-1 0.101 0.0 0.00302 0.00303 6.52 
3.53 3.63 01/24/07 40.072 2-2 0.171 0.0 0.00257 0.00251 6.62 
3.49 3.59 01/24/07 40.002 2-3 0.248 0.1 0.00183 0.00171 6.60 
3.50 3.60 01/24/07 40.115 2-4 0.312 0.2 0.00125 0.00114 6.65 
3.60 3.71 01/25/07 39.996 2-5 0.370 0.9 0.00094 0.00101 6.68 
3.53 3.63 01/25/07 39.995 2-6 0.443 5.8 0.00071 0.00078 6.74 
3.50 3.60 01/26/07 60.007 3 0.000 - 0.01483 0.01307 17.1 
3.49 3.59 01/26/07 60.062 4-1 0.110 0.0 0.01161 0.00996 16.9 
3.47 3.57 01/26/07 60.049 4-2 0.178 0.1 0.00949 0.00781 16.9 
3.44 3.54 01/26/07 60.015 4-3 0.246 0.3 0.00708 0.00821 16.9 
3.51 3.61 01/29/07 59.991 4-4 0.315 1.0 0.00479 0.00498 16.9 
3.52 3.62 01/29/07 60.020 4-5 0.386 4.8 0.00272 0.00257 17.0 
3.56 3.66 01/29/07 60.024 4-6 0.455 21.2 0.00153 0.00144 17.3 

a: Loading = mol CO2/mol MEA + 2·mol PZ)       

D.8  Tabulated H2O-K2CO3-MEA-CO2 Data 
MEA 

m 
K+ 
m 

K2CO3 
m 

KHCO3 
m Date 

T 
oC Soln αa 

PCO2 
kPa 

PMEA 
kPa 

PH2O 
kPa 

3.47 4.96 2.01 0.94 03/16/07 40.001 2-0 0.353 0.000672 0.00964 6.05 
3.44 4.91 1.99 0.93 03/16/07 40.012 2-1 0.410 0.00178 0.00586 6.18 
3.43 4.91 1.99 0.93 03/16/07 40.039 2-2 0.448 0.00568 0.00435 6.25 
3.43 4.90 1.99 0.93 03/16/07 40.042 2-3 0.487 0.0291 0.00259 6.31 
3.44 4.91 1.99 0.93 03/16/07 40.033 2-4 0.527 0.242 0.00186 6.36 
3.44 4.91 1.99 0.93 03/16/07 40.021 2-5 0.564 1.16 0.00146 6.38 
3.45 4.92 1.99 0.94 03/16/07 40.016 2-6 0.609 5.21 0.00141 6.48 
3.47 4.96 2.01 0.94 03/17/07 60.008 4-0 0.352 0.00128 0.0361 16.0 
3.45 4.93 2.00 0.94 03/17/07 60.003 4-1 0.415 0.00643 0.0228 16.3 
3.46 4.95 2.00 0.94 03/17/07 60.010 4-2 0.449 0.0188 0.0149 16.3 
3.48 4.97 2.01 0.94 03/17/07 60.008 4-3 0.486 0.115 0.00910 16.4 
3.46 4.95 2.00 0.94 03/17/07 60.051 4-4 0.526 0.732 0.00570 16.4 
3.47 4.96 2.01 0.94 03/17/07 60.021 4-5 0.562 2.83 0.00411 16.5 

a: α = loading = mole CO2/mol K+ + mol MEA        
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MEA 

m 
K+ 
m 

K2CO3 
m 

KHCO3 
m Date 

T 
oC Soln αa 

PCO2 
kPa 

PMEA 
kPa 

PH2O 
kPa 

3.43 4.89 1.98 0.93 03/17/07 60.027 4-6 0.612 13.2 0.00344 16.7 
3.48 2.48 0.81 0.85 03/19/07 40.042 2-0 0.285 0.00121 0.00620 6.29 
3.52 2.52 0.83 0.87 03/19/07 40.024 2-1 0.409 0.0161 0.00367 6.82 
3.47 2.48 0.81 0.85 03/19/07 40.000 2-2 0.503 0.559 0.00217 6.86 
3.46 2.47 0.81 0.85 03/19/07 40.051 2-3 0.589 13.0 0.00161 6.97 
3.44 2.46 0.81 0.85 03/19/07 60.051 4-1 0.414 0.0827 0.0103 17.2 
3.57 2.55 0.84 0.88 03/19/07 60.023 4-2 0.493 2.21 0.00506 17.3 
3.50 2.50 0.82 0.86 03/19/07 60.011 4-3 0.593 26.0 0.00312 17.6 
6.90 4.93 1.62 1.70 03/22/07 40.049 2-0 0.269 0.000786 0.0150 5.64 
6.86 4.90 1.61 1.69 03/22/07 40.046 2-1 0.401 0.00898 0.00699 5.89 
6.89 4.92 1.62 1.69 03/22/07 40.036 2-2 0.442 0.0273 0.00518 5.99 
6.87 4.90 1.61 1.69 03/22/07 40.031 2-3 0.487 0.207 0.00296 6.01 
6.87 4.91 1.61 1.69 03/22/07 40.015 2-4 0.518 1.53 0.00260 6.03 
6.87 4.91 1.61 1.69 03/22/07 39.996 2-6 0.599 16.9 0.00229 6.11 
7.09 5.07 1.66 1.74 03/23/07 60.044 4-0 0.279 0.00182 0.0552 14.3 
7.01 5.01 1.64 1.72 03/23/07 60.011 4-1 0.416 0.0352 0.0247 15.2 
7.03 5.02 1.65 1.73 03/23/07 60.046 4-2 0.457 0.151 0.0186 15.0 
6.99 5.00 1.64 1.72 03/23/07 60.090 4-3 0.490 0.939 0.0107 15.2 
7.08 5.06 1.66 1.74 03/23/07 60.047 4-4 0.527 4.95 0.00657 15.3 
7.02 5.02 1.65 1.73 03/23/07 60.047 4-5 0.562 17.4 0.00489 15.5 
6.93 2.47 0.81 0.85 03/23/07 40.025 2-0 0.172 0.00112 0.01270 6.23 
6.88 2.46 0.81 0.85 03/23/07 40.031 2-1 0.408 0.0583 0.00499 6.43 
6.96 2.49 0.81 0.86 03/23/07 40.032 2-2 0.529 2.23 0.00221 6.49 
6.98 2.49 0.82 0.86 03/23/07 40.041 2-3 0.569 9.04 0.00192 6.55 
6.94 2.48 0.81 0.85 03/24/07 60.044 4-0 0.173 0.00297 0.03910 16.1 
6.92 2.47 0.81 0.85 03/24/07 60.010 4-1 0.411 0.477 0.01563 16.6 
6.98 2.49 0.82 0.86 03/24/07 60.063 4-2 0.512 8.71 0.00643 16.8 
7.03 2.51 0.82 0.87 03/24/07 60.082 4-3 0.538 19.9 0.00435 16.7 

a: α = loading = mole CO2/mol K+ + mol MEA        
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D.9  Tabulated H2O-K2CO3-MEA-PZ-CO2 Data 
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APPENDIX E  Tabulated VLE Data (NTNU) 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

E.1  Tabulated H2O-K2CO3-PZ-CO2 Data 
 

K+/m K2CO3/m PZ/m T/oC CO2 Loadinga CO2 Loadingb PCO2
Exp/kPa PCO2

Corr/kPa
3.6 1.8 0.6 100 0.533 0.466 0.895 1.09 
3.6 1.8 0.6 100 0.635 0.556 5.43 5.53 
3.6 1.8 0.6 100 0.735 0.643 24.5 24.3 
3.6 1.8 0.6 120 0.527 0.461 1.15 1.79 
3.6 1.8 0.6 120 0.589 0.515 4.53 5.01 
3.6 1.8 0.6 120 0.728 0.637 48.2 48.7 
3.6 1.8 1.8 100 0.475 0.356 0.316 0.664 
3.6 1.8 1.8 100 0.574 0.431 2.94 3.24 
3.6 1.8 1.8 100 0.685 0.514 25.1 24.6 

a: Loading = mol CO2/(mol K+ + mol PZ)     
b: Loading = mole CO2/mol K+ + 2·mol PZ     
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K+/m K2CO3/m PZ/m T/oC CO2 Loadinga CO2 Loadingb PCO2
Exp/kPa PCO2

Corr/kPa
3.6 1.8 1.8 120 0.487 0.365 0.717 1.82 
3.6 1.8 1.8 120 0.586 0.439 8.63 9.59 
3.6 1.8 1.8 120 0.678 0.508 52.8 51.9 
3.6 1.8 3.6 100 0.481 0.320 1.26 1.71 
3.6 1.8 3.6 100 0.600 0.400 8.45 8.73 
3.6 1.8 3.6 100 0.711 0.474 63.6 56.6 
3.6 1.8 3.6 120 0.499 0.332 3.60 5.02 
3.6 1.8 3.6 120 0.597 0.398 26.7 26.1 
3.6 1.8 3.6 120 0.677 0.451 106.0 87.0 
5 2.5 2.5 80 0.502 0.376 0.0508 0.251 
5 2.5 2.5 80 0.577 0.433 12.4 0.918 
5 2.5 2.5 80 0.588 0.441 0.141 1.00 
5 2.5 2.5 80 0.671 0.503 0.841 6.58 
5 2.5 2.5 80 0.686 0.515 7.51 12.5 
5 2.5 2.5 100 0.517 0.388 0.369 0.715 
5 2.5 2.5 100 0.568 0.426 1.94 2.29 
5 2.5 2.5 100 0.610 0.458 5.14 5.48 
5 2.5 2.5 100 0.651 0.488 14.1 14.3 
5 2.5 2.5 100 0.697 0.523 31.4 30.4 
5 2.5 2.5 120 0.487 0.365 0.216 1.29 
5 2.5 2.5 120 0.581 0.436 6.41 7.51 
5 2.5 2.5 120 0.643 0.482 43.5 45.4 
6 3 1.2 100 0.507 0.434 0.0817 0.293 
6 3 1.2 100 0.591 0.506 1.75 1.94 
6 3 1.2 100 0.685 0.587 13.0 13.3 
6 3 1.2 120 0.505 0.433 0.0866 0.650 
6 3 1.2 120 0.526 0.451 0.442 1.05 
6 3 1.2 120 0.573 0.491 2.70 3.40 
6 3 1.2 120 0.584 0.501 3.30 4.00 
6 3 1.2 120 0.628 0.538 9.82 10.9 
6 3 1.2 120 0.663 0.569 22.0 24.6 

a: Loading = mol CO2/(mol K+ + mol PZ)     
b: Loading = mole CO2/mol K+ + 2·mol PZ     
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E.2  Tabulated H2O-MEA-PZ-CO2 Data 
 

MEA/m PZ/m T/oC Soln αa PCO2/kPa
7.00 3.50 100.01 8-1 0.206 3.39 
7.00 3.50 100.04 15-1 0.340 27.4 
7.00 3.50 100.03 8-3 0.398 103 
7.00 3.50 120.31 8-4 0.188 15.4 
7.00 3.50 120.17 9-1 0.310 72.5 
7.00 3.50 120.01 8-6 0.354 145.3 
7.00 2.00 120.73 3-1 0.217 17.6 
7.00 2.00 120.02 3-2 0.251 27.7 
7.00 2.00 120.82 3-3 0.262 33.2 
7.00 2.00 120.98 3-4 0.276 42.8 
7.00 2.00 120.17 7-1 0.302 52.8 
7.00 2.00 120.08 7-2 0.333 86.5 
7.00 2.00 120.17 7-3 0.351 121 
7.00 2.00 110.17 4-4 0.203 6.00 
7.00 2.00 110.24 4-5 0.232 9.40 
7.00 2.00 110.17 5-1 0.271 17.9 
7.00 2.00 110.02 5-2 0.302 28.3 
7.00 2.00 110.03 7-4 0.349 59.3 
7.00 2.00 110.04 7-5 0.418 213 
7.00 2.00 100.63 3-5 0.206 3.10 
7.00 2.00 100.71 4-1 0.243 5.40 
7.00 2.00 100.24 4-2 0.292 11.4 
7.00 2.00 100.10 4-3 0.310 14.8 
7.00 2.00 100.17 5-3 0.343 28.7 
7.00 2.00 100.44 5-4 0.393 77.6 
7.00 2.00 100.40 5-5 0.427 165 

a: Loading = mol CO2/mol MEA + 2mol PZ)  
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MEA/m PZ/m T/oC Soln αa PCO2/kPa
7.00 1.00 100.00 10-1 0.203 2.50 
7.00 1.00 100.03 10-2 0.305 9.64 
7.00 1.00 100.05 10-3 0.405 57.46 
7.00 1.00 120.04 10-4 0.224 14.64 
7.00 1.00 120.04 10-5 0.326 57.01 
7.00 1.00 120.04 10-6 0.366 108 
5.60 1.80 100.03 11-1 0.204 2.52 
5.60 1.80 100.04 12-1 0.298 11.7 
5.60 1.80 100.02 12-2 0.397 65.2 
5.60 1.80 120.00 12-3 0.230 19.1 
5.60 1.80 120.02 12-4 0.308 60.9 
5.60 1.80 120.08 12-5 0.367 164 
3.50 1.75 100.02 13-1 0.206 3.63 
3.50 1.75 100.05 14-1 0.297 14.6 
3.50 1.75 100.05 14-2 0.394 82.0 
3.50 1.75 120.08 14-3 0.207 15.3 
3.50 1.75 120.00 14-4 0.298 64.5 
3.50 1.75 120.08 14-5 0.339 110 

a: Loading = mol CO2/mol MEA + 2mol PZ)  
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APPENDIX F  Tabulated NMR Data (UT) 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

F.1  Tabulated 3.5 m MEA Data 
                mole/kg-H2O 

Solution T (oC) αa MEA/MEAH+ MEACOO-1 HCO3
-1/CO3

-2

1-2 27 0.1738 2.9049 0.5977 0.0111
1-4 27 0.3387 2.4217 1.2095 0.0203
1-5 27 0.4046 2.2038 1.3994 0.0586
1-6 27 0.4330 2.0307 1.4022 0.0842
1-7 27 0.4574 2.0334 1.4525 0.1418
1-2 40 0.1763 3.1312 0.6564 0.0115
1-4 40 0.3556 2.3211 1.2346 0.0297
1-5 40 0.4067 2.1256 1.3798 0.0459
1-6 40 0.4353 2.1731 1.5363 0.0783
1-7 40 0.4505 2.0781 1.4580 0.1349
1-2 60 0.1728 3.1507 0.6452 0.0107
1-4 60 0.3447 2.4133 1.2039 0.0432
1-5 60 0.3982 2.2094 1.3212 0.0846
1-6 60 0.4341 2.1619 1.4245 0.1324
1-7 60 0.4466 2.2457 1.4636 0.1931

a: Loading = mole CO2/mole MEA  
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F.2  Tabulated 7 m MEA Data 

Solution T (oC) αa MEA/MEAH+ MEACOO-1 HCO3
-1/CO3

-2

12-1 27 0.1012 6.4223 0.6859 0.0024
12-2 27 0.2622 5.2108 1.6689 0.0108
12-3 27 0.4046 4.2466 2.8087 0.0382
12-4 27 0.4542 3.8610 3.0386 0.0950
13-1 27 0.0861 6.5884 0.5717 0.0031
13-2 27 0.3179 4.6827 2.1535 0.0199
13-3 27 0.4565 4.0565 3.2187 0.1027
13-4 27 0.4630 3.7045 2.8442 0.1879
18-1 27 0.1445 6.1159 1.0250 0.0071
18-2 27 0.1714 5.7571 1.1788 0.0099
18-4 27 0.3431 4.6126 2.3917 0.0117
18-5 27 0.4181 4.2196 2.9042 0.0745
18-6 27 0.4228 4.0659 3.0689 0.1979
12-1 40 0.1112 6.3907 0.5873 0.0045
12-2 40 0.2604 5.1628 1.8179 0.0253
12-3 40 0.3800 4.7634 2.8458 0.0461
12-4 40 0.4609 4.3537 3.7264 0.1977
12-5 40 0.5171 4.2513 3.5219 0.9180
12-1 60 0.1024 6.5781 0.7451 0.0047
12-2 60 0.2616 5.9469 2.0765 0.0226
12-3 60 0.4647 4.6812 3.9251 0.0738
12-4 60 0.4613 4.6668 3.9102 0.1691
12-5 60 0.4751 4.6002 4.0205 0.2128

a: Loading = mole CO2/mole MEA

mole/kg-H2O
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F.3  Tabulated 11 m MEA Data 

Solution T (oC) αa MEA/MEAH+ MEACOO-1 HCO3
-1/CO3

-2

1-2 27 0.1623 9.4515 1.8166 0.0121
1-4 27 0.3431 8.0036 4.0863 0.0615
1-5 27 0.4305 7.0704 5.1386 0.1173
1-6 27 0.4456 6.8476 5.2500 0.1403
1-7 27 0.4739 6.6863 5.2577 0.4027
1-2 40 0.1849 9.6704 2.1814 0.0098
1-4 40 0.3538 7.4890 4.0249 0.0492
1-5 40 0.4341 7.0857 5.2538 0.1030
1-6 40 0.4488 6.6825 5.6763 0.1702
1-7 40 0.4759 6.6720 5.7761 0.4653
1-2 60 0.1876 9.4806 2.2736 0.0205
1-4 60 0.3563 7.4275 4.0057 0.0685
1-5 60 0.4267 7.2278 5.0848 0.1690
1-6 60 0.4423 7.1470 5.2853 0.2236
1-7 60 0.4696 7.1933 5.4305 0.4981

a: Loading = mole CO2/mole MEA

mole/kg-H2O

 

F.4  Tabulated 1 m PZ Data 

Solution T (oC) αa PZ/PZH+1 PZCOO-1/H+1 PZ(COO-1)2 HCO3
-1/CO3

-2

1-1 27 0.1554 0.8682 0.1396 0.0055 0.0069
1-2 27 0.3136 0.7725 0.2273 0.0158 0.0235
1-3 27 0.4106 0.9897 0.4098 0.0495 0.0862

a: Loading = mol CO2/2·mol PZ

mole/kg-H2O

 

F.5  Tabulated 2 m PZ Data 

Solution T (oC) αa PZ/PZH+1 PZCOO-1/H+1 PZ(COO-1)2 HCO3
-1/CO3

-2

3-3 27 0.315 1.6173 0.5697 0.0389 0.0526
3-4 27 0.398 1.4365 0.6603 0.0635 0.0717
3-5 27 0.650 0.9912 0.9114 0.1701 0.0952
3-2 27 0.670 0.9021 0.9070 0.1629 0.0882
3-6 27 0.803 0.5908 1.3189 0.0211 0.1891

a: Loading = mol CO2/2·mol PZ

mole/kg-H2O
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F.6  Tabulated 7 m MEA + 3.6 m PZ Data 
 

Solution T (C) αa MEA/MEAH+ MEACOO-1 PZ/PZH+1 PZCOO-1/H+1 PZ(COO-1)2 HCO3
-1/CO3

-2

1-1 27 0.1534 5.5609 1.4423 2.9025 0.6796 0.0215 0.0186
1-2 27 0.2207 4.6808 2.1844 2.8085 0.8321 0.0624 0.0285
1-3 27 0.2968 4.1815 2.8848 2.3924 1.0506 0.1144 0.0541
1-4 27 0.4282 4.1270 2.8982 1.4065 1.4022 0.8043 0.1939
1-1 40 0.1654 5.3034 1.7007 3.0010 0.5786 0.0224 0.0255
1-2 40 0.2207 4.6091 2.3977 2.7550 0.7719 0.0765 0.0371
1-3 40 0.2907 3.9714 3.0404 2.4097 0.9584 0.2379 0.0573
1-4 40 0.4252 3.9147 3.1138 1.6928 1.2426 0.6792 0.2203
1-1 60 0.1524 5.4266 1.5777 3.2096 0.3797 0.0187 0.0272
1-2 60 0.2251 4.5601 2.4477 2.9675 0.5754 0.0610 0.0451
1-3 60 0.2978 3.8769 3.1372 2.6561 0.7515 0.1995 0.0855
1-4 60 0.4243 3.7368 3.2988 2.0162 1.0106 0.5914 0.2777

a: Loading = mol CO2/mol MEA + 2·mol PZ

mole/kg-H2O
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APPENDIX G  Tabulated Cp Data (UT) 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

G.1  Tabulated 3.5 m MEA (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.000 Ldg = 0.097 Ldg = 0.375 Ldg = 0.583 
40 3.9059 3.7996 3.6327 3.5168 
45 3.9227 3.8186 3.6552 3.5421 
50 3.9384 3.8347 3.6755 3.5666 
55 3.9552 3.8388 3.6929 3.5809 
60 3.9700 3.8619 3.7107 3.5904 
65 3.9810 3.8726 3.7291 3.6012 
70 3.9918 3.8742 3.7437 3.6135 
75 4.0034 3.8777 3.7517 3.6235 
80 4.0165 3.8870 3.7636 3.6348 
85 4.0285 3.8988 3.7805 3.6504 
90 4.0415 3.9203 3.7990 3.6688 
95 4.0535 3.9385 3.8156 3.6882 
100 4.0693 3.9572 3.8346 3.7107 
105 4.0826 3.9750 3.8546 3.7336 
110 4.0962 3.9933 3.8759 3.7567 
115 4.1100 4.0088 3.8985 3.7788 
120 4.1241 4.0255 3.9245 3.8050 

  LDG: Loading = mol CO2/mol MEA 
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G.2  Tabulated 7 m MEA (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.000 Ldg = 0.139 Ldg = 0.358 Ldg = 0.541 
40 3.6968 3.4910 3.3482 3.2491 
45 3.7195 3.5151 3.3675 3.2750 
50 3.7416 3.5330 3.3848 3.2941 
55 3.7647 3.5479 3.4011 3.3044 
60 3.7862 3.5594 3.4145 3.3119 
65 3.8054 3.5717 3.4288 3.3221 
70 3.8219 3.5836 3.4415 3.3332 
75 3.8397 3.5980 3.4553 3.3451 
80 3.8566 3.6107 3.4707 3.3580 
85 3.8755 3.6220 3.4916 3.3694 
90 3.8916 3.6362 3.5177 3.3843 
95 3.9061 3.6499 3.5270 3.4007 
100 3.9207 3.6625 3.5409 3.4166 
105 3.9349 3.6749 3.5534 3.4346 
110 3.9485 3.6873 3.5677 3.4498 
115 3.9615 3.6989 3.5840 3.4731 
120 3.9739 3.7119 3.6020 3.4981 

  LDG: Loading = mol CO2/mol MEA 

 

G.3  Tabulated 2 m PZ (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.000 Ldg = 0.157 Ldg = 0.269 Ldg = 0.401 
40 3.8677 3.7462 3.6365 3.5811 
45 3.8815 3.7610 3.6535 3.6179 
50 3.8939 3.7748 3.6748 3.6527 
55 3.9053 3.7869 3.6949 3.6660 
60 3.9160 3.7996 3.7126 3.6688 
65 3.9258 3.8118 3.7249 3.6741 
70 3.9368 3.8232 3.7368 3.6861 
75 3.9452 3.8317 3.7472 3.6958 
80 3.9591 3.8451 3.7621 3.7107 
85 3.9820 3.8655 3.7848 3.7324 
90 3.9996 3.8841 3.8031 3.7516 
95 4.0155 3.9026 3.8231 3.7746 
100 4.0300 3.9174 3.8402 3.7916 
105 4.0454 3.9307 3.8557 3.8110 
110 4.0587 3.9420 3.8692 3.8311 
115 4.0721 3.9542 3.8860 3.8517 
120 4.0830 3.9680 3.9033 3.8736 

  LDG: Loading = mol CO2/2·mol PZ 
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G.4  Tabulated 3.6 m PZ (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.000 Ldg = 0.159 Ldg = 0.375
40 3.7194 3.4987 3.2943 
45 3.7304 3.5261 3.3427 
50 3.7414 3.5474 3.3826 
55 3.7524 3.5666 3.4111 
60 3.7634 3.5849 3.4187 
65 3.7744 3.6041 3.4333 
70 3.7854 3.6188 3.4478 
75 3.7964 3.6336 3.4650 
80 3.8074 3.6497 3.4854 
85 3.8184 3.6646 3.5044 
90 3.8294 3.6790 3.5226 
95 3.8404 3.6919 3.5425 
100 3.8514 3.7095 3.5670 
105 3.8624 3.7309 3.5929 
110 3.8734 3.7493 3.6211 
115 3.8844 3.7646 3.6461 
120 3.8954 3.7821 3.6845 

  LDG: Loading = mol CO2/2·mol PZ 

 

G.5 Tabulated 5 m K+ + 2.5 m PZ (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.389 Ldg = 0.550
40 3.0150 2.9939 
45 3.0303 3.0080 
50 3.0448 3.0218 
55 3.0585 3.0351 
60 3.0716 3.0481 
65 3.0840 3.0608 
70 3.0957 3.0730 
75 3.1068 3.0849 
80 3.1175 3.0964 
85 3.1276 3.1075 
90 3.1372 3.1182 
95 3.1464 3.1286 
100 3.1552 3.1386 
105 3.1637 3.1482 
110 3.1719 3.1575 
115 3.1799 3.1664 
120 3.1876 3.1749 

      LDG: Loading = mol CO2/mol K+ + 2·mol PZ 
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G.6  Tabulated 3.6 m K+ + 3.6 m PZ (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.333 Ldg = 0.424 Ldg = 0.467
40 3.1516 3.1126 3.0992 
45 3.1687 3.1311 3.1147 
50 3.1855 3.1488 3.1298 
55 3.2021 3.1656 3.1445 
60 3.2183 3.1815 3.1589 
65 3.2343 3.1965 3.1728 
70 3.2499 3.2107 3.1863 
75 3.2653 3.2239 3.1995 
80 3.2805 3.2363 3.2123 
85 3.2953 3.2478 3.2246 
90 3.3098 3.2585 3.2366 
95 3.3241 3.2682 3.2482 
100 3.3381 3.2771 3.2594 
105 3.3518 3.2851 3.2703 
110 3.3652 3.2922 3.2807 
115 3.3783 3.2984 3.2907 
120 3.3911 3.3038 3.3004 

      LDG: Loading = mol CO2/mol K+ + 2·mol PZ 

 

G.7  Tabulated 6 m K+ + 1.2 m PZ (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.434 Ldg = 0.534 Ldg = 0.574
40 3.0092 3.0040 2.9941 
45 3.0236 3.0161 3.0054 
50 3.0374 3.0277 3.0161 
55 3.0505 3.0387 3.0262 
60 3.0629 3.0493 3.0358 
65 3.0746 3.0593 3.0448 
70 3.0857 3.0689 3.0532 
75 3.0960 3.0780 3.0611 
80 3.1057 3.0866 3.0684 
85 3.1148 3.0946 3.0751 
90 3.1231 3.1022 3.0813 
95 3.1308 3.1093 3.0869 
100 3.1377 3.1158 3.0919 
105 3.1440 3.1219 3.0964 
110 3.1497 3.1275 3.1003 
115 3.1546 3.1325 3.1037 
120 3.1589 3.1371 3.1064 

      LDG: Loading = mol CO2/mol K+ + 2·mol PZ 
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G.8  Tabulated 7 m MEA + 2 m PZ (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.000 Ldg = 0.098 Ldg = 0.248 Ldg = 0.430 
40 3.4272 3.3844 3.2264 3.0621 
45 3.4594 3.4116 3.2496 3.0938 
50 3.4836 3.4320 3.2682 3.1244 
55 3.5077 3.4522 3.2871 3.1485 
60 3.5268 3.4720 3.3092 3.1637 
65 3.5505 3.4909 3.3291 3.1760 
70 3.5641 3.5076 3.3443 3.1948 
75 3.5792 3.5214 3.3571 3.2085 
80 3.5942 3.5398 3.3718 3.2125 
85 3.6151 3.5533 3.3841 3.2327 
90 3.6239 3.5666 3.3961 3.2482 
95 3.6307 3.5782 3.4096 3.2648 
100 3.6491 3.5899 3.4227 3.2808 
105 3.6625 3.6023 3.4371 3.2995 
110 3.6770 3.6146 3.4505 3.3207 
115 3.6924 3.6274 3.4682 3.3465 
120 3.6998 3.6400 3.4843 3.3713 

        LDG: Loading = mol CO2/mol MEA + 2·mol PZ 

 

G.9  Tabulated 3.5 m MEA + 2 m PZ (kJ/kg-K) Data 
 

Temperature (oC) Ldg = 0.000 Ldg = 0.109 Ldg = 0.236 Ldg = 0.432 
40 3.7742 3.6225 3.5154 3.3199 
45 3.8024 3.6484 3.5353 3.3566 
50 3.8233 3.6677 3.5528 3.3916 
55 3.8436 3.6842 3.5713 3.4159 
60 3.8616 3.7016 3.5898 3.4279 
65 3.8783 3.7193 3.6075 3.4386 
70 3.8944 3.7370 3.6249 3.4542 
75 3.9106 3.7547 3.6415 3.4706 
80 3.9283 3.7722 3.6587 3.4887 
85 3.9427 3.7865 3.6731 3.5055 
90 3.9566 3.8006 3.6873 3.5228 
95 3.9718 3.8146 3.7016 3.5411 
100 3.9881 3.8291 3.7203 3.5642 
105 4.0071 3.8446 3.7399 3.5904 
110 4.0258 3.8612 3.7587 3.6174 
115 4.0395 3.8794 3.7760 3.6453 
120 4.0578 3.8972 3.7953 3.6808 

         LDG: Loading = mol CO2/mol MEA + 2·mol PZ 
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APPENDIX H  Tabulated Differential ∆Habs Data 
 (NTNU) 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

H.1  Tabulated 2.4 m PZ Data 
T (oC) aa

∆Habs/kJ/mol-CO2

40 0.034 74.602
40 0.053 74.590
40 0.069 72.786
40 0.103 78.846
40 0.140 77.654
40 0.178 70.564
40 0.223 71.423
40 0.257 66.198
40 0.284 67.170
40 0.297 64.383
40 0.335 64.171
40 0.369 58.440
40 0.383 59.575
40 0.418 50.910
40 0.434 51.397
40 0.483 46.936

a: Loading = mol CO2/2·mol PZ  
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T (oC) aa

∆Habs/kJ/mol-CO2

40 0.498 42.620
80 0.041 82.194
80 0.068 75.252
80 0.085 88.922
80 0.127 82.496
80 0.157 78.398
80 0.168 82.676
80 0.214 77.922
80 0.241 70.847
80 0.263 72.400
80 0.311 78.017
80 0.338 70.305
80 0.360 69.834
80 0.421 69.435
80 0.431 66.357
80 0.469 44.256
80 0.487 46.210
120 0.049 93.099
120 0.063 102.415
120 0.098 96.216
120 0.139 94.593
120 0.147 94.264
120 0.194 92.843
120 0.195 98.922
120 0.256 103.227
120 0.257 103.900
120 0.292 100.869
120 0.306 98.033
120 0.344 91.766
120 0.358 99.508
120 0.403 99.834

a: Loading = mol CO2/2·mol PZ  
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H.2  Tabulated 5 m K+ + 2.5 m PZ Data 
 

T (oC) αa
∆Habs/kJ/mol-CO2

40 0.390 59.689
40 0.413 59.798
40 0.437 58.883
40 0.468 56.588
40 0.495 51.508
40 0.534 47.938
40 0.588 41.453
40 0.610 35.605
40 0.643 60.072
40 0.671 48.164
40 0.698 48.548
40 0.724 32.327
40 0.743 45.851
40 0.761 30.683
40 0.773 17.311
60 0.370 69.394
60 0.392 70.159
60 0.421 64.995
60 0.440 64.764
60 0.461 63.518
60 0.488 61.084
60 0.509 59.263
60 0.530 54.131
60 0.551 48.933
60 0.574 43.950
60 0.594 39.671
60 0.614 37.070
60 0.633 32.560
60 0.651 31.312
60 0.676 26.327

a: Loading = mol CO2/mol K+ + 2·mol PZ  
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T (oC) αa
∆Habs/kJ/mol-CO2

80 0.399 67.647
80 0.399 68.679
80 0.433 65.378
80 0.440 69.457
80 0.458 68.115
80 0.469 68.004
80 0.414 70.246
80 0.421 72.652
80 0.435 68.635
80 0.458 69.611
80 0.462 76.748
80 0.479 69.951
80 0.487 67.920
80 0.501 64.079
80 0.510 65.291
80 0.520 53.864
80 0.533 56.250
80 0.539 50.508
80 0.555 50.167
80 0.563 46.789
80 0.571 44.416
80 0.595 30.656
120 0.399 69.219
120 0.427 76.620
120 0.456 93.104
120 0.491 86.238
120 0.518 84.506
120 0.548 77.821
120 0.558 72.759
120 0.568 74.078
120 0.573 73.204

a: Loading = mol CO2/mol K+ + 2·mol PZ  
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H.3  Tabulated 6 m K+ + 1.2 m PZ Data 
 

T (oC) αa
∆Habs/kJ/mol-CO2

40 0.417 58.616
40 0.449 58.253
40 0.484 49.380
40 0.512 44.256
40 0.540 40.566
40 0.572 38.943
40 0.597 37.873
40 0.622 36.872
40 0.646 57.394
40 0.670 57.721
40 0.699 50.189
40 0.751 40.101
40 0.774 43.089
40 0.797 42.464
40 0.819 41.898
40 0.844 36.363
40 0.871 21.266
60 0.420 65.322
60 0.424 64.655
60 0.455 59.539
60 0.479 58.055
60 0.485 55.412
60 0.508 55.098
60 0.515 53.702
60 0.537 54.315
60 0.545 50.455
60 0.561 53.992
60 0.574 49.651
60 0.601 54.833
60 0.602 47.040

a: Loading = mol CO2/mol K+ + 2·mol PZ  
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T (oC) αa
∆Habs/kJ/mol-CO2

60 0.626 52.458
60 0.633 48.229
60 0.652 48.338
60 0.664 51.385
60 0.677 42.676
60 0.694 47.635
60 0.702 41.551
60 0.720 72.285
60 0.726 36.024
60 0.744 68.954
60 0.749 66.496
60 0.761 68.186
60 0.789 48.961
60 0.818 38.352
120 0.430 68.906
120 0.433 73.901
120 0.464 68.248
120 0.471 69.082
120 0.497 75.870
120 0.506 71.645
120 0.531 67.034
120 0.549 67.395
120 0.563 78.166
120 0.579 64.307
120 0.594 69.546
120 0.616 65.488
120 0.624 66.958
120 0.644 67.627
120 0.663 67.860

a: Loading = mol CO2/mol K+ + 2·mol PZ  
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H.4  Tabulated 7 m MEA + 2 m PZ Data 
 

T (oC) αa
∆Habs/kJ/mol-CO2

40 0.028 74.041
40 0.055 72.166
40 0.080 72.354
40 0.104 71.308
40 0.136 73.138
40 0.165 71.561
40 0.191 72.318
40 0.235 75.202
40 0.263 70.034
40 0.295 72.130
40 0.324 69.533
40 0.348 70.680
40 0.375 72.553
40 0.402 70.732
40 0.430 67.214
40 0.460 69.969
40 0.488 62.641
40 0.516 57.858
40 0.542 51.269
40 0.569 40.592
40 0.613 35.185
80 0.021 83.557
80 0.041 83.462
80 0.065 82.162
80 0.094 83.747
80 0.115 80.066
80 0.141 85.338
80 0.162 84.318
80 0.190 83.459

a: Loading = mol CO2/mol MEA + 2·mol PZ  
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T (oC) αa
∆Habs/kJ/mol-CO2

80 0.223 83.428
80 0.263 84.686
80 0.292 83.875
80 0.311 82.071
80 0.336 83.898
80 0.370 82.445
80 0.394 80.476
80 0.416 79.305
80 0.446 77.176
80 0.477 74.535
80 0.496 69.762
80 0.515 61.126
80 0.553 45.470
120 0.042 108.570
120 0.075 93.066
120 0.107 97.486
120 0.138 101.934
120 0.170 98.643
120 0.201 96.051
120 0.235 97.920
120 0.269 98.519
120 0.302 100.436
120 0.334 99.665
120 0.361 93.591
120 0.384 84.500
120 0.400 79.338

a: Loading = mol CO2/mol MEA + 2·mol PZ  
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H.5  Tabulate 7 m MEA + 3.5 m PZ Data 
 

T (oC) αa
∆Habs/kJ/mol-CO2

40 0.025 77.443
40 0.053 79.023
40 0.080 79.677
40 0.106 78.533
40 0.133 79.342
40 0.162 78.578
40 0.193 75.901
40 0.222 75.659
40 0.257 74.595
40 0.286 76.519
40 0.315 78.510
40 0.343 74.399
40 0.371 75.352
40 0.400 72.798
40 0.428 70.083
40 0.457 55.288
40 0.484 63.117
40 0.509 54.048
40 0.536 53.217
80 0.030 85.503
80 0.059 77.988
80 0.088 82.154
80 0.117 82.719
80 0.144 83.163
80 0.173 79.095
80 0.203 85.075
80 0.238 81.674
80 0.269 82.393
80 0.298 81.512

a: Loading = mol CO2/mol MEA + 2·mol PZ  
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T (oC) αa
∆Habs/kJ/mol-CO2

80 0.328 87.006
80 0.359 84.531
80 0.391 83.482
80 0.427 76.715
80 0.457 64.504
80 0.480 62.429
120 0.028 122.685
120 0.056 102.449
120 0.084 103.564
120 0.109 109.509
120 0.138 91.248
120 0.166 105.609
120 0.194 99.480
120 0.224 101.375
120 0.258 98.708
120 0.286 96.581
120 0.317 92.718
120 0.344 91.964
120 0.372 93.167

a: Loading = mol CO2/mol MEA + 2·mol PZ  
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APPENDIX I  Tabulated SLE Data (UT) 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

I.1  Tabulated H2O-PZ Dissolution Data 
 

   Temperature (oC) 
Solution PZ wt frac Date Solidus Liquidius 

0 0.0000 4/24/2007 -0.32 4.14 
0.5A 0.0425 4/24/2007 -0.47 5.51 
0.5B 0.0425 4/24/2007 -0.53 5.64 
1A 0.0789 4/10/2007 -0.61 7.60 
1B 0.0789 4/10/2007 -0.66 7.68 
2A 0.1466 4/10/2007 -0.73 24.95 
2B 0.1466 4/10/2007 -0.86 24.75 
3A 0.2046 4/10/2007 -1.02 32.30 
3B 0.2046 4/10/2007 -1.04 32.10 
4A 0.2534 4/10/2007 -0.95 38.07 
4B 0.2534 4/10/2007 -0.96 37.54 
5A 0.3002 4/10/2007 -0.98 41.35 
5B 0.3002 4/10/2007 -0.82 42.10 
6A 0.3380 4/24/2007 -0.97 44.57 
6B 0.3380 4/24/2007 -0.21 44.73 
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   Temperature (oC) 
Solution PZ wt frac Date Solidus Liquidius 

7A 0.3711 4/24/2007 -0.91 46.76 
7B 0.3711 4/24/2007 -1.16 47.38 
8A 0.4055 4/24/2007 -1.29 48.82 
8B 0.4055 4/24/2007 -1.42 48.22 
9A 0.4324 4/24/2007 -1.65 49.84 
9B 0.4324 4/24/2007 -2.54 50.14 

10A 0.4590 4/10/2007 32.84 50.94 
10B 0.4590 4/10/2007 32.42 50.69 
11A 0.4821 4/26/2007 31.82 48.35 
11B 0.4821 4/26/2007 31.85 47.89 
12A 0.5026 4/26/2007 31.14 45.44 
12B 0.5026 4/26/2007 30.92 44.55 
13A 0.5243 4/26/2007 31.19 42.99 
13B 0.5243 4/26/2007 30.99 42.81 
14A 0.5366 4/26/2007 31.08 41.34 
14B 0.5366 4/26/2007 31.01 40.98 
15A 0.5589 4/12/2007 30.88 39.54 
15B 0.5589 4/12/2007 31.18 40.19 

17.5A 0.5952 4/26/2007 31.03 37.97 
17.5B 0.5952 4/26/2007 30.98 37.72 
20A 0.6250 4/12/2007 31.04 39.21 
20B 0.6250 4/12/2007 30.93 38.90 
25A 0.6805 4/12/2007 30.77 46.77 
25B 0.6805 4/12/2007 30.85 45.98 
30A 0.7163 4/12/2007 30.84 53.56 
30B 0.7163 4/12/2007 30.77 53.73 
35A 0.7464 4/12/2007 30.92 63.30 
35B 0.7464 4/12/2007 30.89 63.73 
40A 0.7713 4/12/2007 30.58 70.65 
40B 0.7713 4/12/2007 29.53 69.73 
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I.2  Tabulated H2O-K2CO3-PZ-CO2 Dissolution Data 
 

K+/m PZ/m αa T (oC) Salt Phase
5 2.5 0.542 28.75 K2PZ(COO)2

5 2.5 0.550 31.25 K2PZ(COO)2

5 3.6 0.33 38.75 KHCO3

5 3.6 0.341 38.75 KHCO3

5 3.6 0.349 41.25 KHCO3

5 3.6 0.360 51.25 KHCO3

5 3.6 0.361 51.25 KHCO3

5 3.6 0.507 36.25 K2PZ(COO)2

5 3.6 0.525 43.75 K2PZ(COO)2

6 1.2 0.591 31.25 K2PZ(COO)2

a: Loading = mol CO2/mol K + 2·mol PZ)  
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APPENDIX J  Aspen PlusTM Input File 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

J.1  Overall Input File for the H2O-K2CO3-MEA-PZ-CO2 System 
 
;IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
 
DEF-STREAMS CONVEN ALL  
 
SIM-OPTIONS  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    SIM-OPTIONS GAMUS-BASIS=AQUEOUS  
 
RUN-CONTROL MAX-TIME=10800.  
 
DESCRIPTION " 
    Electrolytes Simulation with Metric Units :  
    C, bar, kg/hr, kmol/hr, Gcal/hr, cum/hr.  
       
    Property Method: ELECNRTL  
       
    Flow basis for input: Mass  
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    Stream report composition: Mass flow  
    " 
 
DATABANKS ASPENPCD  / AQUEOUS  / SOLIDS  / INORGANIC  /  & 
        PURE20  
 
PROP-SOURCES ASPENPCD  / AQUEOUS  / SOLIDS  / INORGANIC  /  & 
        PURE20  
 
COMPONENTS  
    H2O H2O /  
    CO2 CO2 /  
    MEA C2H7NO /  
    MEA+ C2H8NO+ /  
    MEACOO- C3H6NO3- /  
    HCO3- HCO3- /  
    CO3-- CO3-2 /  
    H+ H+ /  
    OH- OH- /  
    "MEA/H" C2H8NO+ /  
    "CO3/HCO3" CO3-2 /  
    K2CO3 K2CO3 /  
    KHCO3 KHCO3 /  
    K+ K+ /  
    "K2CO3(S)" K2CO3 /  
    "KHCO3(S)" KHCO3 /  
    PZ C4H10N2 /  
    PZCOO-2 C6H8N2O4 /  
    PZCOO- C5H9N2O2 /  
    PZH+ C4H11N2 /  
    PZH+2 C4H12N2 /  
    HPZCOO C5H10N2O /  
    "PZ/H" /  
    "H/PZCOO" /  
    "PZ/H2" /  
    PZ6H2O C4H10N2  
 
FORMULA PZCOO-2 C6H8N2O4 / PZCOO- C5H9N2O2 / PZH+ C4H11N2 /  & 
        PZH+2 C4H12N2 / HPZCOO C5H10N2O  
 
HENRY-COMPS HC-1 CO2  
 
CHEMISTRY GLOBAL  
    PARAM  
    DISS K2CO3 K+ 2. / CO3-- 1.  
    DISS KHCO3 K+ 1. / HCO3- 1.  
    STOIC 1 H2O -1. / H+ 1. / OH- 1.  
    STOIC 2 CO2 -1. / H2O -1. / H+ 1. / HCO3- 1.  
    STOIC 3 HCO3- -1. / H+ 1. / CO3-- 1.  
    STOIC 4 MEA+ -1. / MEA 1. / H+ 1.  
    STOIC 5 MEACOO- -1. / H2O -1. / MEA 1. / HCO3- 1.  
    STOIC 6 PZH+ -1. / PZ 1. / H+ 1.  
    STOIC 8 PZ -1. / HCO3- -1. / PZCOO- 1. / H2O 1.  
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    STOIC 9 PZCOO- -1. / HCO3- -1. / PZCOO-2 1. / H2O 1.  
    STOIC 10 HPZCOO -1. / PZCOO- 1. / H+ 1.  
    SALT "K2CO3(S)" K+ 2. / CO3-- 1. / H2O 1.5  
    SALT "KHCO3(S)" K+ 1. / HCO3- 1.  
    SALT PZ6H2O PZ 1. / H2O 6.  
    K-SALT "K2CO3(S)" A=-70.329741 B=1361.48182 C=13.508799  & 
        D=-0.0581808  
    K-SALT "KHCO3(S)" A=-1420.7517 B=40190.9436 C=240.615458  & 
        D=-0.3144982  
    K-SALT PZ6H2O A=-291.03967 B=0. C=56.5058062 D=-0.1275574  
 
FLOWSHEET  
    BLOCK B1 IN=1 OUT=2 3  
 
PROPERTIES ELECNRTL HENRY-COMPS=HC-1 CHEMISTRY=GLOBAL  
 
STRUCTURES  
    STRUCTURES PZCOO- C1 N2 S / N2 C3 S / N2 C4 S / C3  & 
        C5 S / C5 N6 S / C1 C7 S / C7 N6 S / C4 O8  & 
        D / C4 O9 S  
 
PROP-DATA 
    PROP-LIST ATOMNO / NOATOM 
    PVAL PZCOO- 6 8 7 1 / 5. 2. 2. 9.  
 
STRUCTURES  
    STRUCTURES PZCOO-2 C1 N2 S / N2 C3 S / C3 C4 S / C4  & 
        N5 S / C1 C6 S / C6 N5 S / N5 C7 S / C7 O8  & 
        D / C7 O9 S / N2 C10 S / C10 O11 D / C10 O12  & 
        S  
 
PROP-DATA 
    PROP-LIST ATOMNO / NOATOM 
    PVAL PZCOO-2 6 8 7 1 / 6. 4. 2. 8.  
 
STRUCTURES  
    STRUCTURES PZH+ C1 N2 S / N2 C3 S / C3 C4 S / C4  & 
        N5 S / C1 C6 S / C6 N5 S  
 
PROP-DATA 
    PROP-LIST ATOMNO / NOATOM 
    PVAL PZH+ 6 7 1 / 4. 2. 11.  
 
PROP-DATA MDH 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST DGAQFM / DHAQFM  
    PVAL MEA+ -171023632 / -336961728.8  
    PVAL MEACOO- -492922520 / -707209080  
 
PROP-DATA REVIEW-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
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        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST API / DGFORM / DGSFRM / DHFORM / DHSFRM /  & 
        DHVLB / FREEZEPT / HCOM / MUP / MW / OMEGA / PC /  & 
        RKTZRA / SG / TB / TC / VB / VC / VLSTD / ZC  
    PVAL H2O 10.0 / -54.6343 / -56.5492 / -57.7949 /  & 
        -69.9627 / 9.744507 / 0.0 / 0.0 / 1.84972 /  & 
        18.01528 / 0.344861 / 220.64 / 0.243172 / 1.0 /  & 
        100.0 / 373.946 / 18.8311 / 55.9472 / 18.0691 /  & 
        0.229  
    PROP-LIST API / DGFORM / DHFORM / DHVLB / FREEZEPT /  & 
        HCOM / MUP / MW / OMEGA / PC / RKTZRA / SG / TB / & 
        TC / VB / VC / VLSTD / ZC  
    PVAL MEA 7.5 / -24.6893 / -49.4025 / 11.88812 / 10.5 /  & 
        -325.765 / 0.77646 / 61.08308 / 0.446737 / 71.24 /  & 
        0.24764 / 1.0179 / 170 / 405.05 / 68.6673 / 225 /  & 
        60.3415 / 0.284  
    PROP-LIST API / DGFORM / DHFORM / DHVLB / FREEZEPT /  & 
        HCOM / MUP / MW / OMEGA / PC / SG / TB / TC /  & 
        VB / VC / VLSTD / ZC  
    PVAL PZ 80.4899 / 40.6310 / 3.91969 / 9.999355 / 106 /  & 
        -654.398 / 1.47000 / 86.1356 / 0.41376 / 55.3 /  & 
        0.667485 / 146 / 364.85 / 134.772 / 310 / 129.371 /  & 
        0.323  
    PROP-LIST DHFORM / FREEZEPT / MW / PC / VC / VLSTD /  & 
        ZC / RGYR  
    PVAL CO2 -94.05110000 / -56.57 / 44.0095 / 73.83 / 94 /  & 
        61.6782 / 0.274 / 1.04000E-10  
    PROP-LIST FREEZEPT / MW  
    PVAL PZ6H2O 44.0000000 / 194.22728  
    PROP-LIST MW  
    PVAL "K2CO3(S)" 165.22872  
 
PROP-DATA REVIEW-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='J/kmol'  & 
        MASS-ENTHALP='kcal/kg' MOLE-ENTROPY='J/kmol-K' HEAT=Gcal  & 
        MOLE-CONC='mol/l' PDROP=bar  
    PROP-LIST DGAQFM / DHAQFM  
    PVAL HCO3- -587370182.1 / -690767961  
    PVAL CO3-- -538355662.9 / -677140000  
    PVAL "MEA/H" -171023632 / -336961728.8  
    PVAL "CO3/HCO3" -538355662.9 / -677140000  
 
PROP-DATA USRDEF 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST MW / DGAQFM / DHAQFM / CHARGE  
    PVAL PZCOO-2 172.14 / -576616170 / -860671110 / -2  
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    PVAL PZCOO- 129.13771 / -216402690 / -482028620 / -1  
    PVAL PZH+ 87.14299 / 102408575 / -91542774.38 / 1  
    PVAL PZH+2 88.1504 / 91897612.25 / -122665214.9 / 2  
    PVAL HPZCOO 130.145 / -273454210 / -522383060 / 1E-5  
    PVAL "PZ/H" 87.14299 / 102408575 / -91542774.38 / 1  
    PVAL "H/PZCOO" 129.13771 / -199884924.9 / -451987161.7 /  & 
        -1  
    PVAL "PZ/H2" 87.14299 / 102408575 / -91542774.38 / 1  
 
PROP-DATA CPAQ0-1 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST CPAQ0  
    PVAL CO3-- 1334017.129 -5564.838795 5.192267274  & 
        -118575111.1 0.0 0.0 0.0 2000.000000  
    PVAL HCO3- 211386.984 -881.7986241 0.874689511 -18789290.32  & 
        0.0 0.0 0.0 2000.000000  
    PVAL MEA+ -1700442.83 7093.368695 -8.487374579 151145133.9  & 
        0.0 0.0 0.0 2000.000  
    PVAL MEACOO- -2408071.1 17268.3153 -26.0389963 0.0 0.0  & 
        0.0 0.0 2000.000  
    PVAL "MEA/H" -1700442.83 7093.368695 -8.487374579  & 
        151145133.9 0.0 0.0 0.0 2000.000  
    PVAL PZCOO-2 -881653.81 -18936.0286 80.1449288 0.0 0.0  & 
        0.0 0.0 2000.000000  
    PVAL PZCOO- -6853708.7 23208.6029 4.90072448 0.0 0.0 0.0  & 
        0.0 2000.000000  
    PVAL PZH+ 603662.8765 -2518.16458 4.16532815 -53657026.67  & 
        0.0 0.0 0.0 2000.000000  
    PVAL PZH+2 1228464.475 -5124.516124 7.090651102  & 
        -109192984.4 0.0 0.0 0.0 2000.000000  
    PVAL HPZCOO 4189849.52 -13613.5878 5.18822841 0.0 0.0 0.0  & 
        0.0 2000.000000  
    PVAL "PZ/H" 603662.8765 -2518.16458 4.16532815 -53657026.67  & 
        0.0 0.0 0.0 2000.000000  
    PVAL "H/PZCOO" 196731.375 -1647.062505 3.392069397 0.0 0.0  & 
        0.0 0.0 2000.000000  
    PVAL "PZ/H2" 603662.8765 -2518.16458 4.16532815  & 
        -53657026.67 0.0 0.0 0.0 2000.000000  
 
PROP-DATA CPDIEC-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST CPDIEC  
    PVAL H2O 78.24662286 32730.85746 298.15  
    PVAL MEA 31.06961991 15128.19841 298.15  
    PVAL PZ 4.253042941 1532.198738 298.15  
 
PROP-DATA CPSPO1-1 
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    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST CPSPO1  
    PVAL K2CO3 139225.2346 79.85942112 0.00509505 1159199.446  & 
        -3154750.005 -340154.0227 6.85 900.85  
    PVAL "K2CO3(S)" 139225.2346 79.85942112 0.00509505  & 
        1159199.446 -3154750.005 -340154.0227 6.85 900.85  
    PVAL KHCO3 139225.2346 79.85942112 0.00509505 1159199.446  & 
        -3154750.005 -340154.0227 6.85 900.85  
    PVAL "KHCO3(S)" 139225.2346 79.85942112 0.00509505  & 
        1159199.446 -3154750.005 -340154.0227 6.85 900.85  
 
PROP-DATA DHVLDP-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='J/kmol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST DHVLDP  
    PVAL PZ 64355423.1 0.38570286 0.02568786 0.0 0.0 106.00  & 
        364.85  
    PVAL PZ6H2O 64355423.1 0.38570286 0.02568786 0.0 0.0  & 
        106.00 364.85  
 
PROP-DATA DHVLWT-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='J/kmol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST DHVLWT  
    PVAL H2O 40655000 100.00 0.26623503 0.09110321 0.01  
    PVAL MEA 54835800 126.67 0.4041153 0.11011257 -27.37  
 
PROP-DATA PLXANT-1 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST PLXANT  
    PVAL PZCOO-2 -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL PZCOO- -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL PZH+ -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL PZH+2 -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL HPZCOO -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL "PZ/H" -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL "H/PZCOO" -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
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        -273.1500000 1726.850000  
    PVAL "PZ/H2" -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
 
PROP-DATA HENRY-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=Pa TEMPERATURE=K  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST HENRY  
    BPVAL CO2 H2O 170.7126000 -8477.711000 -21.95743000  & 
        5.78074800E-3 273.0000000 500.0000000 0.0  
    BPVAL CO2 MEA 89.452 -2934.6 -11.592 0.01644 273.0000000  & 
        500.0000000 0.0  
 
PROP-DATA NRTL-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST NRTL  
    BPVAL H2O MEA -123.323712 2575.16998 0.2 0.0 22.061396  & 
        -0.029745916 0.0 1000  
    BPVAL MEA H2O -1.71338728 -214.123176 0.2 0.0 0.0 0.0  & 
        0.0 1000  
    BPVAL H2O CO2 10.06400000 -3268.135000 .2000000000 0.0 0.0  & 
        0.0 0.0 200.0000000  
    BPVAL CO2 H2O 10.06400000 -3268.135000 .2000000000 0.0 0.0  & 
        0.0 0.0 200.0000000  
    BPVAL H2O PZ -4.771449207 0 0.2 0 0 0.010652211 0 1000  
    BPVAL PZ H2O 0.378443544 0 0.2 0 0 0.024904765 0 1000  
    BPVAL MEA PZ 24.12346614 0 0.2 0 0.0 -0.138066091 0  & 
        1000  
    BPVAL PZ MEA 1.64418205 0 0.2 0 0.0 0 0 1000  
 
PROP-DATA VLCLK-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST VLCLK  
    BPVAL K+ HCO3- 35.23311000 21.81205000  
    BPVAL K+ CO3-- 19.73097000 74.55601000  
    BPVAL K+ OH- 1.373720000 52.13633000  
    BPVAL MEA+ OH- -390.9954000 1000.000000  
    BPVAL "MEA/H" OH- -390.9954000 1000.000000  
    BPVAL K+ "CO3/HCO3" 19.73097000 74.55601000  
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PROP-DATA GMELCC-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCC  
    PPVAL H2O ( K+ HCO3- ) 11.11228480  
    PPVAL ( K+ HCO3- ) H2O -4.94142428  
    PPVAL H2O ( K+ CO3-- ) 10.44069660  
    PPVAL ( K+ CO3-- ) H2O -4.41820292  
    PPVAL H2O ( K+ OH- ) 7.84067300  
    PPVAL ( K+ OH- ) H2O -4.25869600  
    PPVAL H2O ( H+ HCO3- ) 8.04500000  
    PPVAL ( H+ HCO3- ) H2O -4.07200000  
    PPVAL H2O ( H+ CO3-- ) 8.04500000  
    PPVAL ( H+ CO3-- ) H2O -4.07200000  
    PPVAL H2O ( H+ OH- ) 8.04500000  
    PPVAL ( H+ OH- ) H2O -4.07200000  
    PPVAL ( K+ CO3-- ) ( K+ HCO3- ) 11.29371830  
    PPVAL ( K+ HCO3- ) ( K+ CO3-- ) 0.49023478  
    PPVAL H2O ( MEA+ HCO3- ) 12.77005390  
    PPVAL ( MEA+ HCO3- ) H2O -3.80956870  
    PPVAL CO2 ( MEA+ HCO3- ) 49.15747970  
    PPVAL ( MEA+ HCO3- ) CO2 -5.89256106  
    PPVAL CO2 ( MEA+ CO3-- ) 15.00000000  
    PPVAL ( MEA+ CO3-- ) CO2 -8.00000000  
    PPVAL CO2 ( MEA+ OH- ) 15.00000000  
    PPVAL ( MEA+ OH- ) CO2 -8.00000000  
    PPVAL MEA ( MEA+ HCO3- ) 1.78726059  
    PPVAL ( MEA+ HCO3- ) MEA -30.84763770  
    PPVAL MEA ( MEA+ CO3-- ) 15.00000000  
    PPVAL ( MEA+ CO3-- ) MEA -8.00000000  
    PPVAL MEA ( MEA+ OH- ) 15.00000000  
    PPVAL ( MEA+ OH- ) MEA -8.00000000  
    PPVAL H2O ( MEA+ MEACOO- ) 19.03188830  
    PPVAL ( MEA+ MEACOO- ) H2O -7.38531897  
    PPVAL CO2 ( MEA+ MEACOO- ) 15.00000000  
    PPVAL ( MEA+ MEACOO- ) CO2 -8.00000000  
    PPVAL MEA ( MEA+ MEACOO- ) 16.87100390  
    PPVAL ( MEA+ MEACOO- ) MEA -13.62627530  
    PPVAL H2O ( PZH+ PZCOO- ) -1.04735906  
    PPVAL ( PZH+ PZCOO- ) H2O -103.954042  
    PPVAL H2O ( PZH+ HCO3- ) 4.43651036  
    PPVAL ( PZH+ HCO3- ) H2O -0.7872577  
    PPVAL PZ ( PZH+ HCO3- ) 7.03927214  
    PPVAL ( PZH+ HCO3- ) PZ -5.75420279  
    PPVAL PZ ( PZH+ PZCOO- ) 6.91492088  
    PPVAL ( PZH+ PZCOO- ) PZ 1.72226212  
    PPVAL CO2 ( PZH+ HCO3- ) 10.4764239  
    PPVAL ( PZH+ HCO3- ) CO2 11.8017499  
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    PPVAL H2O ( MEA+ PZCOO- ) 8.415954480  
    PPVAL ( MEA+ PZCOO- ) H2O -2.775938700  
    PPVAL H2O ( PZH+ MEACOO- ) 9.120664520  
    PPVAL ( PZH+ MEACOO- ) H2O -3.451708430  
    PPVAL H2O ( MEA+ PZCOO-2 ) 8.128572400  
    PPVAL ( MEA+ PZCOO-2 ) H2O -4.138965770  
    PPVAL MEA ( PZH+ HCO3- ) 27.963687800  
    PPVAL ( PZH+ HCO3- ) MEA 7.439322480  
    PPVAL MEA ( PZH+ MEACOO- ) 79.735467500  
    PPVAL ( PZH+ MEACOO- ) MEA -2.617294680  
    PPVAL PZ ( MEA+ HCO3- ) -0.387925294  
    PPVAL ( MEA+ HCO3- ) PZ -11.373957500  
    PPVAL PZ ( MEA+ PZCOO- ) -3.640482320  
    PPVAL ( MEA+ PZCOO- ) PZ -10.217645500  
    PPVAL H2O ( K+ MEACOO- ) -3234.36057  
    PPVAL ( K+ MEACOO- ) H2O -2468.65674  
 
PROP-DATA GMELCD-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCD  
    PPVAL H2O ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) H2O 0.0  
    PPVAL H2O ( K+ CO3-- ) -364.55635300  
    PPVAL ( K+ CO3-- ) H2O -54.24351940  
    PPVAL H2O ( K+ OH- ) 773.36010000  
    PPVAL ( K+ OH- ) H2O -305.65090000  
    PPVAL ( K+ CO3-- ) ( K+ HCO3- ) -2907.57314000  
    PPVAL ( K+ HCO3- ) ( K+ CO3-- ) -725.82256800  
    PPVAL H2O ( MEA+ HCO3- ) 156.09046700  
    PPVAL ( MEA+ HCO3- ) H2O -214.82514800  
    PPVAL CO2 ( MEA+ HCO3- ) 430.10816000  
    PPVAL ( MEA+ HCO3- ) CO2 14444.83540000  
    PPVAL CO2 ( MEA+ CO3-- ) 0.0  
    PPVAL ( MEA+ CO3-- ) CO2 0.0  
    PPVAL CO2 ( MEA+ OH- ) 0.0  
    PPVAL ( MEA+ OH- ) CO2 0.0  
    PPVAL MEA ( MEA+ HCO3- ) 3128.53045000  
    PPVAL ( MEA+ HCO3- ) MEA 6981.73393000  
    PPVAL MEA ( MEA+ CO3-- ) 0.0  
    PPVAL ( MEA+ CO3-- ) MEA 0.0  
    PPVAL MEA ( MEA+ OH- ) 0.0  
    PPVAL ( MEA+ OH- ) MEA 0.0  
    PPVAL H2O ( MEA+ MEACOO- ) -789.61025500  
    PPVAL ( MEA+ MEACOO- ) H2O 432.17895100  
    PPVAL CO2 ( MEA+ MEACOO- ) 0.0  
    PPVAL ( MEA+ MEACOO- ) CO2 0.0  
    PPVAL MEA ( MEA+ MEACOO- ) -2809.73880000  
    PPVAL ( MEA+ MEACOO- ) MEA 1864.65113000  
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    PPVAL H2O ( PZH+ PZCOO- ) 3578.20122000  
    PPVAL ( PZH+ PZCOO- ) H2O 40581.19910000  
    PPVAL H2O ( PZH+ HCO3- ) 5972.56733000  
    PPVAL ( PZH+ HCO3- ) H2O -3071.15767000  
    PPVAL PZ ( PZH+ HCO3- ) 0.0212558000  
    PPVAL ( PZH+ HCO3- ) PZ 0.0216480850  
    PPVAL PZ ( PZH+ PZCOO- ) -0.0127269080  
    PPVAL ( PZH+ PZCOO- ) PZ -0.0507645074  
    PPVAL CO2 ( PZH+ HCO3- ) 0.0139118385  
    PPVAL ( PZH+ HCO3- ) CO2 -0.0132888524  
    PPVAL H2O ( MEA+ PZCOO- ) -43.00920930  
    PPVAL ( MEA+ PZCOO- ) H2O 413.21151100  
    PPVAL H2O ( PZH+ MEACOO- ) 122.09758500  
    PPVAL ( PZH+ MEACOO- ) H2O 186.21597900  
    PPVAL H2O ( MEA+ PZCOO-2 ) 4.54763774  
    PPVAL ( MEA+ PZCOO-2 ) H2O -12.66545670  
    PPVAL H2O ( K+ MEACOO- ) 999981.356  
    PPVAL ( K+ MEACOO- ) H2O 761539.522  
 
PROP-DATA GMELCE-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCE  
    PPVAL H2O ( K+ HCO3- ) -5.22878174  
    PPVAL ( K+ HCO3- ) H2O 2.47425900  
    PPVAL H2O ( K+ CO3-- ) 5.01426411  
    PPVAL ( K+ CO3-- ) H2O 0.0  
    PPVAL H2O ( K+ OH- ) -5.85238200  
    PPVAL ( K+ OH- ) H2O 4.75413000  
    PPVAL ( K+ CO3-- ) ( K+ HCO3- ) -35.46904460  
    PPVAL ( K+ HCO3- ) ( K+ CO3-- ) -9.69354360  
    PPVAL H2O ( MEA+ HCO3- ) 24.60156680  
    PPVAL ( MEA+ HCO3- ) H2O -5.89393435  
    PPVAL CO2 ( MEA+ HCO3- ) 2262.77769000  
    PPVAL ( MEA+ HCO3- ) CO2 659.23135400  
    PPVAL CO2 ( MEA+ CO3-- ) 0.0  
    PPVAL ( MEA+ CO3-- ) CO2 0.0  
    PPVAL CO2 ( MEA+ OH- ) 0.0  
    PPVAL ( MEA+ OH- ) CO2 0.0  
    PPVAL MEA ( MEA+ HCO3- ) 66.01464320  
    PPVAL ( MEA+ HCO3- ) MEA 440.40354300  
    PPVAL MEA ( MEA+ CO3-- ) 0.0  
    PPVAL ( MEA+ CO3-- ) MEA 0.0  
    PPVAL MEA ( MEA+ OH- ) 0.0  
    PPVAL ( MEA+ OH- ) MEA 0.0  
    PPVAL H2O ( MEA+ MEACOO- ) -19.69365630  
    PPVAL ( MEA+ MEACOO- ) H2O 1.75887248  
    PPVAL CO2 ( MEA+ MEACOO- ) 0.0  
    PPVAL ( MEA+ MEACOO- ) CO2 0.0  
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    PPVAL MEA ( MEA+ MEACOO- ) 22.41433100  
    PPVAL ( MEA+ MEACOO- ) MEA 16.45050280  
    PPVAL CO2 ( MEA+ MEACOO- ) 0.0  
    PPVAL ( MEA+ MEACOO- ) CO2 0.0  
    PPVAL CO2 ( "MEA/H" MEACOO- ) 0.0  
    PPVAL ( "MEA/H" MEACOO- ) CO2 0.0  
    PPVAL H2O ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) H2O 0.0  
    PPVAL PZ ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) PZ 0.0  
    PPVAL CO2 ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) CO2 0.0  
    PPVAL H2O ( MEA+ PZCOO- ) -51.077677500  
    PPVAL ( MEA+ PZCOO- ) H2O -27.881532000  
    PPVAL H2O ( PZH+ MEACOO- ) -31.416637500  
    PPVAL ( PZH+ MEACOO- ) H2O -6.431454760  
    PPVAL H2O ( MEA+ PZCOO-2 ) -0.595441887  
    PPVAL ( MEA+ PZCOO-2 ) H2O 0.190244883  
    PPVAL H2O ( K+ MEACOO- ) 40483.8452  
    PPVAL ( K+ MEACOO- ) H2O 30649.658  
 
PROP-DATA GMELCN-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCN  
    PPVAL H2O ( K+ OH- ) 0.2  
    PPVAL H2O ( K+ HCO3- ) 0.2  
    PPVAL H2O ( K+ CO3-- ) 0.2  
    PPVAL CO2 ( MEA+ HCO3- ) .1000000000  
    PPVAL CO2 ( MEA+ CO3-- ) .1000000000  
    PPVAL CO2 ( MEA+ OH- ) .1000000000  
    PPVAL MEA ( MEA+ HCO3- ) .1000000000  
    PPVAL MEA ( MEA+ CO3-- ) .1000000000  
    PPVAL MEA ( MEA+ OH- ) .1000000000  
    PPVAL CO2 ( MEA+ MEACOO- ) .1000000000  
    PPVAL MEA ( MEA+ MEACOO- ) .1000000000  
 
PROP-SET MOL-P6H MOLEFRAC SUBSTREAM=MIXED COMPS=PZ6H2O PHASE=S  
 
PROP-SET PPCO2-KP PPMX UNITS='kPa' SUBSTREAM=MIXED COMPS=CO2  & 
        PHASE=V  
 
PROP-SET PPMEA PPMX UNITS='kPa' SUBSTREAM=MIXED COMPS=MEA  & 
        PHASE=V  
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PROP-SET PPPZ PPMX UNITS='kPa' SUBSTREAM=MIXED COMPS=PZ  & 
        PHASE=V  
 
STREAM 1  
    SUBSTREAM MIXED TEMP=25. PRES=101.325  
    MASS-FLOW H2O 1.  
 
BLOCK B1 FLASH2  
    PARAM TEMP=40. VFRAC=0.0001  
    PROPERTIES ELECNRTL HENRY-COMPS=HC-1 CHEMISTRY=GLOBAL  & 
        TRUE-COMPS=YES  
 
EO-CONV-OPTI  
 
STREAM-REPOR NOMOLEFLOW MASSFLOW PROPERTIES=PPCO2-KP MOL-P6H  
 
PROPERTY-REP NOPCES PROP-DATA DFMS NOPARAM-PLUS  
 
PROP-TABLE 7-2 FLASHCURVE  
    MASS-FLOW H2O 1.  
    STATE VFRAC=0.0001  
    VARY TEMP  
    RANGE LIST=40. 60.  
    VARY MOLE-FLOW COMP=K2CO3  
    RANGE LIST=1.25  
    VARY MOLE-FLOW COMP=MEA  
    RANGE LIST=3.5  
    VARY MOLE-FLOW COMP=PZ  
    RANGE LIST=3.6  
    VARY MOLE-FLOW COMP=CO2  
    RANGE LOWER=3.502 UPPER=5.35 NPOINT=41  
    TABULATE PROPERTIES=PPCO2-KP PPMEA PPPZ  
; 
 

J.2  Overall Input File for the H2O-K2CO3-PZ-CO2 System 
 
 
IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
 
DEF-STREAMS CONVEN ALL  
 
SIM-OPTIONS  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    SIM-OPTIONS GAMUS-BASIS=AQUEOUS  
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RUN-CONTROL MAX-TIME=10800.  
 
DESCRIPTION " 
    Electrolytes Simulation with Metric Units :  
    C, bar, kg/hr, kmol/hr, Gcal/hr, cum/hr.  
       
    Property Method: ELECNRTL  
       
    Flow basis for input: Mass  
       
    Stream report composition: Mass flow  
    " 
 
DATABANKS ASPENPCD  / AQUEOUS  / SOLIDS  / INORGANIC  /  & 
        PURE20  
 
PROP-SOURCES ASPENPCD  / AQUEOUS  / SOLIDS  / INORGANIC  /  & 
        PURE20  
 
COMPONENTS  
    H2O H2O /  
    CO2 CO2 /  
    MEA C2H7NO /  
    MEA+ C2H8NO+ /  
    MEACOO- C3H6NO3- /  
    HCO3- HCO3- /  
    CO3-- CO3-2 /  
    H+ H+ /  
    OH- OH- /  
    "MEA/H" C2H8NO+ /  
    "CO3/HCO3" CO3-2 /  
    K2CO3 K2CO3 /  
    KHCO3 KHCO3 /  
    K+ K+ /  
    "K2CO3(S)" K2CO3 /  
    "KHCO3(S)" KHCO3 /  
    PZ C4H10N2 /  
    PZCOO-2 C6H8N2O4 /  
    PZCOO- C5H9N2O2 /  
    PZH+ C4H11N2 /  
    PZH+2 C4H12N2 /  
    HPZCOO C5H10N2O /  
    "PZ/H" /  
    "H/PZCOO" /  
    "PZ/H2" /  
    PZ6H2O C4H10N2 /  
    K2PZCOO2 C4H10N2  
 
FORMULA PZCOO-2 C6H8N2O4 / PZCOO- C5H9N2O2 / PZH+ C4H11N2 /  & 
        PZH+2 C4H12N2 / HPZCOO C5H10N2O  
 
HENRY-COMPS HC-1 CO2  
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CHEMISTRY GLOBAL  
    PARAM  
    DISS K2CO3 K+ 2. / CO3-- 1.  
    DISS KHCO3 K+ 1. / HCO3- 1.  
    STOIC 1 H2O -1. / H+ 1. / OH- 1.  
    STOIC 2 CO2 -1. / H2O -1. / H+ 1. / HCO3- 1.  
    STOIC 3 HCO3- -1. / H+ 1. / CO3-- 1.  
    STOIC 4 MEA+ -1. / MEA 1. / H+ 1.  
    STOIC 5 MEACOO- -1. / H2O -1. / MEA 1. / HCO3- 1.  
    STOIC 6 PZH+ -1. / PZ 1. / H+ 1.  
    STOIC 8 PZ -1. / HCO3- -1. / PZCOO- 1. / H2O 1.  
    STOIC 9 PZCOO- -1. / HCO3- -1. / PZCOO-2 1. / H2O 1.  
    STOIC 10 HPZCOO -1. / PZCOO- 1. / H+ 1.  
    SALT "K2CO3(S)" K+ 2. / CO3-- 1. / H2O 1.5  
    SALT "KHCO3(S)" K+ 1. / HCO3- 1.  
    SALT PZ6H2O PZ 1. / H2O 6.  
    K-SALT "K2CO3(S)" A=-70.329741 B=1361.48182 C=13.508799  & 
        D=-0.0581808  
    K-SALT "KHCO3(S)" A=-1420.7517 B=40190.9436 C=240.615458  & 
        D=-0.3144982  
    K-SALT PZ6H2O A=-291.0396675 B=0. C=56.5058062  & 
        D=-0.127557356  
 
FLOWSHEET  
    BLOCK B1 IN=1 OUT=2 3  
 
PROPERTIES ELECNRTL HENRY-COMPS=HC-1 CHEMISTRY=GLOBAL  
 
STRUCTURES  
    STRUCTURES PZCOO- C1 N2 S / N2 C3 S / N2 C4 S / C3  & 
        C5 S / C5 N6 S / C1 C7 S / C7 N6 S / C4 O8  & 
        D / C4 O9 S  
 
PROP-DATA 
    PROP-LIST ATOMNO / NOATOM 
    PVAL PZCOO- 6 8 7 1 / 5. 2. 2. 9.  
 
STRUCTURES  
    STRUCTURES PZCOO-2 C1 N2 S / N2 C3 S / C3 C4 S / C4  & 
        N5 S / C1 C6 S / C6 N5 S / N5 C7 S / C7 O8  & 
        D / C7 O9 S / N2 C10 S / C10 O11 D / C10 O12  & 
        S  
 
PROP-DATA 
    PROP-LIST ATOMNO / NOATOM 
    PVAL PZCOO-2 6 8 7 1 / 6. 4. 2. 8.  
 
STRUCTURES  
    STRUCTURES PZH+ C1 N2 S / N2 C3 S / C3 C4 S / C4  & 
        N5 S / C1 C6 S / C6 N5 S  
 
PROP-DATA 
    PROP-LIST ATOMNO / NOATOM 
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    PVAL PZH+ 6 7 1 / 4. 2. 11.  
 
PROP-DATA MDH 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST DGAQFM / DHAQFM  
    PVAL MEA+ -171023632 / -336961728.8  
    PVAL MEACOO- -492922520 / -707209080  
 
PROP-DATA REVIEW-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST API / DGFORM / DGSFRM / DHFORM / DHSFRM /  & 
        DHVLB / FREEZEPT / HCOM / MUP / MW / OMEGA / PC /  & 
        RKTZRA / SG / TB / TC / VB / VC / VLSTD / ZC  
    PVAL H2O 10.0 / -54.6343 / -56.5492 / -57.7949 /  & 
        -69.9627 / 9.744507 / 0.0 / 0.0 / 1.84972 /  & 
        18.01528 / 0.344861 / 220.64 / 0.243172 / 1.0 /  & 
        100.0 / 373.946 / 18.8311 / 55.9472 / 18.0691 /  & 
        0.229  
    PROP-LIST API / DGFORM / DHFORM / DHVLB / FREEZEPT /  & 
        HCOM / MUP / MW / OMEGA / PC / RKTZRA / SG / TB / & 
        TC / VB / VC / VLSTD / ZC  
    PVAL MEA 7.5 / -24.6893 / -49.4025 / 11.88812 / 10.5 /  & 
        -325.765 / 0.77646 / 61.08308 / 0.446737 / 71.24 /  & 
        0.24764 / 1.0179 / 170 / 405.05 / 68.6673 / 225 /  & 
        60.3415 / 0.284  
    PROP-LIST API / DGFORM / DHFORM / DHVLB / FREEZEPT /  & 
        HCOM / MUP / MW / OMEGA / PC / SG / TB / TC /  & 
        VB / VC / VLSTD / ZC  
    PVAL PZ 80.4899 / 40.6310 / 3.91969 / 9.999355 / 106 /  & 
        -654.398 / 1.47000 / 86.1356 / 0.41376 / 55.3 /  & 
        0.667485 / 146 / 364.85 / 134.772 / 310 / 129.371 /  & 
        0.323  
    PROP-LIST DHFORM / FREEZEPT / MW / PC / VC / VLSTD /  & 
        ZC / RGYR  
    PVAL CO2 -94.05110000 / -56.57 / 44.0095 / 73.83 / 94 /  & 
        61.6782 / 0.274 / 1.04000E-10  
    PROP-LIST FREEZEPT / MW  
    PVAL PZ6H2O 44.0000000 / 194.22728  
    PROP-LIST MW  
    PVAL "K2CO3(S)" 165.22872  
    PVAL K2PZCOO2 250.3355  
 
PROP-DATA REVIEW-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='J/kmol'  & 
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        MASS-ENTHALP='kcal/kg' MOLE-ENTROPY='J/kmol-K' HEAT=Gcal  & 
        MOLE-CONC='mol/l' PDROP=bar  
    PROP-LIST DGAQFM / DHAQFM  
    PVAL HCO3- -587370182.1 / -690767961  
    PVAL CO3-- -538355662.9 / -677140000  
    PVAL "MEA/H" -171023632 / -336961728.8  
    PVAL "CO3/HCO3" -538355662.9 / -677140000  
 
PROP-DATA USRDEF 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST MW / DGAQFM / DHAQFM / CHARGE  
    PVAL PZCOO-2 172.14 / -568456410 / -844124380 / -2  
    PVAL PZCOO- 129.13771 / -219798180 / -480595350 / -1  
    PVAL PZH+ 87.14299 / 102408575 / -91542774.38 / 1  
    PVAL PZH+2 88.1504 / 91897612.25 / -122665214.9 / 2  
    PVAL HPZCOO 130.145 / -278352290 / -521810730 / 1E-5  
    PVAL "PZ/H" 87.14299 / 102408575 / -91542774.38 / 1  
    PVAL "H/PZCOO" 129.13771 / -219798180 / -480595350 / -1  
    PVAL "PZ/H2" 87.14299 / 102408575 / -91542774.38 / 1  
 
PROP-DATA CPAQ0-1 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST CPAQ0  
    PVAL CO3-- 1334017.129 -5564.838795 5.192267274  & 
        -118575111.1 0.0 0.0 0.0 2000.000000  
    PVAL HCO3- 211386.984 -881.7986241 0.874689511 -18789290.32  & 
        0.0 0.0 0.0 2000.000000  
    PVAL MEA+ -1700442.83 7093.368695 -8.487374579 151145133.9  & 
        0.0 0.0 0.0 2000.000  
    PVAL MEACOO- -2408071.1 17268.3153 -26.0389963 0.0 0.0  & 
        0.0 0.0 2000.000  
    PVAL "MEA/H" -1700442.83 7093.368695 -8.487374579  & 
        151145133.9 0.0 0.0 0.0 2000.000  
    PVAL PZCOO-2 -661253.42 -1993.11459 -2.03752889 0.0 0.0  & 
        0.0 0.0 2000  
    PVAL PZCOO- -10934868 32867.9873 5.07597874 0.0 0.0 0.0  & 
        0.0 2000  
    PVAL PZH+ 603662.8765 -2518.16458 4.16532815 -53657026.67  & 
        0.0 0.0 0.0 2000  
    PVAL PZH+2 1228464.475 -5124.516124 7.090651102  & 
        -109192984.4 0.0 0.0 0.0 2000  
    PVAL HPZCOO 420609.773 -2297.97759 6.72200937 0.0 0.0 0.0  & 
        0.0 2000  
    PVAL "PZ/H" 603662.8765 -2518.16458 4.16532815 -53657026.67  & 
        0.0 0.0 0.0 2000  
    PVAL "H/PZCOO" -10934868 32867.9873 5.07597874 0.0 0.0  & 
        0.0 0.0 2000  
    PVAL "PZ/H2" 603662.8765 -2518.16458 4.16532815  & 
        -53657026.67 0.0 0.0 0.0 2000  
 
PROP-DATA CPDIEC-1 
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    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST CPDIEC  
    PVAL H2O 78.24662286 32730.85746 298.15  
    PVAL MEA 31.06961991 15128.19841 298.15  
    PVAL PZ 4.253042941 1532.198738 298.15  
 
PROP-DATA CPIGDP-1 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST CPIGDP  
    PVAL PZ6H2O 81930.00000 2.36600000E+5 1269.800000  & 
        1.74500000E+5 695.0000000 26.85000000 1226.850000  
    PVAL K2PZCOO2 81930.00000 2.36600000E+5 1269.800000  & 
        1.74500000E+5 695.0000000 26.85000000 1226.850000  
 
PROP-DATA CPSPO1-1 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST CPSPO1  
    PVAL K2CO3 139225.2346 79.85942112 0.00509505 1159199.446  & 
        -3154750.005 -340154.0227 6.85 900.85  
    PVAL "K2CO3(S)" 139225.2346 79.85942112 0.00509505  & 
        1159199.446 -3154750.005 -340154.0227 6.85 900.85  
    PVAL KHCO3 139225.2346 79.85942112 0.00509505 1159199.446  & 
        -3154750.005 -340154.0227 6.85 900.85  
    PVAL "KHCO3(S)" 139225.2346 79.85942112 0.00509505  & 
        1159199.446 -3154750.005 -340154.0227 6.85 900.85  
 
PROP-DATA DHVLDP-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='J/kmol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST DHVLDP  
    PVAL PZ 64355423.1 0.38570286 0.02568786 0.0 0.0 106.00  & 
        364.85  
    PVAL PZ6H2O 64355423.1 0.38570286 0.02568786 0.0 0.0  & 
        106.00 364.85  
    PVAL K2PZCOO2 64355423.1 0.38570286 0.02568786 0.0 0.0  & 
        106.00 364.85  
 
PROP-DATA DHVLWT-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='J/kmol'  & 
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        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST DHVLWT  
    PVAL H2O 40655000 100.00 0.26623503 0.09110321 0.01  
    PVAL MEA 54835800 126.67 0.4041153 0.11011257 -27.37  
 
PROP-DATA PLXANT-1 
    IN-UNITS SI MASS-FLOW='kg/hr' MOLE-FLOW='mol/hr' PRESSURE=kPa  & 
        TEMPERATURE=C MASS-HEAT-CA='kJ/kg-K' PDROP='N/sqm'  
    PROP-LIST PLXANT  
    PVAL PZCOO-2 -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL PZCOO- -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL PZH+ -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL PZH+2 -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL HPZCOO -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL "PZ/H" -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL "H/PZCOO" -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
    PVAL "PZ/H2" -1.000000E+20 0.0 0.0 0.0 0.0 0.0 0.0  & 
        -273.1500000 1726.850000  
 
PROP-DATA HENRY-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=Pa TEMPERATURE=K  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST HENRY  
    BPVAL CO2 H2O 170.7126000 -8477.711000 -21.95743000  & 
        5.78074800E-3 273.0000000 500.0000000 0.0  
    BPVAL CO2 MEA 89.452 -2934.6 -11.592 0.01644 273.0000000  & 
        500.0000000 0.0  
 
PROP-DATA NRTL-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST NRTL  
    BPVAL H2O MEA -123.323712 2575.16998 0.2 0.0 22.061396  & 
        -0.029745916 0.0 1000  
    BPVAL MEA H2O -1.71338728 -214.123176 0.2 0.0 0.0 0.0  & 
        0.0 1000  
    BPVAL H2O CO2 10.06400000 -3268.135000 .2000000000 0.0 0.0  & 
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        0.0 0.0 200.0000000  
    BPVAL CO2 H2O 10.06400000 -3268.135000 .2000000000 0.0 0.0  & 
        0.0 0.0 200.0000000  
    BPVAL H2O PZ -4.771449207 0 0.2 0 0 0.010652211 0 1000  
    BPVAL PZ H2O 0.378443544 0 0.2 0 0 0.024904765 0 1000  
 
PROP-DATA VLCLK-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST VLCLK  
    BPVAL K+ HCO3- 35.23311000 21.81205000  
    BPVAL K+ CO3-- 19.73097000 74.55601000  
    BPVAL K+ OH- 1.373720000 52.13633000  
    BPVAL MEA+ OH- -390.9954000 1000.000000  
    BPVAL "MEA/H" OH- -390.9954000 1000.000000  
    BPVAL K+ "CO3/HCO3" 19.73097000 74.55601000  
 
PROP-DATA GMELCC-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCC  
    PPVAL H2O ( K+ HCO3- ) 11.11228480  
    PPVAL ( K+ HCO3- ) H2O -4.94142428  
    PPVAL H2O ( K+ CO3-- ) 10.44069660  
    PPVAL ( K+ CO3-- ) H2O -4.41820292  
    PPVAL H2O ( K+ OH- ) 7.84067300  
    PPVAL ( K+ OH- ) H2O -4.25869600  
    PPVAL H2O ( H+ HCO3- ) 8.04500000  
    PPVAL ( H+ HCO3- ) H2O -4.07200000  
    PPVAL H2O ( H+ CO3-- ) 8.04500000  
    PPVAL ( H+ CO3-- ) H2O -4.07200000  
    PPVAL H2O ( H+ OH- ) 8.04500000  
    PPVAL ( H+ OH- ) H2O -4.07200000  
    PPVAL ( K+ CO3-- ) ( K+ HCO3- ) 11.29371830  
    PPVAL ( K+ HCO3- ) ( K+ CO3-- ) 0.49023478  
    PPVAL H2O ( MEA+ HCO3- ) 12.77005390  
    PPVAL ( MEA+ HCO3- ) H2O -3.80956870  
    PPVAL CO2 ( MEA+ HCO3- ) 49.15747970  
    PPVAL ( MEA+ HCO3- ) CO2 -5.89256106  
    PPVAL CO2 ( MEA+ CO3-- ) 15.00000000  
    PPVAL ( MEA+ CO3-- ) CO2 -8.00000000  
    PPVAL CO2 ( MEA+ OH- ) 15.00000000  
    PPVAL ( MEA+ OH- ) CO2 -8.00000000  
    PPVAL MEA ( MEA+ HCO3- ) 1.78726059  
    PPVAL ( MEA+ HCO3- ) MEA -30.84763770  
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    PPVAL MEA ( MEA+ CO3-- ) 15.00000000  
    PPVAL ( MEA+ CO3-- ) MEA -8.00000000  
    PPVAL MEA ( MEA+ OH- ) 15.00000000  
    PPVAL ( MEA+ OH- ) MEA -8.00000000  
    PPVAL H2O ( MEA+ MEACOO- ) 19.03188830  
    PPVAL ( MEA+ MEACOO- ) H2O -7.38531897  
    PPVAL CO2 ( MEA+ MEACOO- ) 15.00000000  
    PPVAL ( MEA+ MEACOO- ) CO2 -8.00000000  
    PPVAL MEA ( MEA+ MEACOO- ) 16.87100390  
    PPVAL ( MEA+ MEACOO- ) MEA -13.62627530  
    PPVAL H2O ( PZH+ PZCOO- ) -1.04735906  
    PPVAL ( PZH+ PZCOO- ) H2O -103.954042  
    PPVAL H2O ( PZH+ HCO3- ) 4.43651036  
    PPVAL ( PZH+ HCO3- ) H2O -0.7872577  
    PPVAL PZ ( PZH+ HCO3- ) 7.03927214  
    PPVAL ( PZH+ HCO3- ) PZ -5.75420279  
    PPVAL PZ ( PZH+ PZCOO- ) 6.91492088  
    PPVAL ( PZH+ PZCOO- ) PZ 1.72226212  
    PPVAL CO2 ( PZH+ HCO3- ) 10.4764239  
    PPVAL ( PZH+ HCO3- ) CO2 11.8017499  
    PPVAL H2O ( K+ PZCOO- ) 16.215816  
    PPVAL ( K+ PZCOO- ) H2O -6.21116267  
    PPVAL H2O ( K+ PZCOO-2 ) -3.31378754  
    PPVAL ( K+ PZCOO-2 ) H2O 14.8343291  
    PPVAL H2O ( PZH+ PZCOO-2 ) 10.999002  
    PPVAL ( PZH+ PZCOO-2 ) H2O -0.244146518  
    PPVAL PZ ( K+ HCO3- ) 18.6888553  
    PPVAL ( K+ HCO3- ) PZ 2.07609342  
    PPVAL PZ ( K+ PZCOO- ) 4.15766326  
    PPVAL ( K+ PZCOO- ) PZ -4.84686271  
    PPVAL PZ ( K+ PZCOO-2 ) 5.60790154  
    PPVAL ( K+ PZCOO-2 ) PZ 3.52882395  
 
PROP-DATA GMELCD-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCD  
    PPVAL H2O ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) H2O 0.0  
    PPVAL H2O ( K+ CO3-- ) -364.55635300  
    PPVAL ( K+ CO3-- ) H2O -54.24351940  
    PPVAL H2O ( K+ OH- ) 773.36010000  
    PPVAL ( K+ OH- ) H2O -305.65090000  
    PPVAL ( K+ CO3-- ) ( K+ HCO3- ) -2907.57314000  
    PPVAL ( K+ HCO3- ) ( K+ CO3-- ) -725.82256800  
    PPVAL H2O ( MEA+ HCO3- ) 156.09046700  
    PPVAL ( MEA+ HCO3- ) H2O -214.82514800  
    PPVAL CO2 ( MEA+ HCO3- ) 430.10816000  
    PPVAL ( MEA+ HCO3- ) CO2 14444.83540000  
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    PPVAL CO2 ( MEA+ CO3-- ) 0.0  
    PPVAL ( MEA+ CO3-- ) CO2 0.0  
    PPVAL CO2 ( MEA+ OH- ) 0.0  
    PPVAL ( MEA+ OH- ) CO2 0.0  
    PPVAL MEA ( MEA+ HCO3- ) 3128.53045000  
    PPVAL ( MEA+ HCO3- ) MEA 6981.73393000  
    PPVAL MEA ( MEA+ CO3-- ) 0.0  
    PPVAL ( MEA+ CO3-- ) MEA 0.0  
    PPVAL MEA ( MEA+ OH- ) 0.0  
    PPVAL ( MEA+ OH- ) MEA 0.0  
    PPVAL H2O ( MEA+ MEACOO- ) -789.61025500  
    PPVAL ( MEA+ MEACOO- ) H2O 432.17895100  
    PPVAL CO2 ( MEA+ MEACOO- ) 0.0  
    PPVAL ( MEA+ MEACOO- ) CO2 0.0  
    PPVAL MEA ( MEA+ MEACOO- ) -2809.73880000  
    PPVAL ( MEA+ MEACOO- ) MEA 1864.65113000  
    PPVAL H2O ( PZH+ PZCOO- ) 3578.20122000  
    PPVAL ( PZH+ PZCOO- ) H2O 40581.19910000  
    PPVAL H2O ( PZH+ HCO3- ) 5972.56733000  
    PPVAL ( PZH+ HCO3- ) H2O -3071.15767000  
    PPVAL PZ ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) PZ 0.0  
    PPVAL CO2 ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) CO2 0.0  
    PPVAL H2O ( K+ PZCOO- ) -342.763486  
    PPVAL ( K+ PZCOO- ) H2O -287.67483  
    PPVAL H2O ( K+ PZCOO-2 ) -35.081338  
    PPVAL ( K+ PZCOO-2 ) H2O 4.1098466  
    PPVAL H2O ( PZH+ PZCOO-2 ) 20.3527407  
    PPVAL ( PZH+ PZCOO-2 ) H2O -2.33941249  
 
PROP-DATA GMELCE-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCE  
    PPVAL H2O ( K+ HCO3- ) -5.22878174  
    PPVAL ( K+ HCO3- ) H2O 2.47425900  
    PPVAL H2O ( K+ CO3-- ) 5.01426411  
    PPVAL ( K+ CO3-- ) H2O 0.0  
    PPVAL H2O ( K+ OH- ) -5.85238200  
    PPVAL ( K+ OH- ) H2O 4.75413000  
    PPVAL ( K+ CO3-- ) ( K+ HCO3- ) -35.46904460  
    PPVAL ( K+ HCO3- ) ( K+ CO3-- ) -9.69354360  
    PPVAL H2O ( MEA+ HCO3- ) 24.60156680  
    PPVAL ( MEA+ HCO3- ) H2O -5.89393435  
    PPVAL CO2 ( MEA+ HCO3- ) 2262.77769000  
    PPVAL ( MEA+ HCO3- ) CO2 659.23135400  
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    PPVAL CO2 ( MEA+ CO3-- ) 0.0  
    PPVAL ( MEA+ CO3-- ) CO2 0.0  
    PPVAL CO2 ( MEA+ OH- ) 0.0  
    PPVAL ( MEA+ OH- ) CO2 0.0  
    PPVAL MEA ( MEA+ HCO3- ) 66.01464320  
    PPVAL ( MEA+ HCO3- ) MEA 440.40354300  
    PPVAL MEA ( MEA+ CO3-- ) 0.0  
    PPVAL ( MEA+ CO3-- ) MEA 0.0  
    PPVAL MEA ( MEA+ OH- ) 0.0  
    PPVAL ( MEA+ OH- ) MEA 0.0  
    PPVAL H2O ( MEA+ MEACOO- ) -19.69365630  
    PPVAL ( MEA+ MEACOO- ) H2O 1.75887248  
    PPVAL CO2 ( MEA+ MEACOO- ) 0.0  
    PPVAL ( MEA+ MEACOO- ) CO2 0.0  
    PPVAL MEA ( MEA+ MEACOO- ) 22.41433100  
    PPVAL ( MEA+ MEACOO- ) MEA 16.45050280  
    PPVAL CO2 ( MEA+ MEACOO- ) 0.0  
    PPVAL ( MEA+ MEACOO- ) CO2 0.0  
    PPVAL CO2 ( "MEA/H" MEACOO- ) 0.0  
    PPVAL ( "MEA/H" MEACOO- ) CO2 0.0  
    PPVAL H2O ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) H2O 0.0  
    PPVAL PZ ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) PZ 0.0  
    PPVAL CO2 ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) CO2 0.0  
    PPVAL H2O ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) H2O 0.0  
 
PROP-DATA GMELCN-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-FLO='Gcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=Gcal MOLE-CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCN  
    PPVAL H2O ( K+ OH- ) 0.2  
    PPVAL H2O ( K+ HCO3- ) 0.2  
    PPVAL H2O ( K+ CO3-- ) 0.2  
    PPVAL CO2 ( MEA+ HCO3- ) .1000000000  
    PPVAL CO2 ( MEA+ CO3-- ) .1000000000  
    PPVAL CO2 ( MEA+ OH- ) .1000000000  
    PPVAL MEA ( MEA+ HCO3- ) .1000000000  
    PPVAL MEA ( MEA+ CO3-- ) .1000000000  
    PPVAL MEA ( MEA+ OH- ) .1000000000  
    PPVAL CO2 ( MEA+ MEACOO- ) .1000000000  
    PPVAL MEA ( MEA+ MEACOO- ) .1000000000  
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STREAM 1  
    SUBSTREAM MIXED TEMP=25. PRES=101.325  
    MASS-FLOW H2O 1.  
 
BLOCK B1 FLASH2  
    PARAM TEMP=40. VFRAC=0.0001  
    PROPERTIES ELECNRTL HENRY-COMPS=HC-1 CHEMISTRY=GLOBAL  & 
        TRUE-COMPS=YES  
 
EO-CONV-OPTI  
 
STREAM-REPOR NOMOLEFLOW MASSFLOW  
 
PROPERTY-REP NOPCES PROP-DATA DFMS NOPARAM-PLUS  
; 
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 Subroutine 
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K.1  Fortran Subroutine Code for NMR and Enthalpy of CO2 Absorption 
 
      SUBROUTINE DRUSR0 (T, P, X, Y, NCP, IDX, NBOPST, KDIAG, 
     1                   ITYPE, PROP, KER) 
C 
C---------------------------------------------------------------------- 
C         COPYRIGHT (C) 2007 
C          THE UNIVERISYT OF TEXAS AT AUSTIN 
C          AUSTIN, TEXAS, USA 
C---------------------------------------------------------------------- 
C 
C     MODULE TITLE: GENERIC USER PROPERTY VS. STATE VARIABLES 
C 
C     VARIABLES USED: 
C 
C      VARIABLES IN ARGUMENT LIST - NONE 
C 
C      IMPORTANT INTERNAL VARIABLES 
C 
C       VARIABLE  I/O   TYPE     DIMENSION     DESCRIPTION AND RANGE 
C 
C           T      I     R*8        -          TEMPERATURE, K 
C 
C           P      I     R*8        -          PRESSURE, PASCAL 
C 
C           X      I     R*8        NCP        LIQUID MOLE FRAC VECTOR 
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C 
C           Y      I     R*8        NCP        VAPOR MOLE FRAC VECTOR 
C 
C           NCP    I     I          -          NO. OF COMPONENT PRESENT 
C 
C           IDX    I     I          NCP        COMPONENT INDEX VECTOR 
C 
C           NBOPST I     I          6          OPTION SET BEAD 
C 
C           KDIAG  I     I          -          PROPERTY DIAGNOSTIC CODE 
C 
C           ITYPE  I     I          -          TYPE OF PROPERTY 
C                                                (SEE ABOVE) 
C 
C           PROP   O     R*8        1          CALCULATED PURE COMP 
C                                              PROPERTY 
C                                   NCP        CALCULATED PARTIAL PROP 
C                                   1          CALCULATED MIXTURE PROP 
C 
C           KER    O     I          -          ERROR RETURN CODE 
C 
C     ERROR CONDITIONS: NONE 
C 
C     SUBROUTINES CALLED: 
C 
C     FILES: 
C 
C        SPECIFICATIONS, DECLARATIONS, DATA STATEMENTS, ETC. 
C 
      IMPLICIT NONE 
C 
#include "dms_global.cmn" 
#include "dms_rglob.cmn" 
#include "dms_ncomp.cmn" 
C 
#include "shs_stwork.cmn" 
#include "dms_stwkwk.cmn" 
      EQUIVALENCE (NCPM, STWKWK_NCPMOO) 
      EQUIVALENCE (PCALC, STWKWK_PCALC) 
C 
#include "dms_plex.cmn" 
 
      EQUIVALENCE (IB(1), B(1)) 
C 
C     DECLARE ARGUMENTS 
C 
      INTEGER IDX(1),NBOPST(1),    NCP,   KDIAG, ITYPE, 
     +        KER,   I 
      REAL*8 X(1),  Y(1),  PROP(1), T, P, MEATOT, CO2TOT, 
     +        MEAH, MEACOO, CO3HCO3, OBJFUN, AA, BB, CC 
C 
C     DECLARE LOCAL VARIABLES 
C 
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      INTEGER IPROG(2), LDRU1, LDRU2, addValue, caseValue, idValue 
      REAL*8 B(1), SVEC(20), TOL, SPEC1, 
     +    SPEC2, GUESS, RETN(1000), total 
      INTEGER NSUBS, IXTYPE, KODE, NPKODE, MAXIT, 
     +        IRETN(6), JRES,KRESLT, lcflag, lmsg, lpmsg, 
     +  kphase, idxsub(1) 
C 
      REAL*8 XT, XL, XS, S2TL, TL2AL, HMX, DHMX 
      INTEGER IDXT, IDXL ,IDXS, KH, N, KBASE, 
     1        NL, NS, NT 
      DIMENSION XT(20), IDXT(20), XL(20), IDXL(20), 
     1          XS(20), IDXS(20) 
      INTEGER KPPMON(4), KENTHL(5), IFPTR 
C 
      INTEGER IOLI, NPHASE, MXIT, LODIAG, NV, IDXV(1), 
     1        NBOPSTS 
 REAL*8  HDUM, XV(1), SF, VF, LF, T2A 
 REAL*8 XMEA, XMEAH, XTEMP(20), XMEACOO, XCO2, XCO3, XHCO3, XH2O 
C 
C     DECLARE LOCAL VARIABLES 
C       IMEA STORES THE ALIAS OF MEA (8 CHARACTERS) 
C       IMEAH STORES THE ALIAS OF MEAH+ (8 CHARACTERS) 
C       AND SO ON... 
C 
      INTEGER NCPM, J, II, FRMULA, LFRMULA, IMEA(2), IMEAH(2), 
     .        IMEACOO(2), ICO2(2), ICO3(2), IHCO3(2), Z, IH2O(2) 
C 
      REAL*8 PCALC, YTEMP(20), PRES, PPTEMP(20), ZTEMP(20), RecT 
 
#include "dms_initv.cmn" 
#include "dms_ipoff1.cmn" 
#include "dms_ipoff4.cmn" 
#include "ppexec_user.cmn" 
C 
C      DATA STATEMENTS 
C 
      DATA IPROG/4HDRUS, 4HR0  / 
      DATA KPPMON / 4HPPMO, 4HN    ,2*4H    / 
      DATA KENTHL / 4HPPMO, 4HN_EN, 4HTHL , 2*4H    / 
C 
      DATA IMEA   /4HC2H7, 4HNO  /, 
     .     IH2O   /4HH2O , 4HH   /, 
     .     IMEAH  /4HC2H8, 4HNO+ /, 
     .     IMEACOO/4HC3H6, 4HNO3-/,  
     .     ICO2   /4HCO2 , 4H    /,  
     .     ICO3   /4HCO3-, 4H2   /,  
     .     IHCO3  /4HHCO3, 4H-   /      
 
C 
C  STATEMENT FUNCTIONS FOLLOW 
C 
      FRMULA(I,J) = LFRMULA + 3*(J - 1) + I 
C 
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C     BEGIN EXECUTABLE CODE 
C 
C  SET PLEX OFFSETS 
C 
      LDRU1 = IPOFF1_IPOFF1(102) 
      LDRU2 = IPOFF1_IPOFF1(103) 
      LFRMULA = IPOFF4_IPOFF4(1) 
C 
C     Case Value for NMR or DHabs code Based on Component Index Vectors 
C       
      addValue = 1D0 
      caseValue = 0D0 
      idValue = 0D0 
       
      DO I=1,NCP 
 
 IF (IDX(I).ne.0) THEN 
 caseValue = caseValue + addValue 
 idValue = IDX(I) + idValue 
      ENDIF 
  
 addValue = addValue*2 
  
 END DO 
C write (user_nhstry,*) ' ' 
C      write(user_nhstry,*) 'Final idValue ' ,idValue 
C      write (user_nhstry,*) ' ' 
       
 ================================================================ 
C 
      IF (idValue.EQ.27) THEN 
C      
C MEA Only NMR Data 
C     Convert Mole fractions to total mole fractions 
C 
      MEATOT = X(1)+ X(2) 
      CO2TOT = X(2)+ X(3) 
C       
C     Dummy Variable for use later 
C 
      MEAH = X(1) 
      MEACOO = X(2) 
      CO3HCO3 = X(3) 
C 
C     Convert to SVEC components according to the SPECIES list 
C 
      XTEMP(1)=1D0-MEATOT-CO2TOT 
      XTEMP(2)=CO2TOT 
      XTEMP(3)=MEATOT 
      XTEMP(4)=0D0  
C  
C     The following code calls the FLash subroutine. 
C 
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  TOTAL = 0D0 
  DO 299 I=1, NCOMP_NCC+9 
   SVEC(I) = 0D0 
  299   CONTINUE 
C   
         DO 300 I = 1, NCP 
   SVEC(I) = XTEMP(I) 
   TOTAL = SVEC(I) + TOTAL 
C 
  300    CONTINUE 
C   
C        write (user_nhstry,*) ' ' 
C        write (user_nhstry,*) 'total ',total 
 SVEC(NCOMP_NCC+1) = TOTAL 
 svec(ncomp_ncc+2) = t 
 svec(ncomp_ncc+3) = P 
C  
C  do 98 i = 1, ncomp_ncc+9 
C    write(user_nhstry,*) 'svec(ncomp_ncc) ' ,svec(i),i 
C   98   continue 
   
  NSUBS = 1 
  IXTYPE = 1 
  KODE = 5 
  NPKODE = 2 
  MAXIT = 30 
  TOL = 1E-4 
  SPEC1 = T 
  SPEC2= 0.0001 
  GUESS = P 
  JRES= 0 
  KRESLT = 1 
        KPHASE = 2 
        idxsub(1) = 1 
C         
C         
 CALL FLSH_FLASH (SVEC, NSUBS, IDXSUB, IXTYPE, NBOPST, KODE,  
     + NPKODE, KPHASE, MAXIT, TOL, SPEC1,SPEC2, GUESS, LMSG, LPMSG, 
     + JRES, KRESLT, RETN, IRETN, LCFLAG) 
      
C 
C 
C        write (user_nhstry,*) ' ' 
C write(user_nhstry,*) 'lcflag ',lcflag 
C  
C do 99 i = 1, ncomp_ncc+9 
C   write(user_nhstry,*) 'svec(ncomp_ncc) ' ,svec(i) 
C 99 continue 
 
C 
C     GET CALCULATED PRESSURE 
C 
      PRES = PCALC 
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C      write (user_nhstry,*) 'PCALC, [Pa]', PCALC 
C 
C     GET VAPOR MOLE FRACTIONS 
C 
      DO I = 1, NCP 
         YTEMP(I) = 0D0 
      END DO 
 
C      write (user_nhstry,*) ' ' 
      DO I = 1, NCPM 
        YTEMP(i) = B(STWKWK_LRSTW+(STWORK_MY+I-1)) 
C 
C       FIND CO2 
C 
        IF (IB(FRMULA(1,I)).EQ.ICO2(1) .AND. 
     .      IB(FRMULA(2,I)).EQ.ICO2(2)) THEN 
          PPTEMP(I) = PRES*YTEMP(i) 
C          write (user_nhstry,*) 'YTEMP-CO2, i', YTEMP(i), i 
C          write (user_nhstry,*) 'PPTEMP-CO2,[Pa] ',PPTEMP(i), i 
        ENDIF 
      END DO 
C 
C     The following code is to get true species. 
C 
      CALL PPSTUB_GETTRU ( NT, IDXT, XT, NL, IDXL, XL, NS, IDXS, XS, 
     1              S2TL, TL2AL ) 
C 
C      write (user_nhstry,*) ' ' 
C      do 101 I = 1, NL 
C   write(user_nhstry,*) 'XL ' ,XL(I), I, IDXL(I) 
C 101 continue 
 
C    
C    The Following Code retrieves the liquid phase mole fractions 
C 
      XMEA = 0D0 
      XH2O = 0D0 
      XMEAH = 0D0  
      XMEACOO = 0D0 
      XCO2 = 0D0 
      XCO3 = 0D0 
      XHCO3 = 0D0 
       
C      write (user_nhstry,*) 'XH2O TRUE ',XH2O 
C 
C      write (user_nhstry,*) ' ' 
      DO I = 1, NL 
         IF (IB(FRMULA(1,IDXL(I))) .EQ. IMEA(1). AND. 
     .       IB(FRMULA(2,IDXL(I))).EQ.IMEA(2)) THEN 
            XMEA = XL(I) 
            write (user_nhstry,*) 'XMEA TRUE ',XMEA 
         ELSE IF (IB(FRMULA(1,IDXL(I))) .EQ. IH2O(1). AND. 
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     .       IB(FRMULA(2,IDXL(I))).EQ.IH2O(2)) THEN 
            XH2O = XL(I) 
            write (user_nhstry,*) 'XH2O TRUE ',XH2O 
         ELSE IF (IB(FRMULA(1,IDXL(I))) .EQ. IMEAH(1). AND. 
     .            IB(FRMULA(2,IDXL(I))).EQ.IMEAH(2)) THEN 
            XMEAH = XL(I) 
            write (user_nhstry,*) 'XMEAH TRUE ', XMEAH 
         ELSE IF (IB(FRMULA(1,IDXL(I))) .EQ. IMEACOO(1). AND. 
     .            IB(FRMULA(2,IDXL(I))).EQ.IMEACOO(2)) THEN 
            XMEACOO = XL(I) 
            write (user_nhstry,*) 'XMEACOO TRUE ', XMEACOO  
         ELSE IF (IB(FRMULA(1,IDXL(I))) .EQ. ICO2(1). AND. 
     .            IB(FRMULA(2,IDXL(I))).EQ.ICO2(2)) THEN 
            XCO2 = XL(I) 
            write (user_nhstry,*) 'XCO2 TRUE ', XCO2 
         ELSE IF (IB(FRMULA(1,IDXL(I))) .EQ. ICO3(1). AND. 
     .            IB(FRMULA(2,IDXL(I))).EQ.ICO3(2)) THEN 
            XCO3 = XL(I) 
            write (user_nhstry,*) 'XCO3 TRUE ', XCO3 
         ELSE IF (IB(FRMULA(1,IDXL(I))) .EQ. IHCO3(1). AND. 
     .            IB(FRMULA(2,IDXL(I))).EQ.IHCO3(2)) THEN 
            XHCO3 = XL(I) 
            write (user_nhstry,*) 'XHCO3 TRUE ', XHCO3 
         ENDIF 
      END DO    
C 
C     Sum up the true species from the subroutene program corresponding to the following 
C            
      AA = XMEA + XMEAH 
      BB = XMEACOO 
      CC = XCO2 + XCO3 + XHCO3 
C 
C     Objective Function 
C 
      OBJFUN = (MEAH - AA)**2 + (MEACOO - BB)**2 + (CO3HCO3 - CC)**2 
C 
      PROP(1) = 1D0 - OBJFUN 
C 
C 
C      write (user_nhstry,*) ' ' 
C write (user_nhstry,*) 'prop(1) ',prop(1) 
C write (user_nhstry,*) ' ' 
  
 ENDIF 
C  
C     
================================================================ 
C  
 IF (idValue.EQ.6) THEN 
C  
C DHabs Only Data 
C 
C     Convert to SVEC components according to the SPECIES list 
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C 
C     X(1) = MEA 
C     X(2) = CO2 
C     X(3) = H2O 
C 
      XTEMP(1)=X(3) 
      XTEMP(2)=X(2) 
      XTEMP(3)=X(1) 
C  
C     The following code calls the FLash subroutine. 
C 
  TOTAL = 0D0 
  DO 296 I=1, NCOMP_NCC+9 
   SVEC(I) = 0D0 
  296   CONTINUE 
C   
         DO 340 I = 1, NCP 
   SVEC(I) = XTEMP(I) 
   TOTAL = SVEC(I) + TOTAL 
C 
  340    CONTINUE 
C   
C        write (user_nhstry,*) ' ' 
C        write (user_nhstry,*) 'total ',total 
 SVEC(NCOMP_NCC+1) = TOTAL 
 svec(ncomp_ncc+2) = t 
 svec(ncomp_ncc+3) = P 
C  
C  do 92 i = 1, ncomp_ncc+9 
C    write(user_nhstry,*) 'svec(ncomp_ncc) ' ,svec(i),i 
C  92   continue 
C   
C       THE FOLLOWING DO LOOP FLASHES THE SAME STREAM TWICE AT T AND T+1 
C       TO GET THE PARTIAL PRESSURE OF CO2 FOR DHABS CALCULATION. 
C  
        DO 230 z = 1,2   
C   
  NSUBS = 1 
  IXTYPE = 1 
  KODE = 5 
  NPKODE = 2 
  MAXIT = 30 
  TOL = 1E-4 
  SPEC1 = T 
  SPEC2= 0.0001 
  GUESS = P 
  JRES= 0 
  KRESLT = 1 
        KPHASE = 2 
        idxsub(1) = 1 
C         
C         
 CALL FLSH_FLASH (SVEC, NSUBS, IDXSUB, IXTYPE, NBOPST, KODE,  
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     + NPKODE, KPHASE, MAXIT, TOL, SPEC1,SPEC2, GUESS, LMSG, LPMSG, 
     + JRES, KRESLT, RETN, IRETN, LCFLAG) 
      
C 
C 
C        write (user_nhstry,*) ' ' 
C write(user_nhstry,*) 'lcflag ',lcflag 
C  
C do 97 i = 1, ncomp_ncc+9 
C   write(user_nhstry,*) 'svec(ncomp_ncc) ' ,svec(i) 
C 97 continue 
 
C 
C     GET CALCULATED PRESSURE 
C 
      PRES = PCALC 
 
C      write (user_nhstry,*) 'PCALC, [Pa]', PCALC 
C 
C     GET VAPOR MOLE FRACTIONS 
C 
      DO I = 1, NCP 
         YTEMP(I) = 0D0 
      END DO 
 
C      write (user_nhstry,*) ' ' 
      DO I = 1, NCPM 
        YTEMP(i) = B(STWKWK_LRSTW+(STWORK_MY+I-1)) 
C 
C       FIND CO2 
C 
        IF (IB(FRMULA(1,I)).EQ.ICO2(1) .AND. 
     .      IB(FRMULA(2,I)).EQ.ICO2(2)) THEN 
          PPTEMP(I) = PRES*YTEMP(i) 
          ZTEMP(Z) = PPTEMP(I) 
C          write (user_nhstry,*) 'YTEMP-CO2, i', YTEMP(i), i 
C          write (user_nhstry,*) 'PPTEMP-CO2,[Pa] ',PPTEMP(i), i 
C          write (user_nhstry,*) 'ZTEMP-CO2,[Pa] ',ZTEMP(Z), Z 
        ENDIF 
      END DO 
C      
      t = t + 1D0 
C 
  230 END DO  
C 
C     PUT T BACK TO WHERE IT WAS T-1 
 
      t = t - 1D0 
c 
c     CALCULATE RECIPICAL TEMPERATURE DIFFERENCE 
 
      RecT = (1/(T+1D0))-(1/(T)) 
C      write (user_nhstry,*) 'RecT ',RecT 
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C 
C     CALCULATE -DHABS IN kJ/mol 
C 
      PROP(1) = -0.008314*(log(ZTEMP(2)/ZTEMP(1))/RecT)       
C 
C     PROP(1) = 1D0 
C 
C 
C      write (user_nhstry,*) ' ' 
C write (user_nhstry,*) 'prop(1) ',prop(1) 
C write (user_nhstry,*) ' ' 
 
 ENDIF 
  
      RETURN 
#undef P_NPOFF1 
      END 
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APPENDIX L  Aspen PlusTM Data Regression 
 Procedures 
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

L.1  Introduction 
 

The following discussion documents the data regression procedures for literature 

data entered into the Aspen PlusTM Data Regression System (DRS) for aqueous mixture 

combinations of K2CO3, KHCO3, MEA, PZ, and CO2.   

L.2  Overall Regression Procedure 
 

Adjustable binary interaction parameters were determined by DRS within Aspen 

PlusTM utilizing the maximum likelihood principle of Britt and Luecke (1973) through the 

minimization of the objective function as given in Chapter VI.  The following procedure 

outlines the steps to determine the optimum set of binary interaction parameters used in this 

work. 
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1. Start with the Aspen PlusTM Default Parameters as the initial values given in Chapter VI. 
2. Run the DRS regression package to regress the full model. 
3. Document the full model regression case results as “Full.” 
4. Start with the results from the full model as the initial values. 
5. Fix or exclude a parameter to the default value starting with coefficients associated with 

the C term. 
a. If all coefficients associated with the C term are set to the default value, then 

fix or exclude a parameter to the default value starting with coefficients 
associated with the B term. 

b. If all coefficients associated with the B term are set to the default value, then 
fix or exclude a parameter to the default value starting with coefficients 
associated with the A term.  This action will then fix the selected tau 
parameter to the appropriate default value. 

6. Select which coefficient gave the smallest change between the sum of squares of the 
fixed regression case and the full model. 

7. Delete or fixed to the default value the coefficient with the smallest change. 
8. Repeat steps 5 through 7 until all coefficients/parameters are fixed to the default 

parameters. 
9. Sort (ascending) the regression cases by the sum of squares. 
10. Perform a logic test on each regression case by determining if the standard error with 

respect to the estimate of the coefficient is less than the value for the estimate of the 
coefficient. 

a. If the standard error is less than the estimate of the coefficient then add one 
to the count for each regression case. 

b. Tabulate the total count for each regression case and sort (ascending) the 
results. 

11. Determine for each regression case how many parameters are highly positively or 
negatively correlated. 

a. If the correlation coefficient between two parameters is greater than 0.9 or 
less than -0.9 add one to the count for each regression case. 

b. Tabulate the total count for each regression case and sort (ascending) the 
results. 

12. Select cases with the lowest value associated with the sum of squares, logic test, and the 
total number of correlated parameters.  Label each possible optimum case. 

13. Test each optimum case to see which case gives the lowest absolute average relative 
deviation (AARD) for each data set. 

14. Label the case with the lowest AARD for each data set as the Optimum Model. 
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APPENDIX M  Nomenclature 
  
 
 
 
 
 
 
 
 
 
 
 
 
________________________________________________________________________ 
 

M.1  Aspen PlusTM Scalar Parameter Nomenclature 
 
API  Standard API gravity 
CHARGE Ionic Charge number (positive for cations, negative for anions) 
CHI  Stiel polar factor 
DGAQFM Aqueous phase free energy of formation at infinite dilution and 25 deg C.  

For ionic species and molecular solutes in electrolyte systems 
DGAQHG Helgeson infinite dilution Gibbs energy of formation 
DGFORM Standard free energy of formation for ideal gas at 25 deg C 
DGFVK Parameter for the Gibbs free energy of formation.  Used by the van Krevelen 

models 
DGSFRM Solid free energy of formation at 25 deg C 
DHAQFM Aqueous phase heat of formation at infinite dilution and 25 deg C.  For ionic 

species and molecular splutes in electrolyte systems 
DHAQHG Helgeson infinite dilution enthalpy of formation 
DHFORM Standard enthalpy of formation for ideal gas at 25 deg C 
DHFVK Parameter for the enthalpy of formation.  Used by the van Krevelen models 
DHSFRM Solid enthalpy of formation at 25 deg C 
DHVLB Enthalpy of vaporization at TB 
DLWC Vector indication diffusing or non-diffusing components for Wilke-Chang 

Model.  Enter 1 for diffusing component or 0 or non-diffusing component. 
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DVBLNC Vector indication diffusing or non-diffusing components for Chapman-
Enskog-Wike-Lee Model.  Enter 1 for diffusing component or 0 or non-
diffusing component 

HCOM Standard enthalpy of combustion at 298.2 K 
IONRDL Riedel ionic coefficient for correction to the liquid mixture thermal 

conductivity of a mixture due to the presence of electrolytes 
IONTYP Ion type for the Criss-Cobble aqueous infinite dilution ionic heat capacity 

equation (1=cations; 2=simple anions, OH-; 3=oxy anions; 4=acid oxy 
anions; 5=H+) 

MUP Dipole moment 
MW Molecular weight 
OMEGA Pitzer acentric factor 
OMEGHG Helgeson Omega heat capacity coefficient 
PC Critical Pressure 
RADIUS Born radius of ionic species 
RHOM Mass density 
RKTZRA Parameter for the Rackett liquid molar volume model 
S25HG Helgeson entropy at 25 deg C 
S025C Absolute entropy at 25 deg C used in the Criss-Cobble equation for 

estimation of aqueous infinite dilution ionic heat capacity 
S025E Sum of element entropies at 25 deg C 
SG Standard specific gravity at 60 deg F 
TB Normal boiling point 
TC Critical temperature 
TFP Freezing point temperature 
TREFHS Reference temperature when solid reference state is used (RSTATE = 3).  

TREFHS is used together with DHSFRM and DGSFRM 
VB Liquid molar volume at TB 
VC Critical volume 
VCRKT Critical volume for the Rackett liquid model; defaults to VC 
VLSTD Standard liquid volume at 60 deg F 
ZC  Critical compressibility factor 

M.2  Aspen PlusTM Temperature Dependent Nomenclature 
 
AHGPAR Helgeson Equation of state coefficients (for ions in the chemical reactions) 
ATOMNO Vector containing the atom types (atomic numbers) for a given molecule 

(e.g., H=1, C=6, O=8). Must use the vector NOATOM to define the 
number of occurrences of each atom. 

CHGPAR Helgeson C Heat Capacity coefficient (for ions in the chemical reactions) 
CPAQ0 Aqueous phase heat capacity at infinite dilution polynomial. If no values are 

given then uses Criss-Cobble equation to calculate heat capacity. 
CPDIEC Pure component dielectric constant coefficients of nonaqueous solvents 
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CPIG Ideal gas heat capacity 
CPIGDP DIPPR ideal gas heat capacity equation is used for most pure components 
CPLXP1 Barin liquid phase heat capacity for the first temperature range 
CPLXP2 Barin liquid phase heat capacity for the second temperature range 
CPSDIP Coefficients for the DIPPR solid heat capacity equation 
CPSPO1 Solids heat capacity polynomial 
DHVLDP Pure component heat of vaporization coefficients for the DIPPR heat of 

vaporization equation 
DHVLWT Watson Heat of Vaporization equation for pure components 
DNLDIP DIPPR liquid density equation for pure components if DNLDIP is available 

(pure component liquid molar volume) 
DNSDIP DIPPR solid density equation 
IONMOB Coefficients for the Jones-Dole correction to liquid mixture viscosity due to 

the presence of electrolytes (moles) 
IONMUB Coefficients for the Jones-Dole correction to liquid mixture viscosity due to 

the presence of electrolytes (volume/mole) 
KLDIP Pure component liquid thermal conductivity coefficients for the DIPPR 

liquid thermal conductivity equation 
KSPOLY Solid Thermal conductivity 
KVDIP Pure component vapor thermal conductivity for low pressure gasses 

coefficients for the DIPPR vapor thermal conductivity equation 
MULAND Pure component liquid viscosity coefficients for the Andrade Liquid 

Viscosity equation 
MULDIP Pure component liquid viscosity coefficients for the DIPPR Liquid Viscosity 

equation 
MUVDIP Pure component low pressure vapor viscosity coefficients for the DIPPR 

Liquid Viscosity equation 
NOATOM Vector containing the number of each type of element in the component.  

Must be used with ATOMNO. 
PCES Parameters Estimation by the Aspen Physical Property System 
PLXANT Coefficients for the Extended Antoine vapor pressure equation for a liquid 
PSANT Pure component Coefficients for Solid Antoine vapor pressure equation 
SIGDIP Pure component liquid surface tension coefficients for the DIPPR liquid 

surface tension equation 
VLBROC Brelvi-O-Connell Volume Parameter 
VLPO IK-CAPE liquid density equation for pure components if VLPO is available 

(pure component liquid molar volume) 
VSPOLY Pure component coefficients for the solid molar volume equation 
WATSOL Coefficients for the water solubility equation model that calculates solubility 

of water in a hydrocarbon-rich liquid phase.  This model is used 
automatically when you model a hydrocarbon-water system with free-water 
option. 
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Abstract 
Aqueous monoethanolamine (MEA) and piperazine (PZ) solutions were batch loaded into glass 
jacketed reactors and subjected to oxidative degradation via a high gas flow and low gas flow 
degradation apparatus.  Amine solutions were degraded in the low gas flow apparatus using 100 
mL/min of a 98% O2/2% CO2 saturated gas mixture in which mass transfer was achieved by 
vortexing.  Liquid samples were withdrawn from the reactor during the course of the experiment 
and analyzed for degradation using ion chromatography.  The high gas flow degradation 
apparatus employed 7.5 L/min of an air/2% CO2 mixture diluted with N2 to achieve 15% O2; 
oxygen mass transfer in this apparatus takes place by sparging the saturated gas mixture through 
the solution and by vortexing.  A Fourier Transform Infrared Analyzer collects continuous gas-
phase data on amine volatility and volatile degradation products. 

Ion chromatography analysis has been used to identify and quantify eight oxidative degradation 
products in MEA and PZ systems: ammonium, ethylenediamine, formate, oxalate, nitrite, nitrate, 
formate and glycolate.   

Formate is the most abundant degradation product observed in 7 molal MEA systems, followed 
by nitrate/nitrite, then oxalate.  Iron and copper-catalyzed systems produce similar amounts of 
formate; a combination of both catalysts enhances the production of formate.  Iron-catalyzed 
systems produce twice the amount of nitrite/nitrate as do Cu systems.  Degradation inhibitor A 
reduced the formation of observable oxidative degradation products by 70%. 

Aqueous piperazine systems were degraded in the presence of iron, copper and/or vanadium 
catalysts.  Aqueous piperazine systems behaved differently to 7 m MEA systems in the presence 
of copper and iron; degraded MEA systems favored the formation of carbon-containing 
degradation products, while PZ favored nitrogen-containing products.  The addition of 100mM 
inhibitor A resulted in a 91% to 93% reduction in the concentration of oxidative degradation 
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products for Fe/Cu systems, and a 70% reduction for vanadium-catalyzed systems.  The addition 
of 5 molal potassium ion to an aqueous piperazine solution effectively inhibits any oxidative 
degradation in PZ systems.  K+ ion significantly reduces O2 solubility in PZ systems. 

Formate was produced at a rate of 2.35 mM/hr in a 7m MEA/2m PZ system catalyzed by iron 
and copper, which was the highest rate observed for any of the degradation experiments.  The 
addition of 100 mM inhibitor A reduced degradation rates by 81%.  Even with this reduction in 
product formation, combined MEA/PZ systems are a less attractive option than MEA or PZ-only 
systems in terms of oxidative degradation.  Moreover, preliminary IC analysis shows 2-amino-1-
methyl-1-propanol (AMP, a sterically hindered amine) systems to be more degradation resistant 
than inhibited MEA and PZ systems by approximately 85%. 

1. Introduction 
According to a study of atmospheric CO2 concentrations, measured at Mauna Loa, Hawaii since 
1958, CO2 concentrations have risen by 19% over the last 45 years (Keeling and Whorf, 2004).  
The Intergovernmental Panel on Climate Change has reported increasing annual average 
temperatures on the Earth’s surface, lower atmosphere, and oceans, in addition to retreating 
glaciers and reduced areas with year round snow coverage (IPCC, 2001).  All of these 
environmental observations indicate global warming.  A recent report shows that recent trends in 
CO2 concentrations are significantly higher than expected based on past long term trends 
(Ruddiman, 2005). 

The National Research Council supported the IPCC, stating that greenhouse gases are 
accumulating in the atmosphere, “most likely due to human activities” (NRC, 2001).  In 2002, 
worldwide CO2 emissions from anthropogenic sources were 24,533 million metric tons, 23% of 
which was from the United States (Energy Information Administration, 2004).  The largest 
sources of emissions in the United States are coal-fired power plants (32.7%), transportation 
(32.2%), and industrial facilities (18.0%).  From these numbers it is clear that coal-fired power 
plants provide the greatest opportunity to reduce CO2 emissions from point sources. 

Alkanolamines are used extensively in the gas process industry to remove acid gases such as 
carbon dioxide and hydrogen sulfide from flue gas.  Aqueous monoethanolamine (MEA) is the 
current solvent of choice for flue gas treating because of its high capacity for CO2 absorption, 
fast reaction kinetics, and high removal efficiencies (Kohl and Nielsen, 1997).   

Figure 1 shows a typical aqueous absorption/stripping process used in gas-treating processes.  In 
a typical absorber/stripper system, a flue gas stream with 10% CO2, 0.2% SO2, and 5% O2 enters 
the bottom of the absorber, which is operating at 55oC and 1 atmosphere pressure (Rochelle and 
Chi, 2001).  The lean amine counter currently contacts the flue gas and exits the bottom of the 
absorber.  The CO2 reacts reversibly with MEA to form an MEA carbamate.  The rich amine 
solution, with a CO2 loading (α) of approximately 0.4 mol CO2/mol MEA, goes through a cross 
heat exchanger, where it is preheated by the lean amine solution before entering the top of the 
stripper, which operates at 120oC and 1 atmosphere.   

In the stripper, heat is provided in the reboiler by steam, which is used to reverse the chemical 
equilibrium between the MEA and MEA-carbamate, liberating the CO2.  The gas leaving the 
stripper is dehydrated and compressed before being pumped for sequestration.  The hot lean 
amine solution is passed back through the cross exchanger, where it is cooled and recycled back 
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to the top of the absorber.  A reclaimer off the bottom of the stripper takes a slip stream to 
remove heat stable salts and high molecular weight degradation products. 

Degradation of the solvent in this absorption/stripping system can be classified into three types: 
thermal, oxidative, and carbamate polymerization (Rochelle, Bishnoi et al., 2001).  Thermal 
degradation does not usually occur at temperatures less than 200oC and is not applicable for this 
system.  Carbamate polymerization occurs in any process where a primary/secondary 
alkanolamine forms a carbamate with CO2.  The degradation products resulting from carbamate 
polymerization are of high molecular weight.   

Oxidative degradation requires the presence of oxygen; since flue gas contains at least 5% O2, 
oxidative degradation can be significant.  This type of degradation does not apply to acid gas 
treating processes, which are usually absent of oxygen.  The degradation products via this 
process are typically oxidized fragments of the amine solvent.  This project proposes to study the 
mechanism by which amine solutions are subjected to oxidative degradation, and how its effects 
impact the implementation of absorption/stripping units for CO2 capture.  

 

 
Figure 1. Process Flow Diagram for MEA CO2 Capture Process 

2. Research Objectives  
Degradation is an irreversible chemical transformation of alkanolamine into undesirable 
compounds resulting in its diminished ability to absorb CO2.  Since most gas treating processes 
using alkanolamines for CO2 removal are performed in the absence of oxygen, oxidative 
degradation is a source of solvent degradation that has not been properly quantified.  Oxidative 
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degradation is important because it can impact the environment and process economics and 
decrease equipment life due to corrosion. 

 The environmental effects refer to the degradation products themselves: what is being 
produced, how much of it is being produced, and how can it be disposed of without doing 
significant damage to the environment.  Process economics being impacted are the solvent make-
up rate and design of the reclaiming operation.  If amine is continually being degraded, then 
fresh amine must be continually added to the process at a significant cost.  In addition, CO2 
loaded amine solutions corrode carbon steel equipment, which catalyzes oxidative degradation 
even further.  It is imperative to quantify how much of this solvent make-up rate is due to 
oxidative degradation.   

 The costs resulting from amine degradation are considerable; Rao and Rubin (2002) 
estimate solvent degradation to be around 10% of the total cost of CO2 capture.  Therefore, a 
comprehensive understanding of the fundamentals of degradation chemistry is important.  The 
expected result of this project is to identify and quantify the liquid-phase and vapor-phase 
oxidative degradation products of amine systems (both homogeneous systems as well as amine 
blends), to understand the environmental impact of the degradation products and amine solvents, 
and to identify conditions that minimize oxidative degradation rates.  Specific goals are as 
follows: 
• Determine pathways by which oxidative degradation products are formed via multivalent 
metal ion catalysis and how their oxygen stoichiometry affects amine degradation of 
monoethanolamine, piperazine, MEA/PZ blends and piperazine/potassium carbonate. 
• Determine how blends of amines behave when subjected to oxidative degradation by 
calculating competitive degradation rates and establishing which amines degrade faster than 
others. 
• Evaluate the effectiveness of Na2SO3, formaldehyde, and inhibitor A (a proprietary 
material) in inhibiting the oxidative degradation of these amine systems. 
• Present process conditions that make commercial operation the most cost effective and 
environmentally safe. 

3. Literature Review 
3.1 MEA Degradation Chemistry  
The mechanism for the fragmentation of MEA is uncertain, although MEA is the most 
extensively studied amine for the use of CO2 capture.  Two mechanisms are suggested for MEA 
degradation: electron abstraction and hydrogen abstraction. 

Figure 2 demonstrates a proposed electron abstraction mechanism.  This series of reactions is 
based on a group of studies performed at the Edgewood Arsenal by the U.S. Army Chemical 
Research and Development Laboratories.  These studies focused on the oxidation of tertiary 
amines using chlorine dioxide and other single electron oxidants (Rosenblatt et al., 1963, 
Rosenblatt et al., 1967, Dennis et al., 1967, Hull et al., 1967, Davis et al., 1968).  A reactive free 
radical, most likely Fe+3,in the absorption/stripping system extracts an electron from the nitrogen 
in an unprotonated amine to produce an aminium cation radical.  This electron abstraction is 
thought to be the rate-limiting step. 

The cation radical rearranges with the loss of H+ to produce an imine radical, which loses a free 
radical to produce an imine.  The imine then hydrolyzes to produce an aldehyde/ketone and an 
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amine.  In the case of monoethanolamine, the final products would be ammonia and 
hydroxyacetaldehyde.  Dennis et al. (1967) showed that ethanolamines can oxidize by 
fragmentation.  The imine can form a resonance structure known as an enamine, which 
hydrolyzes to two moles of formaldehyde and one mole of ammonia.  

Chi and Rochelle (2002) proposed an alternate route for the imine radical, in which it can react 
with oxygen to form an amino-peroxide radical.  Afterwards, the amino-peroxide radical could 
react with another molecule of MEA to form an amino-peroxide and another aminium radical.  
The amino-peroxide subsequently decomposes to form hydrogen peroxide and an imine, which 
reacts with water to form an aldehyde and ammonia. 

Communication with Dr. Eric Anslyn in the Chemistry Department at the University of Texas at 
Austin has revealed alternate (and more likely) routes to the production of formaldehyde (and 
subsequently formic acid when formaldehyde is oxidized).  The amino-peroxide molecule from 
Figure 2 can lose an OH radical at highly basic conditions, leaving a free radical structure that 
decomposes to formamide and the free radical version of formaldehyde.  In a highly basic 
solution (i.e. basic amine solution), the formaldehyde radical will lose an H+, leaving a charged 
free radical that loses an electron and rearranges to form formaldehyde. 

 

Figure 2. Electron Abstraction Mechanism for MEA Oxidative Degradation  
(Chi and Rochelle, 2002)  

Dissolved iron is the most probable metal catalyst because it is a corrosion product in systems 
constructed of carbon steel.  With degradation products that chelate iron, as much as 160 ppm of 
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dissolved iron has been observed in amine systems (Hall and Barron, 1981).  Lee and Rochelle 
(1988) suggested that ferrous ion reacts with “peroxide” to produce two free radicals as the 
initiating step of oxidation.  It is very likely that any organic peroxides produced by 
alkanolamine oxidation would be decomposed by Fe+2 to produce free radicals, which would 
then catalyze further oxidation (Russell, 1960). 

Fe+2 + ROOH  Fe+3 + RO. + OH-.                                                   (1) 

The Fe+2 is regenerated without losing any free radicals by another parallel reaction with the 
peroxide: 

Fe+3 + ROOH +  Fe+2 + ROO. + H+                                                 (2) 

The direct reaction of ferrous ion with oxygen may be an important source of free radicals (Fe+3) 
and a way of getting oxygen into the oxidation mechanism.  In water, Fe+2 appears to react with 
oxygen, forming intermediates such as hydroperoxy (HOO.) and hydrogen peroxide (Stumm and 
Lee, 1961). 

Fe+2 + O2  Fe+3 + HOO.                                                                 (3) 

Fe+2 + HOO.  Fe+3 + H2O2                                                             (4) 

Fe+2 + H2O2  Fe+3 + OH. + H2O                                                    (5) 

Fe+2HO.  Fe+3 + H2O                                                                     (6) 

Several patents assigned to Dow Chemical address the use of cupric salts as corrosion inhibitors 
in alkanolamine systems, especially in the presence of oxygen (Wolcott et al., 1986, Pearce et al., 
1984, Pearce, 1984, Cringle et al., 1987).  However, Ferris et al. (1968) have shown that Cu+ and 
V+3 have catalytic properties similar to Fe+2 for the dealkylation of tertiary amine oxides. 

An alternative to the electron abstraction mechanism is the hydrogen abstraction mechanism, 
also developed at the Edgewood Arsenal (Figure 3), in which aqueous solutions of 
alkanolamines were degraded by ionization radiation as the initiation step.  This was supported 
by Petryaev et al. (1984).  The radiation formed initiating radicals such as H., OH., e-(aq), H2, 
and H2O2.  The principal investigators proposed that the mechanism proceeded through a 5-
membered cyclic, hydrogen bonded conformation of MEA at a pH greater than 6. 

In aqueous solution, MEA can form a cyclic conformation by hydrogen bonds between HN---O 
or OH----N.  Free radicals abstract a hydrogen atom from the nitrogen, the α-carbon, or the β-
carbon.  The newly formed amine radical can transfer the radical internally through the ring 
structure, which ultimately results in cleavage of the N---C bond.  The resulting degradation 
products are ammonia and an aldehyde or aldehyde radical.  The aldehyde radical would act as 
an initiator by abstracting another hydrogen from a second MEA molecule, forming the MEA 
radical and the aldehyde.  The validity of the cyclic transition state, unique to MEA, is supported 
by several molecular simulation studies (Alejandre et al., 2000, Button et al., 1996, Vorobyov et 
al., 2002). 
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Figure 3. Hydrogen Abstraction Mechanism for MEA Oxidative Degradation  

(Petryaev et al., 1984)  

3.2 Prior Oxidative Degradation Experiments  
Early studies on the oxidative degradation of alkanolamines were primarily driven by the U.S. 
Department of the Navy in the early 1950s (Carbon Dioxide Absorbants, 1950).  Alkanolamine 
systems were being used to remove CO2 from the air supply of nuclear submarines.  Oxidative 
degradation in these types of systems is important since ammonia, a known toxic air pollutant, is 
volatile and can be released into the closed atmosphere of the submarine. 

The Girdler Corporation completed a number of screening tests in 1950.  The goal of one study 
(Kindrick et al., 1950) was to test the relative resistance to oxidative degradation of possible CO2 
absorbants that are to be used in the presence of oxygen.  Thirty-nine amines and eleven 
mixtures of amines were tested for relative resistance to oxidation. 

The accelerated oxidation test involved contacting 1000 L of a gas mixture of 50% CO2/50% O2 
at a rate of 100 mL/min with 100 mL of 2.5 N amine solution at 80oC.  The experiments were 
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performed with 25 to 60 ppm dissolved iron in the solutions.  Evolved ammonia was detected by 
passing the reaction gas through a weak acid solution to dissolve the ammonia.  NH3 
concentration was quantified by titration with a strong acid.  Results showed that NH3 production 
occurred as follows: tertiary amines < primary < secondary. 

An additional series of long-term tests was performed with 13 selected amines that showed low 
rates of degradation in the accelerated tests (Kindrick et al., 1950).  Amines tested include AMP 
(2-amino-2-methyl-1-propanol) and MDEA.  100 mL of 2.5 N amine were subjected to 100 
mL/min of 5% CO2 in air at 85oF for forty days.  Dissolved iron was present at 30 to 60 ppm 
throughout all of the tests.  Maximum degradation rates for these experiments were extremely 
low – approaching the detection limit of the methods. 

The Navy conducted a major of study of MEA degradation to support submarine environments 
(Blachly and Ravner, 1964).  Blachly and Ravner measured the evolution of ammonia and the 
production of peroxides with air sparging of amine solutions at 55oC and 98oC for 3 to 13 days.  
Without CO2 in the air, they observed no perceptible degradation.  At 55oC, with no metals 
present and 1% CO2 in the air, the rate of ammonia evolution and peroxide was about 3 mM/day. 

The Blachly and Ravner studies also examined the effect of copper up to 15 ppm, and iron up to 
30 ppm.  They determined that dissolved copper at concentrations as low as 10 ppm was 
sufficient to cause serious degradation of the amine solution, and that the rates of copper 
catalyzed degradation were higher than iron catalyzed degradation at the same concentrations. 

Fessenden and Fessenden (1994) have established that aldehydes are very susceptible to 
autoxidation in the presence of oxygen.  The oxygen will react with aldehydes to form carboxylic 
acids via a peroxy acid intermediate.  Since MEA solutions have alkaline pH, the carboxylic 
acids formed would dissociate in solution to form heat stable salts with the amines.   

The study by Rooney et al. (1998) looked at the formation of carboxylic acids in loaded (α=0.25) 
and unloaded solutions of 20 wt % MEA, 50 wt % diglycol amine (DGATM), 30 wt % 
diethanolamine (DEA), as well as 30 and 50 wt % MDEA over a 28-day period.  The solutions 
were degraded by bubbling a stream of compressed air at a flowrate of 5.5 mL/min through the 
amine solutions at 180oF.  The solutions were agitated via a magnetic stir bar.  The Rooney study 
showed that, of the unloaded solutions, MEA degraded the fastest.  The study was able to 
identify some of the anions being formed as acetate, formate, glycolate, and oxalate.  No oxalate 
was observed for MEA degradation, while formate was the most prevalent anion formed – 
regardless of loading.  In the absence of CO2, oxidation resistance increases in the order of: 30% 
DEA > 50% MDEA > 30 % MDEA > 50% DGATM > 20% MEA.  With a CO2 loading of 0.25, 
oxidation resistance increases in the following order: 30% DEA > 50% DGATM > 20% MEA > 
50% MDEA > 30% MDEA.  Results are shown in Table 1. 
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Table 1. Carboxylic Acid Formation in 28 Day Oxidation Experiment for Alkanolamine 
Solutions (Rooney et al., 1998) 

Acetate (mmol) Formate (mmol) Glycolate (mmol) Oxalate (mmol)
50% MDEA Unloaded 1.76 4.90 6.38 0.00
50% MDEA Loaded 1.47 6.48 5.38 0.00
30% MDEA Unloaded 7.11 4.57 8.31 0.00
30% MDEA Unloaded 6.92 5.17 8.77 0.00
30% MDEA Loaded 4.20 4.36 6.28 0.00
30% DEA Unloaded 0.93 4.67 1.18 0.00
30% DEA Loaded 0.74 1.14 0.14 0.00
50% DGATM Unloaded 2.15 19.79 2.42 0.15
50% DGATM Loaded 3.25 4.26 0.00 0.15
20% MEA Unloaded 0.86 17.13 12.27 0.00
20% MEA Loaded 0.95 10.34 0.00 0.00  

Critchfield and Jenkins (1999) reported comprehensive analyses of samples from three field 
systems using MDEA, all of which were exposed to trace or intermittent levels of oxidants.  
Oxidative degradation rates were on the order of 0.05 to 0.1 mM/hr.  Organic acids, DEA, and 
methylmonoethanolamine (MMEA) were equally present as degradation products.  Formate 
represented half of the organic acid; glycolate, acetate, oxalate, and lactate were also observed. 

Chi and Rochelle (2002) decreased the time necessary to quantify amine degradation by 
instantaneously measuring the concentration of evolved ammonia by Fourier-Transform infrared 
analysis.  In this method, the degradation rate was quantified by analyzing the rate of evolved 
NH3 normalized to the liquid volume of amine solution.  Instantaneous measurements of gas 
phase products eliminated the need for complex liquid-phase analysis.   

Studies by Chi and Rochelle found that dissolved iron, over a concentration range of 0.0001 to 
3.2 mM, catalyzed degradation rates from 0.12 to 1.10 mM NH3 evolved/liter of solution-hr.  To 
counteract the iron catalyzed degradation, Chi found that in solutions with a CO2 loading of 0.4, 
a ratio of EDTA to total dissolved iron of 22.5:1 cut the degradation rate by 40% (in terms of 
ammonia evolution).  A second experiment confirmed the 40% reduction in MEA degradation 
rate.  

Goff (2005) examined O2 mass transfer effects and reaction kinetics by changing reaction 
conditions; in addition, a variety of compounds were screened for effectiveness as an oxidative 
degradation inhibitor.  The study on oxygen mass transfer showed that the rate of NH3 evolution 
is controlled by the rate of O2 absorption into the amine, not by degradation kinetics.  In general, 
the rate of NH3 evolution increased as the agitation rate was increased, and also increased 
linearly with increasing O2 concentration.  Furthermore, at high concentrations of catalyst (above 
0.5 mM Fe or Cu) and MEA (above 7.0 m MEA, or 30 wt %), the rate of NH3 evolution was 
controlled by the rate of O2 mass transfer. 

3.3 Conclusions  
Oxidative degradation of monoethanolamine is driven by oxygen in the treated gas, resulting 
from free radical reactions occurring in the system (Chi and Rochelle, 2002).  The amount of 
dissolved iron (in addition to other metals) and its rate of oxidation are likely to play a major role 
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in the degradation process.  Dissolved iron can react directly and quickly with oxygen and carry 
oxidizing potential into the stripper, or it can catalyze autoxidation by decomposing peroxides 
into free radicals. 

The most likely path of oxidation will be the conversion of ferrous ion to ferric ion in the 
absorber packing through reaction with oxygen and/or the amine, and the subsequent reaction of 
ferric ion (as well as other free radicals) with the amine to propagate degradation.  Copper and 
vanadium, both utilized as corrosion inhibitors in carbon steel systems, have been observed to 
present the same problem as ferrous iron in MEA systems.  Detectable degradation products 
include ammonia, acetate, glycolate, formate, and oxalate.   

Comprehensive laboratory studies of amine oxidation need to be performed to quantify the 
mechanisms of degradation.  These studies should focus on MEA and then expand to other 
amine systems.  The role of dissolved iron, copper, and/or vanadium on the degradation product 
mix and their quantities must be addressed.  Once mass transfer effects are understood, the 
effects of degradation inhibitors and other solvent additives need to be studied.  Moreover, amine 
blends using more degradation resistant amines (piperazine, AMP, MDEA) in conjunction with 
MEA will be examined in the scope of this project. 

4. Analytical Methods 

4.1 Anion Chromatography Method  

4.1.1 Equipment Specifications 
Anionic species produced from the oxidative degradation of amines are identified using a Dionex 
ICS-3000 Dual RFIC Ion Chromatography System.  The system includes a DP-1 dual pump 
module (Serial No. 07050048), EG-2 eluent generation module (Serial No. 07030712), and DC 
conductivity module (Serial No. 07030753).  Attached to the ICS-3000 is an AS Autosampler 
(Serial No. 07040110), which eliminates the need for manual user injection. 

The Dionex ICS-3000 allows for simultaneous and/or sequential analysis of samples using two 
detection methods.  In addition to the anionic conductivity method, explained below, samples 
can be analyzed simultaneously for nonionic species using an evaporative light scattering 
detector (ELSD).  That method is described in the attachment provided by Jason Davis. 

Experimental samples are introduced from a 2 mL plastic sample vial via an injection needle in 
the AS Autosampler.  A majority of the sample is flushed through a 25 μL injection loop to 
ensure that there is no cross-contamination from a previous sample.  The remaining sample is 
passed through the injection loop and carried by the mobile phase to the inlet of the columns. 

The mobile phase is an aqueous solution of potassium hydroxide in water.  Water is provided by 
a Millipore Direct-Q 3 UV Water Purification System (Serial # F7CN14541). The Direct-Q 3 
UV Water Purification System is an integrated reverse osmosis and polishing system designed to 
product Type III and Type I water directly from tap water.  A SmartPak cartridge includes 
pretreatment reducing the need for feedwater pretreatment (softener) in front of the system and 
purification which provides ultrapure water for specific applications.  The system also 
incorporates a dual-wave UV lamp designed to reduce TOC required by organic-sensitive 
applications.  A built-in 6.5 liter reservoir dispenses the water at a rate of 0.6 L/min. 
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The distilled, deionized water is analytical grade water produced at 18.2 MΩ*cm.  The water is 
transferred from a 2-L plastic reservoir located on top of the DC module using an isocratic pump 
located in the DP-1 module.  Eluent is produced by mixing the water with concentrated KOH 
from an EluGen KOH Cartridge (Serial No. 070472109015).  A specific ratio of KOH is 
dispensed and mixed with the water using the interface on Chromeleon software (Version 6.80). 

The generated eluent is passed through a 4-mm Carbonate Removal Device (CRD-200).  The 
CRD is an ion-exchange membrane that scrubs any carbonate out of the eluent.  Carbonate can 
be generated if the DDI water has absorbed any CO2.  When the concentrated KOH is mixed 
with the water, the CO2 reacts with KOH to form K2CO3 in solution.  The carbonate anion 
formed has the potential to interfere with the analysis of other anions in the experimental sample. 

After the scrubbed eluent leaves the CRD, it passes through the injection port and carries the 
experimental sample through a series of two ion-exchange columns: an IonPac AG15 Guard 
Column (4 x 50 mm) and an IonPac AS15 Analytical Column (4 x 250 mm).  Both columns are 
packed with a cross-linked ethylbenzene/divinylbenzene resin affixed with quaternary 
ammonium groups.  The AG15 and AS15 columns were designed specifically for the separation 
of low molecular weight compounds. 

Each of the columns performs as an adsorption tower.  Any anionic species in the sample will 
become affixed to the resin.  As the mobile phase is continually passed through the columns, the 
anions will be flushed off based on their affinity for the resin and replaced with fresh hydroxide 
ions.  The stronger the bond between the species and the resin, the longer it will take to flush the 
species from the column.  After the anionic species have been flushed from the columns, they are 
carried by the KOH eluent to the ASRS 4-mm suppressor. 

The ASRS suppressor is a device that separates the ionic species in solution.  The suppressor is 
an enclosed unit containing anodic and cathodic plates, separated by a permeable membrane.  
The suppressor is plugged into a power supply, which provides a user-specified current to the 
suppressor.  The applied current separates the anionic and cationic species on the plates on the 
opposite sides of the membrane.  Cationic species are carried out to the waste container.  On the 
opposite side of the membrane, a solution of weakly ionized anions in water travels to the 
conductivity cell. 

The suppressor is self-regenerating because nothing external is added to the system.  Once the 
weakly ionized solution of anions passes through the conductivity cell, an ion-exchange 
membrane removes the anions from solution and circulates the regenerated water back to the 
suppressor, where it is countercurrently contacted with fresh sample entering the suppressor from 
the IonPac AS15 analytical column. 

Once the weakly ionized solution of anions exits the suppressor, it passes through a 
Continuously Regenerated Anion Trap Column (CR-ATC).  The CR-ATC operates similarly to 
the CRD in that it is a selective ion exchange membrane that removes carbonate from solution.  
The source of the carbonate anion is the degraded amine sample loaded with CO2 in the form of 
amine carbamate, which is converted to carbonate in the Dionex system.   

Once the solution has been scrubbed for carbonate, it travels to a conductivity cell (Serial No. 
07030816) located downstream.  As the solution passes through the cell, any anionic species 
traveling through will produce a response (measured in microsemems, or μS) that is represented 
by a peak.  The height and area of each peak is directly proportional to the concentration of the 
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each anionic species in solution.  Each anionic species will have a specific retention time in the 
system, based on its affinity for the resin in the columns.  The series of peaks for a particular 
experimental sample is displayed on a chromatogram using Chromeleon Software (Version 
6.80).  After passing through the cell, the analyzed solution travels through the CR-ATC and 
CRD, where it picks up the scrubbed carbonate anions before it is cleaned and circulated back to 
the ASRS unit. 

4.1.2 Standard Preparation 
The following chemicals will be needed in the preparation of standards for anion 
chromatography analysis: acetic acid, glycolic acid, formic acid, sodium nitrate, sodium nitrite, 
and oxalic acid.  Table 2 below gives the specifications for all reagents used for experimentation 
and analysis. 

Table 2. Chemical Reagent Specifications 
Reagent CAS # Supplier Molecular Weight Assay Lot #

Sodium Nitrite   7632‐00‐0 Fisher 84.99 99.9% 905569
Sodium Nitrate   7631‐99‐4 Fisher 69.00 97.0% AD‐6094‐29

Oxalic Acid Monohydrate 144‐62‐7 Spectrum 126.07 99.5% ‐ 102.5% IK184
Acetic Acid, Glacial 64‐19‐7 Acros 100.14 100.0% B0507607

Glycolic Acid (67% in Water) 79‐14‐1 Acros 76.05 67.0% 2197194272
Formic Acid (88% in Water) 64‐18‐6 Fisher 46.03 90.0% 033186
Sodium Hydroxide (40% w/w) 1310‐73‐2 Ricca 40.00 100.0% 2604571

Methanesulfonic Acid 75‐75‐2 Fisher 96.10 99.0%
Ethylenediamine 107‐15‐3 Fisher  60.10 99.0% 011047

Ammonium Sulfate 7783‐20‐2 EM Industries 132.15 99.0% 39027911
Piperazine 110‐85‐0 Fluka 86.14 98.0% 1294963

Monoethanolamine 141‐43‐5 Acros 61.08 99.0% A0216802001
2‐amino‐2‐methyl‐1‐propanol (AMP) 124‐68‐5 Acros 89.14 99.0% A0209789001

Potassium Bicarbonate 298‐14‐6 Fisher 100.12 100.0% 028080
Sodium Metavanadate 13718‐26‐8 Acros 121.93 96.0% A019877601

Ferrous Sulfate Heptahydrate 7782‐63‐0 Spectrum 278.01 99.0% HC131
Cupric Sulfate Pentahydrate 7758‐99‐8 Mallinckrodt 249.68 99.5% 48444N06693

Inhibitor "A" MCB 99.0%
Inhibitor "D" Acros 99.0%  

From the DDI water reservoir, add approximately 200 mL of water to an empty 1-L volumetric 
flask.  Record the mass of water added to the flask. Using a scale (with three decimal accuracy) 
and plastic weigh boats, transfer 2.000 g each of sodium nitrate, sodium nitrate, and oxalic acid 
monohydrate to the 1-L volumetric flask.  Record the exact mass of each reagent transferred to 
the flask. 

Using an Eppendorf autopipette (range 2 to 10 mL), transfer the following volumes of the acids 
to the 1-L volumetric flask: acetic acid – 2.0 mL; formic acid – 2.3 mL; glycolic acid – 3.0 mL.  
Record the exact mass of each acid added to the flask.  From the DDI water reservoir, add water 
to the line denoting the 1-L mark on the flask.  Record the mass of water added to the flask and 
combine it with the mass of water initially added to the flask.  Label this flask as “2000 ppm 
stock anion standard” and cap it with a glass stopper. 

Using an Eppendorf micropipette (range 100 to 1000 µL) transfer 500 µL of the 2000 ppm stock 
anion standard to an empty 100 mL volumetric flask.  Record the mass of stock standard 
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transferred.  From the DDI reservoir, add water up to the mark on the neck of the flask denoting 
100 milliliters.  Record the mass of water added to the flask.  Label this flask as “10 ppm stock 
anion standard” and cap it with a glass stopper. 

Replace the micropipette tip and transfer 1.0 mL of the 2000 ppm stock anion standard to an 
empty 100 mL flask.  Repeat the above steps and label this volumetric flask “20 ppm stock anion 
standard” and cap it with a glass stopper.  Repeat this process with 1.5, 2.0, and 2.5 mL of the 
2000 ppm stock anion standard transferred into three more 100 mL volumetric flasks.  Label 
these flasks “30”, “40”, and “50 ppm stock anion standard”, respectively. 

4.1.3 Preparation of Control Sample and Experimental Samples 
Using an Eppendorf micropipette (range 20 to 200 µL), transfer 100 µL of 7m MEA (α = 0) to a 
15 mL screwtop glass vial.  Record the mass of MEA added to the vial.  Using the Eppendorf 10 
mL autopipette with a clean tip, transfer 10 mL of DDI water to the screwtop vial.  Record the 
mass of water added and screw the cap shut.  Label the vial “Unloaded MEA Control Sample”. 

After replacing the disposable microtip, transfer 100 µL of 7m MEA (α = 0.40) to an empty 15 
mL screwtop glass vial with the micropipette.  Record the mass of MEA added to the vial.  Using 
the autopipette, transfer 10 mL of DDI water to the screwtop vial and record the mass.  Cap the 
vial and label it “Loaded MEA Control Sample”. (Note: If any degraded amine systems other 
than MEA are being analyzed, perform the above steps to create a loaded and unloaded control 
sample for each amine system.) 

For each experimentally degraded sample to be analyzed, transfer 100 µL of the sample to an 
empty 15 mL screwtop glass vial with the 200 µL micropipette and record the mass of sample 
added.  Transfer 10 mL of DDI water to the vial, record the mass of water added, and cap the 
vial.  Label the vial with the experimental conditions (amine concentration, catalyst and/or 
inhibitor concentration), the date the sample was taken, the time the sample was taken, and 
“100X”, which denotes the sample was diluted by a factor of 100 from its original concentration.  
All samples – the calibration standards, control samples and experimental samples – must be 
transferred into 1.5 mL Dionex disposable autosampler vials.  Use the 1000 µL micropipette to 
transfer a portion of each of the samples from the screwtop vials to the autosampler vials. 

4.1. Operation of Anion Chromatography System 
Begin by checking to make sure that the Chromeleon server is running.  The server monitor is 
found either in the Chromeleon startup menu or in the lower right corner of the desktop.  If it is 
not running, start the server by clicking the “Start” button.  The Chromeleon server is a 
background application that monitors and controls an instrument.  It executes programs, 
sequences, and batches that are stored on a datasource, and saves data from an instrument as a 
channel into the same datasource.  The status should read “Chromeleon Server is running idle” 
when the server is started.  After the server monitor has been started, click the “Close” button.  
This will leave the server monitor icon in the Windows Services area of the task bar. 

Click the Chromeleon icon on the desktop to begin the program.  Chromeleon (Version 6.80) 
will open to the browser, where the sequences, programs, methods and control panels will be 
found.  In the “Panels” folder, click on the ICS3000_IC panel.  The ICS3000_IC panel is a tabset 
panel with the following headings: Home, Sequence Control, Status, Autosampler, Isocratic 
Pump, Eluent Generator, Detector Compartment, and Conductivity Detector.  All of the 
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important functions – eluent flowrate and concentration, suppressor current, cell heater, CR-ATC 
temperature and oven temperature – can be controlled from the “Home” tab. 

Verify that the proper timebase is connected to the control panel.  The timebase is a top level 
instrument container that is used to store all of the different module information simultaneously 
(from the isocratic pump, conductivity detector, chromatography oven, and autosampler).  Click 
on the “Control” menu option.  Select “Connect to Timebase” and choose the timebase under 
“My Computer”.  Confirm that the “connect” boxes are checked.  The system is now ready to 
run a batch. 

In order to set up the sample batch, press Ctrl-Tab, which will toggle the screen back to the 
browser.  Under the folder “ICS3000_Anion Analysis” left-click the most recent date.  Go to 
“File”, click “Save As” and save the file as the date for the current day in the form of 
“MMDDYYYY”.  The status for all samples on the right side of the browser should read 
“single”.  Under the sample name, modify the names of all the samples accordingly.  For each 
sequence, the following samples should be run initially: a blank sample of DDI water, then a 
calibration curve for the anion standards (10 through 50 ppm).  After the calibration curve, then 
run the dilute experimentally degraded samples.  The final sample is actually a placeholder that 
allows the shutdown command to turn off all of the modules after the sample batch has been run. 

Modify the sample type, program, method, position, and injection volume for each sample.  The 
blank sample and the shutdown sample should be saved as type “blank” from the drop-down 
menu, the calibration curve samples should be saved as “calibration”, and the experimentally 
degraded samples should be saved as “unknown”.  Under the program category, choose 
“Anions” for all samples – with the exception of the final sample.  Use the “Shutdown” program 
for the final sample.  Under the method category, choose “Anions” for all samples.  The injection 
volume for all samples should be 25.0 µL.  Under the position column, enter the number on the 
autosampler tray where each sample was placed.  The autosampler tray is a 10 by 10 grid 
numbered 1 through 100 (starting at the lower left corner, counting left to right for each row all 
the way to the upper right corner for 100).  Save the sequence modifications. 

Prior to beginning the batch, the cation IC system must be equilibrated at conditions used for 
“Anions”.  These conditions are as follows: eluent generation at 2mM KOH, the CR-ATC turned 
on, a flowrate of 1.60 mL/min, chromatography oven temperature of 30oC, and a suppressor 
current of 179 mA.  The system pressure should be approximately 2200 psi.  Allow 
approximately 30 minutes for the system to equilibrate. 

To start the batch, click the “Batch” menu option from the top and select “Start”.  Click the 
“Add” button and choose the sequence that was just modified.  Click the “Ready Check” button 
to verify that there are no errors in the sequence you are trying to execute.  If there are no errors 
impeding the batch from running, “ready check was successful” will appear in a dialog box on 
the screen.  Click “OK”, then click the “Start” button to begin the batch.  The autosampler needle 
will withdraw the blank from the appropriate vial and inject it into tubing that will carry the 
sample through the IC system. 

The “Anions” program uses a 2mM hydroxide eluent for the first 17 minutes of the program.  
The low concentration eluent helps to separate low molecular weight anions effectively.  At time 
17 minutes, a linear concentration gradient increases eluent concentration from 2 mM to 45 mM 
hydroxide from time 17 to 25 minutes.  From time 25 to 35 minutes, 45 mM hydroxide elutes all 
of the high molecular weight anions off the column.  At time 35 minutes, the program is finished.  

3369



  15

For a period of 6 minutes, the system returns to time zero conditions to re-equilibrate the system 
before the next sample is injected.  After the final experimental sample has been run, the 
shutdown sequence turns off the eluent generator, CR-ATC, chromatography oven, eluent pump, 
and suppressor. 

Once all samples in the batch have run, click on one of the five calibration standards from the 
browser panel.  Switch to the method editor by clicking on the QNT-Editor icon on the toolbar.  
At the bottom of the screen, go to the “General” tab and type ppm in the “Dimension of 
Amounts” field and confirm that “Auto Recalibrate” is checked.  Go to the “Detection” tab and 
set the integration parameters as needed.  In most cases, several baseline noise peaks are 
integrated along with the main peaks.  To eliminate the extra peaks, go to the “Detection” tab 
and add “Minimum Area” with a value of 0.010.  Use the “Void Volume treatment” parameter to 
deal with the water dip.   

Go to the “Peak Table” tab, right-click on the gray bottom half of the window, and choose 
“Autogenerate Peak Table”.  Choose the “Enumerate peaks of current chromatogram” button.  
Read the warning in the dialog box and answer OK when it appears on the screen.  Type in the 
peak names and retention times for the peaks displayed on the chromatogram.  The peaks of 
interest are glycolate (Retention Time = 19.41 min), acetate (RT = 19.95 min), formate (RT = 
20.61 min), nitrite (RT = 25.52 min), oxalate (RT = 28.80 min), and nitrate (RT = 32.29 min).  
Sulfate (RT = 28.18 min) and carbonate (RT = 26.60 min) are present as well, but are not 
important for degradation analysis.  Sulfate concentration is a result of the degradation catalysts 
(which are added in the form of ferrous sulfate and cupric sulfate), and the carbonate peak is 
from the CO2 loaded amine solution.   

Go to the “Amount Table” tab.  If the “Edit Amount Columns” dialog box does not appear 
automatically, right click in the empty gray space, and go to “Columns/Edit Amount Column”.  
Click “OK” to the warning message about lack of amount columns.  Click “Auto-Generate” and 
select the “Generate a separate amount column for EACH standard” option.  Click “Apply” to 
execute the command.  After columns for all standards have been created, click “OK” in the 
“Edit Amount Columns” dialog box. 

Enter the amount of the actual anion concentrations for each of the five calibration standards 
(approximately 10, 20, 30, 40, and 50 ppm).  Each anion stock concentration is needed to 
calculate the standard concentrations.  For acetic acid, oxalic acid, sodium nitrite and sodium 
nitrate, divide the mass of the reagent (in grams) added to the 1-liter volumetric flask by the mass 
of water added to the flask (in grams) and multiply by 106.  The resulting number is the 
concentration of the reagent in terms of parts of reagent per million parts of water (ppmm).  For 
formic acid (88 wt % in water) and glycolic acid (67 wt % in water), be sure to multiply the mass 
added to the stock solution by the weight percentage for the acids – since both acids are added in 
the form of aqueous solutions. 

For each of the five calibration standards in the 100 mL volumetric flasks, take the mass of stock 
solution added (in grams) and divide it by total mass of the standard solution after water is added 
(in grams).  Multiply this number by the stock concentration, and the output is the actual 
calibration standard concentrations.  If all solutions were prepared correctly, then all of the 
concentrations should be very close to 10, 20, 30, 40, and 50 ppm. 

After the calibration curve concentrations have been entered, click on the “Peak Table” tab and 
left-click on the “Calibration Type” column.  Select “Quad” in the dialog box that appears and 
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click “OK”.  Chromeleon will now automatically plot all calibration standard concentrations as a 
second-order function of peak area for each of the 6 anions of interest individually.  Close the 
QNT-Editor and click “Yes” when asked if you want to save the changes.  Once again, click on 
one of the standard chromatograms and click on the appropriate peaks.  Click on the delimiter 
tool and use the tool to shape the peaks and properly define their edges in an effort to eliminate 
including peak tailing in the overall area.  Save the changes, close the chromatogram, and 
perform this procedure for all standard and unknown chromatograms. 

After all of the peaks have been properly identified, reopen one of the chromatograms and click 
on the “Summary Table” tab at the bottom of the screen.  This summary table lists the 
concentration of all anionic degradation products in every diluted sample in units of ppmm.  
These concentrations, along with the dilution factor and molecular weight of the six reagents, are 
needed to calculate the concentration of the original samples.  The dilution factor is self-
explanatory – it tells by how much the original sample was diluted for analysis.  It is calculated 
by dividing the total mass of the diluted sample (DDI water + original sample) by the mass of 
experimental sample added (in grams) to the screwtop vial.  Most dilution factors range from 95 
to 105. 

The concentration of the original sample (in millimolar, or mM) is calculated by multiplying the 
dilute concentration (in ppmm) of each anionic compound by the dilution factor, then dividing it 
by the molecular weight.  This is done in an Excel template for every experimental sample run in 
each batch.  The overall formation rate is calculated by subtracting the concentration (in mM) in 
the time zero sample from the concentration in the final experimental sample, and dividing it by 
the number of hours the degradation experiment had been running at the time the sample was 
taken.  Table 3 shows a typical Excel spreadsheet for a sample batch that calculates all of these 
concentrations and rates. 
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Table 3. Raw Anionic Product Formation Rate Calculations for an Oxidative Degradation Experiment 

Experiment Sample Description Mass (H2O) Mass (H2O + Sample) Mass (H2O) Mass (H2O + Sample) Mass H2O 1000.0 Approximate Mass (Stock) Mass (H2O + Stock) Actual Formate
8/18/2006 9.762 9.872 Mass Formate 2.0152 50 1.2730 49.8840 51.4263
8/24/2006 9.753 9.863 PPM Formate 2015.2 40 0.9950 51.2200 39.1473
8/29/2006 9.890 9.998 30 0.7790 49.9800 31.4094
8/31/2006 9.965 10.069 20 1.0380 99.9670 20.9247
9/1/2006 9.782 9.892 10 0.4930 99.6990 9.9649

9/28/2006 9.800 9.912
10/3/2006 9.806 9.919
10/9/2006 9.799 9.900

10/12/2006 9.845 9.953
10/13/2006 9.575 9.676
12/11/2006 9.567 10.074
12/13/2006 9.155 9.645
12/15/2006 9.530 10.052
12/19/2006 9.695 10.209
11/28/2006 9.756 10.074
12/4/2006 28.708 39.810 9.077 10.114
12/6/2006 39.259 49.123 9.037 10.039

12/11/2006 32.424 41.307 9.071 10.114

Experiment Sample Description Dilution Factor 1 Dilution Factor 2 Overall Dilution Factor Calculated Formate PPM Concentration Formate (mM) Degradation Rate (mM/hr) Experiment Time (hrs)
8/18/2006 89.990 90.0 18.149 36.27 0
8/24/2006 89.906 89.9 25.693 51.30 0.104 144
8/29/2006 91.897 91.9 50.707 103.48 0.262 257
8/31/2006 96.723 96.7 62.173 133.55 0.313 311
9/1/2006 89.765 89.8 87.216 173.86 0.413 334
9/28/2006 88.660 88.7 1.831 3.60 0
10/3/2006 88.086 88.1 192.066 375.71 2.873 130
10/9/2006 97.348 97.3 229.683 496.54 2.672 185

10/12/2006 92.330 92.3 287.442 589.38 2.293 256
10/13/2006 95.805 95.8 312.738 665.37 2.347 282
12/11/2006 19.870 19.9 0.060 0.03 0
12/13/2006 19.660 19.7 9.140 3.99 0.091 43.5
12/15/2006 19.261 19.3 7.752 3.32 0.036 91.5
12/19/2006 19.839 19.8 25.862 11.39 0.061 185.5
11/28/2006 31.679 31.7 0.328 0.23 0
12/4/2006 3.586 9.755 35.0 7.129 5.54 0.036 146.5
12/6/2006 4.980 10.014 49.9 1.442 1.60 0.007 195

12/11/2006 4.650 9.699 45.1 2.451 2.46 0.007 310

STOCKDilution 1 Dilution 2

35% MEA

MEA/PZ

35% MEA

PZ/V/A

PZ/V/K

PZ/V/A

PZ/V/K

MEA/PZ
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4.2. Cation Chromatography Analytical Method 

4.2.1 Equipment Specifications 
The presence of cationic species in degraded amine solutions is determined using a Dionex ICS-
2500 Ion Chromatography System.  The system includes a GP50 Gradient Pump, CD25 
Conductivity Detector, and LC25 Chromatography Oven.  The gradient pump allows for a step 
change or linear gradient in eluent, or mobile phase, concentration during sample analysis from a 
mixture of up to four 2-liter plastic reservoirs.  The chromatography oven houses all of the 
consumable parts used for peak separation and controls the temperature at which they are 
operated.  The conductivity detector takes a voltage reading from the conductivity cell and 
converts it to a total conductivity measurement in microsemens (µS). 

The sample is introduced via a manual injection port located on the outside of the LC25 
chromatography oven.  A portion of the sample flushes a 25 µL injection loop and is carried via 
waste tubing to a waste collection container.  The remaining sample travels through the cleaned 
injection loop to a series of columns: an IonPac CG17 Guard Column (4 x 50 mm) and an IonPac 
CS17 Analytical Column (4 x 250 mm).  Both columns are packed with a divinylbenzene/ 
ethylbenzene resin that separates cationic species based on their affinity for the resin.  The guard 
column and analytical column are packed with the same resin at the same density; the guard 
column, or “pre-column”, acts as a filter that catches any impurities before they reach the 
analytical column.  This prefiltering process helps prolong the life of the analytical column. 

The experimental sample is carried through the IonPac columns via an eluent consisting of dilute 
methanesulfonic acid in water.  The MSA eluent is prepared with distilled, deionized water 
produced by a Millipore Direct-Q 3 UV Water Purifcation System (Serial No. F7CN145411).  
The Millipore Direct-Q system can produce up to 10 liters a day of analytical grade water at 18.2 
MΩ.  Before entering the Millipore system, boiler feedwater taken from the University of Texas 
Power Station is pretreated with a series of filters provided by Siemens Technologies.  These 
filters consist of two mixed filters and one activated carbon filter. 

All prepared eluents are kept in 2-liter plastic bottles located on top of the CD25 Conductivity 
Detector.  All eluents and DDI water are kept inert with an 8 psig nitrogen pad in the head space 
above the liquid.  Nitrogen, purchased from the Cryogenics lab in the Department of Physics, is 
available at 16.2 barg. 

The MSA eluent is pumped using the GP50 from the plastic reservoirs through Gradient Mixer 
GM-3 to the IonPac columns.  The gradient mixer is a small beaded column that ensures that the 
eluent is homogeneously mixed before it enters the columns.  Once the cationic species in the 
experimental sample are pushed off the column with the eluent, the cations in the sample enter a 
4-mm CSRS (Cationic Self-Regenerating Suppressor).   

The suppressor is an enclosed unit containing anodic and cathodic plates, separated by a 
permeable membrane.  The suppressor is plugged into a power supply, which provides a 
specified current.  The applied current separates the anionic and cationic species on opposite 
sides of the membrane.  Anionic species are carried out to the waste container.  On the opposite 
side of the membrane, a solution of weakly ionized cations in water travels to the conductivity 
cell. 

3373



  19

The suppressor is termed as a “self-regenerating” suppressor because nothing external has to be 
added to the system.  Once the weakly ionized solution of cations passes through the 
conductivity cell, an ion-exchange membrane removes the cations from solution and recirculates 
the water back to the suppressor, where it is countercurrently contacted with fresh sample 
entering the suppressor from the IonPac CS17 analytical column. 

As stated above, once the solution exits the suppressor, it travels to a conductivity cell located 
just downstream.  As the solution passes through the cell, any cationic species traveling through 
will produce a response (measured in µS) represented by a peak.  The height and area of the peak 
is directly proportional to the concentration of the cationic species in solution.  Each cationic 
species will have a specific retention time in the system, based on its affinity for the resin in the 
columns.  The series of peaks for a particular experimental sample is displayed on a 
chromatogram using Chromeleon Software (version 6.60). 

4.2.2 Standard Preparation 
Ethylenediamine, manufactured by Fisher Chemical, will be needed for preparation of a 
standard.  From the DDI water reservoir, add approximately 200 mL of water to an empty 1-L 
volumetric flask.  Record the mass of water added to the flask.  Using an Eppendorf autopipette 
(range 2 to 10 mL), transfer 2.0 mL of ethylenediamine to the volumetric flask and record the 
mass added.  From the DDI water reservoir, add water to the line denoting the 1-L mark on the 
flask.  Record the mass of water added to the flask and add it to the mass of water initially added 
to the flask.  Label this flask as “2000 ppm stock EDA standard” and cap it with a glass stopper. 

Using an Eppendorf micropipette (range 200 to 1000 µL) transfer 500 µL of the 2000 ppm stock 
EDA standard to an empty 100 mL volumetric flask.  Record the mass of stock standard 
transferred.  From the DDI reservoir, add water up to the mark on the neck of the flask denoting 
100 milliliters.  Record the mass of water added to the flask.  Label this flask as “10 ppm stock 
EDA standard” and cap it with a glass stopper. 

Replace the micropipette tip and transfer 1.0 mL of the 2000 ppm stock EDA standard to an 
empty 100 mL flask.  Repeat the above steps and label this volumetric flask “20 ppm stock EDA 
standard” and cap it with a glass stopper.  Repeat this process with 1.5, 2.0, and 2.5 mL of the 
2000 ppm stock EDA standard transferred into three more 100 mL volumetric flasks.  Label 
these flasks “30”, “40”, and “50 ppm stock EDA standard”, respectively. 

4.2.3 Preparation of Control Sample and Experimental Samples 
Using an Eppendorf micropipette (range 20 to 200 µL), transfer 100 µL of 7m MEA (α = 0) to a 
15 mL screwtop glass vial.  Record the mass of MEA added to the vial.  Using the autopipette, 
with a clean tip, transfer 10 mL of DDI water to the screwtop vial.  Record the mass of water 
added and screw the cap shut.  Label the vial “Unloaded MEA Control Sample”. 

After replacing the disposable tip, transfer 100 µL of 7m MEA (α = 0.40) to an empty 15 mL 
screwtop glass vial with the micropipette.  Record the mass of MEA added to the vial.  Using the 
autopipette, transfer 10 mL of DDI water to the screwtop vial and record the mass.  Cap the vial 
and label it “Loaded MEA Control Sample”.  (Note: If any degraded amine systems other than 
MEA are being analyzed, perform the above steps to create a loaded and unloaded control 
sample for each amine system.) 

3374



  20

For each experimentally degraded sample to be analyzed, transfer 100 µL of the sample to an 
empty 15 mL screwtop glass vial with the micropipette and record the mass of sample added.  
Transfer 10 mL of DDI water to the vial, record the mass of water added, and cap the vial.  Label 
the vial with the experimental conditions (amine concentration, catalyst and/or inhibitor 
concentration), the date the sample was taken, the time the sample was taken, and “100X”, which 
denotes the sample was diluted by a factor of 100 from its original concentration. 

4.2.4 Cation Chromatography System Operation 
Begin by checking to make sure that the Chromeleon server is running.  The server monitor is 
found either in the Chromeleon startup menu or in the lower right corner of the desktop.  If it is 
not running, start the server by clicking the “Start” button.  The Chromeleon server is a 
background application that monitors and controls an instrument.  It executes programs, 
sequences, and batches that are stored on a datasource, and saves data from an instrument as a 
channel into the same datasource.  The status should read “Chromeleon Server is running idle” 
when the server is started.  After the server monitor has been started, click the “Close” button.  
This will leave the server monitor icon in the Windows Services area of the task bar. 

Click the Chromeleon icon on the desktop to begin the program.  Chromeleon will open to the 
browser, where the sequences, programs, methods, and control panels can be found.  In the 
“Panels” folder, click on the ICS2500 Panel.  The panel displays information such as eluent 
composition, eluent flowrate, system pressure, oven temperature, and total conductivity signal.  
Verify that the proper timebase is connected to the control panel.  The “timebase” is a top level 
instrument container that is used to store all of the different module information simultaneously 
(from the gradient pump, conductivity detector, chromatography oven and autosampler).  Click 
on the “Control” menu option.  Select “Connect to Timebase” and choose the timebase under 
“My Computer”.  Confirm that the “connect” boxes are checked.  The system is now ready to 
run a batch. 

In order to set up the sample batch, press Ctrl-Tab, which will toggle the screen back to the 
browser.  Under the folder “Cation IC Analysis” left-click the most recent date.  Go to “File”, 
click “Save As” and save the file as the date for the current day in the form of “MMDDYYYY”.  
The status for all samples on the right side of the browser should read “single”.  Under the 
sample name, modify the names of all the samples accordingly.  For each sequence, the 
following samples should be run initially: a blank sample of DDI water, then a calibration curve 
for EDA (10 through 50 ppm of EDA).  After the calibration curve, then run the dilute 
experimentally degraded samples. 

Modify the sample type, program and method for each sample.  The blank sample should be 
saved as type “blank” from the drop-down menu, the EDA calibration curve samples should be 
saved as “calibration”, and the experimentally degraded samples should be saved as “unknown”.  
Under the program category, choose “EDA_Program”.  Under the method category, choose 
“EDA_Method”.  Save the sequence modifications. 

Prior to beginning the batch, the cation IC system must be equilibrated at conditions used for 
“EDA_Program”.  These conditions are as follows: 85% bottle A (6mM MSA), 15% bottle C 
(55mM MSA), a flowrate of 0.80 mL/min, and a suppressor current of 31 mA.  The system 
pressure should be approximately 1400 psi.  Allow 30 minutes for the system to equilibrate. 
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To start the batch, click the “Batch” menu option from the top and select “Start”.  Click the 
“Add” button and choose the sequence that was just modified.  Click the “Ready Check” button 
to verify that there are no errors in the sequence you are trying to execute.  If there are no errors 
impeding the batch from running, “ready check was successful” will appear in a dialog box on 
the screen.  Click “OK”, then click the “Start” button to begin the batch.  Since there currently is 
no autosampler, the message “inject sample into port and press OK to continue” will appear in a 
dialog box on the screen.  Use a 1 mL plastic syringe (purchased from Dionex) and rinse it four 
times with DDI water withdrawn from a beaker and flush into a waste beaker.  Then rinse the 
syringe one time with the sample to be injected and flush into a waste beaker.  Draw a second 1 
mL aliquot into the syringe and inject it into the port located on the bottom of the LC25 
Chromatography Oven.  Click the “OK” button to run the sample.  The “EDA Program” uses an 
11.5 mM MSA eluent isocratically for 18 minutes.  Once the sample has finished, “inject sample 
into port and press OK to continue” will appear once again.  Repeat the above process and inject 
all samples until the batch is complete. 

Once all samples in the batch have been injected, click on one of the five calibration standards 
from the browser panel.  Switch to the method editor by clicking on the QNT-Editor icon on the 
toolbar.  At the bottom of the screen, go to the “General” tab and type “ppm” in the “Dimension 
of Amounts” field and confirm that “Auto Recalibrate” is checked.  Go to the “Detection” tab 
and set the integration parameters as needed.  In most cases, several baseline noise peaks are 
integrated along with the main peaks.  To eliminate the extra peaks, go to the “Detection” tab 
and add “Minimum Area” with a value of 0.010.  Use the “Void Volume treatment” parameter to 
account for the water dip.   

Go to the “Peak Table” tab, right-click on the gray bottom half of the window, and choose 
“Autogenerate Peak Table”.  Choose the “Enumerate peaks of current chromatogram” button.  
Read the warning in the dialog box and answer “OK” when it appears on the screen.  Type in the 
peak names and retention times for the peaks displayed on the chromatogram.  The only peaks 
that should appear are piperazine (Retention Time = 7.30 min), ethylenediamine (RT = 6.76 min) 
and monoethanolamine (RT = 4.12 min).  Go to the “Amount Table” tab.  If the “Edit Amount 
Columns” dialog box does not appear automatically, right click in the empty gray space, and go 
to “Columns/Edit Amount Column”.  Click “OK” to close the warning message about lack of 
amount columns.  Click “Auto-Generate” and select the “Generate a separate amount column for 
EACH standard” option.  Click “Apply” to execute the command.  After columns for all 
standards have been created, click “OK” in the “Edit Amount Columns” dialog box. 

Enter actual EDA concentrations for each of the five calibration standards (approximately 10, 20, 
30, 40, and 50 ppm).  The EDA stock concentration is needed to calculate these concentrations.  
Divide the mass of EDA (in grams) added to the 1-liter volumetric flask by the mass of water 
added to the flask (in grams) and multiply by 106.  The resulting number is the concentration of 
EDA in terms of parts of EDA per million parts of water (ppmm).  For each of the five calibration 
standards in the 100 mL volumetric flasks, divide the mass of stock solution added (in grams) 
and divide it by total mass of the standard solution after water is added (in grams).  Multiply this 
number by the stock concentration, to get the actual calibration standard concentrations.  If all 
solutions were prepared correctly, then all of the concentrations should be very close to 10, 20, 
30, 40, and 50 ppm. 

After the calibration curve concentrations have been entered, click on the “Peak Table” tab and 
left-click on the “Calibration Type column”.  Select “Quad” in the dialog box that appears and 
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click “OK”.  Chromeleon will now automatically plot EDA concentration as a second-order 
function of peak area.  Close the QNT-Editor and click “Yes” when asked if you want to save the 
changes.  Once again, click on one of the standard chromatograms and click on the EDA peak.  
Click on the delimiter tool and use the tool to shape the EDA peak and properly define its edges 
so that any peak tailing is excluded.  Save the changes, close the chromatogram, and repeat this 
procedure for all standard and unknown chromatograms. 

After all of the EDA peaks have been properly identified, reopen one of the chromatograms and 
click on the “Summary Table” tab at the bottom of the screen.  This summary table lists the 
concentration of ethylenediamine in every diluted sample in units of ppmm.  These 
concentrations, along with the dilution factor and molecular weight of EDA (61.08), are needed 
to calculate the concentration of the original samples.  The dilution factor is self-explanatory – it 
tells by how much the original sample was diluted.  It is calculated by dividing the total mass of 
the diluted sample (DDI water + original sample) by the mass of experimental sample added (in 
grams) to the screwtop vial.  Most dilution factors range from 95 to 105. 

The concentration of the original sample (in millimolar, or mM) is calculated by multiplying the 
dilute concentration (in ppmm) of EDA by the dilution factor, then dividing it by the molecular 
weight of EDA.  This is done in an Excel spreadsheet for every experimental sample run in the 
batch.  The overall EDA formation rate is calculated by subtracting the EDA concentration (in 
mM) in the time zero sample from the EDA concentration in the final experimental sample, and 
dividing it by the number of hours the experiment had been running at the time the sample was 
taken.  Table 4 shows a typical Excel spreadsheet for a sample batch that calculates all of these 
concentrations and rates. 

Shut down the Dionex system by opening the control panel and changing the suppressor current 
to zero.  Click the “Off” button to stop eluent flow.  Turn off the server by clicking the “Stop” 
button on the server monitor.  Always turn off the server prior to powering down the computer. 

4.3. FTIR Analysis Method 
The gas phase portable FTIR analyzer and sample pump were purchased from Air Quality 
Analytical, Inc.  The portable FTIR analyzer, a Temet Gasmet™ Dx-4000 (Serial No. 01253), 
allows for simultaneous analysis of up to 50 components and the gas cell is temperature 
controlled at 180oC.  The high temperature analysis allows for direct sample measurement 
without having to dry or dilute the gas stream to avoid IR interference due to water absorption.  
Table 5 gives the detailed specs for the FTIR analyzer. 

The gas sampler has dual temperature controls (for the sample pump and the heated sample line) 
as well as pressure gauges for the sample inlet and the vent line.  The heated sample line is a 15 
foot long insulated Teflon® tube with PFA tubing for the gas sample.  Both the sample pump 
and the sample line are controlled at a temperature of 180oC to avoid any liquid entrainment into 
the gas sample cell or condensation of liquid onto the gold plated mirrors. 
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Table 4. EDA Rate Formation Calculations for an Oxidative Degradation Experiment 

Sample # Mass (H2O) Mass (H2O + Sample) Mass (H2O) Mass (H2O + Sample) Mass H2O 998.2 Approximate Mass (Stock) Mass (H2O + Stock) Actual EDA
9/28/06 MEA/PZ 9.932 10.040 Mass EDA 2.0000 50 2.6090 100.5590 51.9835
10/3/06 MEA/PZ 9.915 10.019 PPM EDA 2003.6 40 2.0560 100.0340 41.1801
10/9/06 MEA/PZ 9.896 10.010 30 1.4940 100.6010 29.7551
10/12/06 MEA/PZ 9.896 10.005 20 1.0000 100.0180 20.0325
10/13/06 MEA/PZ 9.889 9.997 10 0.4920 99.9570 9.8620
11/28/06 PZ/K/V 9.869 9.980
12/11/06 PZ/K/V 10.077 10.196
12/12/06 PZ/A/V 9.928 10.026
12/15/06 PZ/A/V 9.954 10.058
12/19/06 PZ/A/V 9.901 10.020
2/13/07 PZ/H2O2 9.872 9.993

Sample # Dilution Factor 1 Dilution Factor 2 Overall Dilution Factor Calculated EDA PPM Concentration EDA (mM) Degradation Rate (mM/hr) Experiment Time (hrs)
9/28/06 MEA/PZ 92.963 93.0 2.1225 3.23 0
10/3/06 MEA/PZ 96.337 96.3 9.4206 14.88 0.115 130
10/9/06 MEA/PZ 87.807 87.8 8.0424 11.58 0.063 185
10/12/06 MEA/PZ 91.789 91.8 5.4715 8.23 0.032 256
10/13/06 MEA/PZ 92.565 92.6 4.6482 7.05 0.025 282
11/28/06 PZ/K/V 89.910 89.9 0.1129 0.17 0
12/11/06 PZ/K/V 85.681 85.7 0.2970 0.42 0.001 310
12/12/06 PZ/A/V 102.306 102.3 1.5635 2.62 0.060 43.5
12/15/06 PZ/A/V 96.712 96.7 3.9562 6.27 0.069 91.5
12/19/06 PZ/A/V 84.202 84.2 14.9014 20.57 0.111 185.5
2/13/07 PZ/H2O2 82.181 82.2 3.1396 4.23

STOCKDilution 1 Dilution 2
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Table 5. Temet Gasmet™ DX-4000 FTIR Gas Analyzer Technical Specifications 

Model DX-4000
Serial Number 01253
Supplier Air Quality Analytical, Inc. (www.airqa.com)
Measurement Principle FT-IR (Fourier Transform Infrared)
Performance Simultaneous analysis of up to 50 compounds
Operating Temperature 20 ± 20oC, optimum 15 - 25oC non condensing
Storage Temperature -20 - 60oC, non condensing
Power Supply 12 VDC or 100-240 VAC / 50 - 60 Hz
Software Calcmet™ for Windows v 4.41

Interferometer Temet Carousel Interferometer
Resolution 8 cm-1 (7.76 cm-1)
Scan frequency 10 spectra/s
Aperture 2.54 cm
Detector MCTP (Mercury, Cadmium, Tellurium, Pelletier Cooled)
IR-source Ceramic, SiC, 1550 K Temperature
Beamsplitter ZnSe
Window material BaF2

Wavenumber range 900 - 4200 cm-1

Structure Multi-pass, fixed path length 5.0m
Material Gold/Ruthenium/Nickel coated extruded Aluminum
Mirrors fixed, protected gold coating
Volume 1.0 L nominal
Connectors Swagelok 6.35 mm (1/4")
Gaskets Teflon® coated Viton®
Temperature 180oC
Maximum sample gas pressure 2 bar
Flow rate 1-5 L/min
Response time 3 cell flushes (depends on gas rate)
Required gas filtration Filtration of particulates (2 microns)
Sample condition non condensing

Zero point calibration Every 24 hours calibrate with N2 (minimum)
Zero point drift 2% of smallest measuring range per zero point calibration interval
Sensitivity drift None
Accuracy 2% of smallest measuring range  
Temperature drift 2% of smallest measuring range per 10oC temperature change
Pressure influence 1% change of measuring value for 1% sample pressure change

Material/Weight Aluminum / 16 kg
Dimensions (nm) 433 * 185 * 425

General Parameters

Spectrometer

Sample Cell

Measuring parameters

Enclosure

 

4.3.1. Infrared Spectroscopy Analytical Method 
The composition of gas leaving the high gas flow degradation reactor is quantified using the 
Temet Gasmet™ DX-4000 gas analyzer detailed above.  The application of infrared radiation 
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(600-4200 cm-1) to a molecule excites both the rotational and vibrational energy levels of the 
molecule.  The transition from a lower energy level to a higher energy level requires a discrete 
amount of energy, which corresponds to a given wavelength, or wavenumber (inverse 
wavelength), in the infrared region.  Every molecule absorbs radiation over a distinct set of 
wavelengths, providing a unique spectrum with which to identify the molecule.  In order for a 
molecule to undergo a transition in its vibrational or rotational energy level, it must exhibit a net 
dipole moment to allow interaction with the electric field of the infrared radiation.  Since homo-
nuclear diatomic molecules do not exhibit a net dipole moment with any vibrational or rotational 
changes, these molecules are IR inactive and show no absorption spectra in the IR region. 

The absorption spectra from IR radiation can be used quantitatively to determine the 
concentration of a compound using the Beer-Lambert law.  Radiation of a known intensity is 
measured before and after the radiation has come in contact with the gas sample.  The Beer-
Lambert law states that for a given optical path length (b), the absorbance (A) is proportional to 
the concentration (c) of the species in the gas sample at a fixed wavelength.  This is only true if 
the molar absorptivity (a) does not change with concentration.  At high concentrations, this 
relationship will no longer be true. 

A = log10 (I0/I) = log (1/T) = abc                                                    (7) 

where: T = transmittance 
 I0 = incident radiation intensity 
 I = intensity of radiation after contacting sample 

Reactions between gas species generally do not occur; therefore, the total absorbance of the gas 
sample is the sum of absorbance by each species present.  This allows for simultaneous analysis 
of multiple components in the gas sample.  Quantification of the gas species and their 
concentrations requires the availability of reference absorption spectra for each component over 
the concentration range of interest.  Simple compounds over small concentration ranges require 
fewer spectra since the molar absorptivity is nearly constant, but other species such as water and 
CO2 will require more reference spectra to account for the changing molar absorptivity at some 
wavelengths. 

Using the Beer-Lambert law, an absorbance of 1.0 corresponds to a transmittance of 10%, 
meaning that the compound is absorbing 90% of the incident radiation at that wavelength.  Two 
problems occur at an absorbance above 1.0. First, above 1.0 absorbance units, the compound is 
generally not obeying the Beer-Lambert law any more, and the molar absorptivity for that wave 
number is no longer a linear function of concentration.  In order to account for this, reference 
spectra must be generated over much smaller concentration intervals.   

Additionally, the Temet Gasmet™ Dx-4000 has a noise level of ~ 2% (absorbance basis), 
resulting in a maximum absorbance of 1.2 absorbance units.  Therefore, a spectrum containing 
an absorbance above 1.2 units will not contain useful information.  As a result, for this study, a 
maximum absorbance of 1.0 units was used in order to account for noise level fluctuations.  For 
very strongly absorbing compounds like water and CO2, the absorbance is set below 1.0. 

4.3.2. Reference Spectra 
Reference spectra for gas compounds were generated by blending the gas with nitrogen in known 
ratios using the mass flow controllers.  The spectra were recorded using the FTIR until the 
concentration reached steady state.  These steady state spectra were then examined and the 
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cleanest average spectrum was selected to be the reference spectrum in the software library for 
that particular concentration. 

Compounds that are a liquid at standard conditions must be vaporized in order to obtain 
reference spectra.  An apparatus supplied by Air Quality Analytical Inc. was used to generate 
reference spectra for MEA and other liquids.  The apparatus consists of a syringe connected to a 
gear pump, a Brooks mass flow controller, a furnace, and a heated sample line run at 180oC.  The 
liquid is loaded onto the syringe, and a volumetric flowrate is set for the gear pump.  The liquid 
is pumped into the furnace, where it is evaporated and mixed with N2 (at a rate determined by the 
mass flow controller) before passing through the heated line to the FTIR.  As with the gas 
compounds, the cleanest steady state spectra was chosen as reference spectra. 

4.3.4. Multiple Component Analysis 
Each compound in an experimental gas sample absorbs infrared radiation independently of each 
of the other compounds, resulting in a cumulative absorption spectrum.  Specifically, the FTIR 
detects the transmittance of the infrared radiation from 900 to 4200 cm-1 and converts this to 
absorbance via the Beer-Lambert law.  This absorbance spectrum is the sum of the absorbance 
spectra for each compound in the gas sample.  Multiple components can be resolved from this 
combined spectrum by multiplying a reference spectrum by a factor (Xi) and subtracting the 
result from the combined absorbance spectrum.  The multipliers and reference spectra are 
changed to minimize the residual absorbance spectrum that is left after all the components have 
been subtracted from the absorbance spectrum.   

In order to properly resolve multiple components, different analysis areas (wavenumber regions) 
can be set for each component.  The Calcmet™ software allows for up to 3 analysis areas to be 
set for each compound, each with a different absorbance maximum.  If the absorbance of the 
sample spectrum goes above the set maximum, the software will no longer use the analysis 
region for that compound.  The analysis regions are also determined by choosing regions where 
absorption peaks for multiple compounds do not overlap or interfere with one another.  Table 6 
shows the regions used for each compound in the multi-component analysis for the High Gas 
Flow Degradation Apparatus along with the associated absorbance limit for each measuring 
range and the number of references used for each component. 

Table 6. Analysis Regions and Absorbance Limits for Compounds Studied 

Abs. Limit Abs. Limit Abs. Limit Refs.
Water vol % 1883 2161 1.0 3142 3319 0.5 13
CO2 vol % 980 1130 1.0 1999 2208 0.5 2450 2650 0.5 3
CO ppmv 2007 2207 0.5 2624 2750 1.0 8
N2O ppmv 2107 2246 0.5 2647 2900 0.5 5
NO ppmv 1760 1868 0.8 1869 1991 0.8 2550 2650 1.0 4
NO2 ppmv 2550 2933 0.5 3
NH3 ppmv 910 964 1.0 980 1196 0.5 3219 3396 0.5 4

Formaldehyde ppmv 988 1111 1.0 2450 2600 0.6 2650 3211 0.5 3
Acetaldehyde ppmv 1034 1243 1.0 2638 2916 1.0 3

MEA ppmv 980 1119 1.0 2624 3150 1.0 1
Methylamine ppmv 980 1303 1.0 2450 2650 1.0 2800 3450 1.0 3

Compound Concentration
cm-1

Range 1 Range 2 Range 3
cm-1 cm-1

 
Since the absorbance peaks for different compounds can overlap, it is necessary to specify 
possible interferences from other compounds.  For example, water has two major absorption 
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peaks that stretch over almost the entire IR region.  These major peaks of water will interfere 
with every component in the analysis, and must be specified as a possible interference for these 
compounds.  This interference analysis was completed for all of the components and entered into 
the Calcmet™ software prior to sample analysis.  A correlation matrix of interferences between 
the compounds studied in the high gas flow oxidative degradation experiments is presented in 
Table 7.   

Table 7. Correlation Matrix for Interfering Compounds for FTIR Analysis 
Water CO2 CO N2O NO NO2 NH3 Formaldehyde Acetaldehyde MEA Methylamine

Water - X X X X X X
CO2 X - X X X X X X X
CO X X - X X X X X X X
N2O X X X - X X X X X X
NO X X X X - X X X
NO2 X X X - X X X X
NH3 X X X X - X X X X

Formaldehyde X X X X X - X X X
Acetaldehyde X X X X X X - X X

MEA X X X X X X X - X
Methylamine X X X X X X X X -  

4.4. NMR Analysis 
Nuclear magnetic resonance, or NMR, identifies unique 1H atoms and/or 13C atoms based on 
structure (double/triple bonds, attachment to acid/amine/etc. groups).  Sealed liquid samples are 
subjected to a magnetic pulse, and each unique atom is characterized by a “chemical shift” on the 
readout.  If the structure(s) in the solution is unknown, it may be necessary to construct a 2-D 
carbon-hydrogen correlation in order to determine the structure.  Samples must be prepared with 
approximately 10% D2O (by weight) and DSS (Shoulders, 2005).  D2O, or deuterium oxide, is 
heavier than water and enhances the signal, thereby making the analysis easier.  DSS, or Sodium 
2,2-Dimethyl-2-Silapentane-5-Sulfonate, is used as a reference peak for aqueous solutions 
containing organic materials. 

In order to prepare samples for NMR analysis, prepare a solution of D2O/DSS by adding 0.5 g of 
DSS to 25 g of deuterium oxide (available from Cambridge Isotope Laboratories, CAS# 7789-
20-0, 99.9% assay).  This will ensure that all peaks will be referenced relative to the DSS peak, 
which will be set at a shift of 0.  In a screwtop vial, add 0.5 g of the D2O/DSS solution to 3.5 g of 
a degraded amine sample.  Using an Eppendorf micropipette, transfer approximately 500 L of the 
solution to a 507-PP NMR tube made by Wilmad.  The height of liquid in the tube should be 
approximately 2 inches.  The samples are delivered to the NMR spectroscopy lab at the 
University of Texas at Austin, which operates under the instruction of Ben Shoulders.  Steve 
Sorey and Jim Wallin are the technicians responsible for running the NMR analysis. 

4.5. Titration Analysis 
Titration analysis is carried out using a Metrohm-Peak 835 Titrando (Serial#: 11040208) 
equipped with an automatic dispenser, Metrohm-Peak 801 Stirrer and 3M KCl pH Probe 
(Temperature: 0-60oC, pH: 0-13).  Two 1-liter reservoirs contain 0.2N H2SO4 and 0.1N NaOH, 
which are used for the titrations; both glass reservoirs are equipped with desiccant to absorb any 
excess moisture. 
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Prepare a sample for pH titration by adding approximately 0.5g of degraded amine sample to 60g 
of DDI water.  Record the masses of amine solution and water added to the beaker.  Make sure 
that the H2SO4 reservoir is attached to the Titrando.  Access the PC Control software on the 
attached computer by double-clicking the PC Control software icon.  Place an empty beaker 
(labeled “waste beaker”) underneath the dosing device.  Click on the “manual” button, then click 
“dosing”.  When the next screen appears, hold down the “dosing” button until approximately 
10mL of acid has been dispensed into the beaker.  Rinse both the pH probe and the manual 
dosing device with DDI water. 

Place the beaker with the diluted amine onto the 801 Stirrer and lower the pH probe and dosing 
device into the liquid.  Click on “Programs” and select “Total Alkalinity Mono – Acid”.  Under 
“Identification 1”, insert a sample description that will identify the degraded amine sample.  
Under the heading “Identification 2”, state the mass of water used to dilute the degraded amine 
solution; next to “sample size”, insert the mass of degraded amine solution that was added to the 
beaker.  After all of the information has been filled in, click the “start” button.  The Titrando will 
continue to add H2SO4 in 0.1mL increments until the pH reaches 2; furthermore, the PC Control 
software will automatically identify the appropriate equivalence points. 

Remove the sulfuric acid reservoir from the Titrando unit and insert the 0.1N NaOH reservoir.  
Place the waste beaker underneath the dosing device.  Click on the “manual” button, then click 
“dosing”.  When the next screen appears, hold down the “dosing” button until approximately 
10mL of base has been dispensed into the beaker.  Rinse both the pH probe and the manual 
dosing device with DDI water. 

Place the beaker with the acid-titrated amine onto the 801 Stirrer and lower the pH probe and 
dosing device into the liquid.  Click on “Programs” and select “Piperazine Determination – 
Base”.  Under “Identification 1”, insert a sample description that will identify the degraded 
amine sample.  Under the heading “Identification 2”, state the mass of water used to dilute the 
degraded amine solution; next to “sample size”, insert the mass of degraded amine solution that 
was added to the beaker.  After all of the information has been filled in, click the “start” button.  
The Titrando will continue to add NaOH in 0.1mL increments until the pH reaches 10.5; 
furthermore, the PC Control software will automatically identify the appropriate equivalence 
points. 

Three numbers are needed from the two titrations in order to calculate amine concentration(s): 
the amount of H2SO4 (in mL) necessary to reach the equivalence point around a pH of 4.5, the 
amount of NaOH (in mL) needed to reach the first equivalence point around a pH of 4.5 and the 
amount of NaOH (in mL) needed to reach the second equivalence point.  In order to calculate 
total amine concentration (in mol/kg solution), multiply the volume of H2SO4 by the 
concentration (in molarity), and divide by the mass of amine sample added (in grams).  The 
result is the total amine/base concentration. 

In order to calculate total piperazine concentration (in mol/kg solution), calculate the difference 
in NaOH volume between the two equivalence points for the base titration.  Multiply this volume 
by the concentration of the NaOH titrant (in molarity), and divide by the mass of amine sample 
added (in grams).  This gives the piperazine concentration in mol PZ/kg solution.  In order to 
determine MEA concentration, subtract two times the PZ concentration from the total base 
concentration (it is necessary to multiply the PZ concentration by two because PZ is a 
diprotonated species at a pH of 2). 

3383



  29

4.6 pH Analysis 
The pH of dilute amine species was determined using a Cole Parmer pH probe and Cole Parmer 
pH/mV/oC meter (Model # 59003-00, Serial # EP1000/5411).  A calibration curve was 
constructed using pH buffers (range: 2-12) produced by Fisher Chemical.  A curve of actual pH 
versus measured pH was constructed so that measured pH could be correlated to actual pH 
accurately.  For each low gas flow experiment, all samples (initial, final, intermediate) were 
diluted by a factor of approximately 120 (0.5 g amine sample + 60 g DDI water) in 60 mL plastic 
bottles. 

Rinse the pH probe with DDI water above a waste beaker, then insert it into the dilute initial 
sample.  Insert the probe in the solution for five minutes and allow to equilibrate.  Record the pH 
displayed on the meter.  Rinse the probe with DDI water and place in the first intermediate 
sample.  Repeat this process for the remaining samples and record the measured pH values.  
Convert the measured pH values to actual pH values using the calibration and construct a pH 
profile for the experiment. 

5. Degradation Apparatus and Methods 

5.1 Solution Loading  
All of the solutions in this study were prepared gravimetrically.  Amine solutions were loaded 
with CO2 by sparging pure CO2 through the solutions inside 1000 mL LG-3675 gas washing 
bottles purchased from Wilmad Glass Laboratories.  Each unit consists of a 1000 mL bottle and a 
40/35 stopper with an inlet tube sealed through the center of a fritted glass disc.  The disc is 
approximately 1/2” above the bottom of the bottle.  Pure CO2 provided by Matheson Tri-Gas 
travels through the inlet tube and the fritted disc, which disperses the gas into tiny bubbles into 
the amine solution, providing more efficient solution loading. 

The CO2 gas flowrate is kept low in order to prevent it from heating the solution excessively (the 
reaction of amine with CO2 is exothermic).  CO2 loadings are quantified by placing the gas 
washing bottle on a scale while loading the CO2 and recording the mass difference.  CO2 
loadings were also verified by TIC (total inorganic carbon) analysis using a Model 525 Analyzer 
from Oceanography International Corporation.  Solutions were run with a loading corresponding 
to 2 volume % of CO2 partial pressure in the vapor space above the solution at 55oC.  For 
example, in 7 molal MEA solutions, this corresponds to a loading of α = 0.4 mol CO2 / mol 
MEA. 

5.2 Low Gas Apparatus 
Experiments performed in the low gas flow degradation apparatus achieve appreciable mass 
transfer by introducing gas into the vapor space above an agitated amine solution in a 
temperature-controlled semi-batch reactor.  The agitation vortexes the reaction gas into the 
solution and transfers the oxygen needed to degrade the amine into solution.  Figure 4 depicts the 
setup of the low gas flow apparatus.  Reaction gas, consisting of a mixture of CO2 and O2, is 
bubbled through water to pre-saturate the gas before being introduced into the vapor space above 
the amine solution in order to minimize water losses in the reactor. 
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Figure 4. Depiction of Low Gas Flow Degradation Apparatus 

An Ace Glass 5196 Vacuum Adapter (250 mm, with 24/40 size joints) serves as the pre-saturator 
for both low gas flow degradation apparatuses.  Reaction gas enters a glass connection on the 
adapter and flows down a ¼” tube immersed in the water.  The saturated gas bubbles through the 
water and out a glass connection on the body of the vacuum adapter.  Figure 4 depicts the flow 
path through the pre-saturator.  Distilled, deionized water from the Millipore unit is used to refill 
the pre-saturators. 

Gas flowrates are controlled differently in the two low gas flow apparatuses.  In Low Gas Flow 
Apparatus #1, gas flow rate is controlled by a ColeParmer model EN-03217-06 Correlated 
Flowmeter with Valves (Aluminum/SS Flowmeter, 131 mL/min O2).  The flowmeter is a 
rotameter with a spherical stainless steel float that illustrates how far the valve on the flowmeter 
is open.  The flowmeter is set by measuring the volume displacement of soap bubbles in a 
graduated burette as a function of time.  A displacement of 10 mL over 6 seconds correlates to a 
gas flowrate of 100 mL/min.  The reaction gas in apparatus #1 is a pre-mixed cylinder of 2% 
CO2, balance O2 (168 ft3, 1600 psig, CGA outlet 296), provided by Matheson Tri-Gas. 

Gas flowrates in Low Gas Flow Apparatus #2 are regulated using Brooks mass flow controllers 
(model 5850E) connected to a Brooks Instrument Co. 4-channel Brose control box (Model 
5878A1B1, Serial No. 8507H27518/2) with 15-pin D connectors.  The control box displays a 
digital readout corresponding to the % open of the mass flow controller.  O2 is controlled by a 
100 SCCPM flow controller (Brooks model 5850E, Serial No. 9103HCO37044/4) and CO2 is 
controlled with a 20 SCCPM flow controller (Brooks model 5850E, Serial No. 
9103HCO37044/2).  Flow controllers are calibrated every 12 months.  Calibrations are 
performed by connecting the flow controllers to the appropriate gas source, changing the setting 
on the control box, and measuring the volume displacement of soap bubbles in a graduated 
burette as a function of time.  The volumetric flowrate of gas is then converted to a molar 
flowrate based on the Ideal Gas Law.  Figure 5 shows a typical calibration curve for the 100 
SCCPM mass flow controller and O2. 
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Figure 5. Calibration Curve for the 100 SCCPM Brooks Mass Flow Controller and O2 

Compressed O2 (Zero Grade, 337 ft3, 2640 psig @ 70oF, CGA Outlet 540) and CO2 (60 lbs, 830 
psig @ 70oF, CGA Outlet 320) are both provided by Matheson Tri-Gas Inc.  For both low gas 
flow apparatus, the reaction gas mixture travels through ¼” OD Parker Perflex PE tubing (120 
psig max, 150oF max). 

Once the saturated gas exits the pre-saturator, it moves through the PE tubing into the vapor 
space above the reactor.  Each low gas flow reactor is an Ace Glass 600 mL jacketed reactor (7.5 
cm ID, 11 cm OD, 14 cm height).  Each reactor is sealed with a size 14 rubber stopper.  In each 
rubber stopper, three ¼” holes have been cut.  Inserted into one of the holes is a Fisherbrand 
thermometer that measures the temperature of the solution in each reactor.  The thermometer is 
coated with vacuum grease and placed inside of a rubber septum, which is placed into the hole.  
Inside the second hole is the Parker Perflex PE tubing carrying the reaction gas.  The tubing is 
coated with vacuum grease and threaded through a rubber septum, which is inserted into the 
hole.  The tubing should extend 1” from the top of the rubber stopper into the vapor space above 
the amine solution. 

The third hole in each septum is necessary for the agitator shafts.  In Low Gas Flow Degradation 
Apparatus #1, the shaft is powered by a StedFast™ Stirrer (model SL1200) by Fisher Scientific 
International, capable of agitation speeds up to 1450 RPM.  The stainless steel agitator is 30 cm 
long and 0.5 cm in diameter; four curved impeller blades, each measuring 1.5 cm in length and 1 
cm in width, are located at the bottom of the agitator shaft.  The agitator shaft is coated with 
vacuum grease and threaded through a rubber septum, which is inserted into the third hole.  The 
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impeller blades should sit 1” from the bottom of the reactor.  The rubber tops are not meant to 
completely seal the reactors; they are merely covers to prevent any liquid entrainment or 
vortexing that may extend above the top of the reactor.  The apparatus is actually open to 
atmosphere and venting at all times. 

In Low Gas Flow Degradation Apparatus #2, the shaft is powered by a Maxima™ Stirrer by 
Fisher Scientific International, capable of agitation speeds up to 2000 RPM.  The stainless steel 
agitator is 35 cm long and 0.8 cm in diameter; four curved impeller blades, each measuring 2.2 
cm in length and 0.8 cm in width, are located at the bottom of the agitator shaft.  The agitator 
shaft is coated with vacuum grease and threaded through a rubber septum, which is inserted into 
the third hole.  The impeller blades should sit 1” from the bottom of the reactor. 

The reactor temperatures are kept constant at 55oC using Ecoline Lauda Heating Circulators with 
E-100 series controllers and 003 series stainless steel baths.  The heat transfer fluid is boiler 
feedwater from the faucet in the laboratory.  The water is circulated from the stainless steel bath 
to the glass reactor via 3/8” ID (with 1/16” wall thickness) Fisherbrand Tygon® tubing.  Covers 
are kept on the stainless steel baths in order to minimize evaporative losses from the heated 
reservoirs.    

5.3 Low Gas Flow Apparatus Operation 
Each two low gas flow apparatus must be started independently.  Low Gas Flow Apparatus #1 
(without the flow controllers) sits on the left side of the fume hood.  Take a sterilized 600 mL 
open-top Ace Glass jacked reactor and attach the 3/8” OD Tygon® tubing from the Lauda 
circulator to the inlet and outlet ports on the reactor.  Slide two metal clamps over the tubing and 
tighten them down over the ports to prevent heating fluid leakage.  Fill the pre-saturator (Ace 
Glass vacuum adapter) to the top with DDI water; fill completely the 003 series stainless steel 
Lauda bath with boiler feedwater and turn on the power switch.  Press the (→) key to start the 
circulating pump on the Lauda E-100 heating circulator.  Set the temperature setpoint at 55oC 
and allow the water to heat up. 

Once the temperature has reached 55oC, use a 100 mL and a 250 mL volumetric flask to transfer 
350 mL of loaded MEA (or the applicable amine) solution to the reactor.  Record the mass of 
amine solution transferred to the reactor.  Add the appropriate concentration of degradation 
catalyst (ferrous sulfate and/or cupric sulfate) and/or degradation inhibitor (inhibitor A) to the 
reactor via either solid or an aqueous dilute solution and record the mass of each added.  Slide a 
rubber mat underneath the reactor so that the mat will absorb any vibrations from the reactor 
once the agitation begins. 

Use a box cutter to cut two perpendicular slits through the middle of a rubber septum and coat 
the slits with vacuum grease.  From the top down, thread the agitator shaft through the greased 
septum and the middle hole in the size 14 rubber stopper.  Place the rubber stopper in the 
jacketed reactor and push down on it until there is a snug fit.  Slide the agitator into the drive 
shaft and use the notched key to lock the agitator in place.  Use the key to adjust the agitator 
height so that the impellers are 1” from the bottom of the reactor. 

Turn the knob in on the upper right corner of the model SL1200 StedFast™ Stirrer to a speed of 
9.5.  Use a digital tachometer to confirm that the shaft is rotating at 1400 RPM.  Adjust the knob 
setting if necessary.  Agitate the solution for approximately 5 minutes or until all of the 
catalysts/inhibitors have dissolved.  Once they have dissolved, turn the agitator speed back to 
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zero.  Take a clean 15 mL screwtop vial.  Through one of the two remaining holes in the rubber 
stopper, use a 5 mL glass pipette to remove 6 to 8 grams of solution from the reactor.  Transfer 
the solution to the vial and record the mass of solution withdrawn from the sample.  Label the 
sample with the date and time the sample was taken, the mass of sample, and the 
amine/catalyst/inhibitor systems and concentrations used in the experiment.  This is the initial 
sample from the experiment. 

Use the box cutter to cut perpendicular slits into two more rubber septa.  Once again, cover the 
slits with vacuum grease.  Slide a Fisherbrand glass thermometer into one of the rubber septa.  
Place the outlet tubing (1/4” Parker Perflex PE tubing) from the pre-saturator into the other 
rubber septum.  In the cylinder corridor, open completely the gate valve on top of the 98% 
O2/2% CO2 cylinder purchased from Matheson.  Set the regulator at 30 psig.  Open the two gate 
valves along the flow path from the regulator to the reactor and inspect all threaded connections 
for gas leaks.  Use the knob on the ColeParmer flowmeter to adjust the setting on the flowmeter 
to 13 (0-15 scale).  Attach the PE outlet tubing to a 100 mL graduated burette to measure the 
displacement of soap bubbles as function of time.   Adjust the flowmeter knob accordingly until 
the gas flow rate is approximately 100 cc/min (which corresponds to 6 seconds per a volume of 
10 mL in the burette). 

Once the knob has been properly set, disconnect the tubing from the graduated burette and insert 
the PE tubing into one of the remaining open holes in the rubber stopper.  Adjust the tubing such 
that it extends 1” below the bottom of the rubber stopper.  Insert the thermometer into the 
remaining hole in the rubber stopper and adjust the thermometer so that only the bottom ½” is 
submerged into the stationary batch solution (once the solution is agitated and vortexed, the outer 
vortex of the solution will submerge more of the thermometer).  Use electrical tape to affix the 
rubber stopper to the outside of the jacketed reactor. 

Turn the agitator knob back to the predetermined speed and use the digital tachometer to confirm 
the agitation speed of 1400 RPM.  The experiment has been initialized and can run for a 
prolonged period of time with minimal monitoring.  Some maintenance must be performed to 
keep the experiment running smoothly.  Every 24 hours, the stainless steel Lauda baths must be 
refilled with boiler feedwater.  Otherwise, the gradual evaporation of water from the bath would 
cause the level to drop such that the low level alarm on the circulator would sound and the 
circulating pump would turn off.  Moreover, every 48 hours, the Ace Glass pre-saturators must 
be refilled.  This ensures that dry gas is never sent to the reactor; sending dry gas to the reactor 
would create an evaporative cooling effect, which would decrease the temperature and level of 
the solution in the reactor. 

Approximately every 48 hours, a sample needs to be taken from the reactor.  This allows for 
construction of a degradation profile as the experiment progresses.  In order to withdraw a 
sample from the reactor, turn the speed of the agitator down to zero.  Remove the thermometer 
from the rubber stopper.  Insert the 5 mL glass pipette into the hole in the rubber stopper and 
withdraw approximately 5 grams of sample from the reactor.  Transfer the degraded sample to a 
clean 15 mL screwtop vial and record the mass of solution.  Cap the vial and label it with sample 
date and time, sample mass, and experiment description.  Place the vial in the chemical storage 
refrigerator. 

It has been observed that even with the pre-saturator, on average approximately 7 mL of water 
evaporates from the reactor per day.  So after the sample has been taken, use the 2-10 mL 
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Eppendorf autopipette to transfer 14 mL of water into the solution.  Place the thermometer back 
into the rubber stopper and resume with solution agitation at 1400 RPM (if necessary, check the 
agitation speed with the digital tachometer).  Repeat this process every 48 hours to collect 
intermediate experimental samples.  Be sure to rinse the glass pipette several times with DDI 
water between sample collections. 

After the solution has been degraded for approximately 14 days, the agitator can be turned off 
once again.  Close the gate valves for CO2/O2 flow and completely close the gate valve on the 
gas cylinder.  Remove the thermometer from solution and place it in the sink for washing and 
sterilization.  Use the 5 mL glass pipette to transfer approximately 10 g of degraded amine 
solution to a 15 mL screwtop vial and record the mass.  Label the vial with sample date and time, 
sample mass, and experimental conditions.   This the final sample for the experiment.   

Remove t-e gas tubing and agitator shaft from the rubber stopper as well.  Remove the rubber 
septa from the thermometer, agitator shaft, and gas tubing and dispose of them.  Place the 
agitator shaft and rubber stopper in the sink for cleaning.  Transfer the remaining amine solution 
from the reactor to a beaker and record the mass of solution remaining.  Carefully unhook the 
Tygon tubing from the reactor and drain the stainless steel Lauda bath of water.  Empty the Ace 
Glass pre-saturator as well.   Clean and sterilize the jacketed reactor.    

The final step is to calculate the fractional mass loss from the reactor, which can be calculated 
by: 

Fractional Loss = {(ISM + MCI) – (MSW + FSM)}/ ISM                                (8) 

where: ISM = Initial Solution Mass 
 MCI = Mass of Catalysts and Inhibitors Added 
 MSW = Total Mass of Samples Withdrawn 
 FSM = Final Solution Mass 

When this number is multiplied by 100%, it represents the percentage of water lost during the 
course of the experiment.  This number is used in calculating the concentration of amine 
degradation products. 

The procedure for constructing and operating Low Gas Flow Degradation Apparatus #2 only 
differs with respect to two components: the gas flow calibration and the agitator setting.  The 
agitator on the second apparatus is a Maxima™ Stirrer manufactured by Fisher Scientific 
International.  Unlike the Model SL1200 StedFast™, the Maxima™ is capable of agitation 
speeds of up to 2000 RPM.  A setting of 6 for the Maxima™ achieves an agitation rate of 1400 
RPM.  This can be confirmed with the digital tachometer. 

As mentioned previously, the gas flow for the second apparatus is operated using two Brooks 
5850E mass flow controllers connected to a 4 channel Brose box.  In the cylinder corridor, open 
completely the gate valves on top of the compressed oxygen (zero grade) and CO2 cylinders 
purchased from Matheson.  Set the regulator on the oxygen cylinder at 40 psig, and set the CO2 
cylinder at 60 psig.  Open the two gate valves along the flow path from each regulator to the 
reactor and inspect all threaded connections for gas leaks.  On the 4 channel Brose box, adjust 
the far left knob to channel 1.  The digital readout now is displaying the % open for the channel 1 
flowmeter valve (the O2 flowmeter valve).  Adjust the knob on the O2 flowmeter until it reads 
100% open.  This represents an O2 flow of approximately 95 mL/min based on the calibration 
curve.  Now turn the far left knob to channel 2 (the CO2 flowmeter).  Adjust the channel 2 knob 
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until the readout is 5.4% open.  This represents a CO2 flow of approximately 1.9 mL/min.  Using 
the two flow controllers, a gas mix similar to that of the pre-mixed cylinder has been achieved.  
With the exception of the agitator and flow controller settings, follow the procedure for 
apparatus #1 for running a low gas flow experiment. 

5.4 High Gas Flow Apparatus 
Experiments are performed in the high gas flow degradation apparatus by sparging gas through 
an agitated amine solution in a temperature controlled semi-batch reactor.  Figure 6 shows an 
illustration of the high gas flow apparatus.  Reaction gas, consisting of a mixture of house air, 
nitrogen, and CO2 is bubbled through water to pre-saturate the gas before it is sparged through 
the amine solution in order to minimize water losses in the reactor. 

 

Figure 6. High Gas Flow Degradation Apparatus 

A Parr 1108 Oxygen Combustion Bomb served as the water presaturator.  A 1/8” stainless steel 
tube on the inside of the presaturator carries the gas mixture into the water reservoir ¼” above 
the bottom of the presaturator bomb.  The gas bubbles through the heated water and out the 
presaturator bomb.  The bomb and its contents are kept at 55oC in a water bath heated by a Lauda 
Econoline E-100 Series Heating Circulator. 

Water level in the pre-saturator is controlled using a series of Masterflex peristaltic pumps.  The 
inlet pump is a ColeParmer Masterflex Model 7520-50 (range 1-100 RPM).  Affixed to the pump 
is a Masterflex Model 7013-20 pump head.  Distilled, deionized water from the Millipore Direct-
Q 3 system is contained in an atmospheric reservoir located on top of the inlet pump.  The water 
is pumped into the pre-saturator through Masterflex 6409-13 Tygon tubing (0.03” ID) at a 
flowrate of 1 mL/min.  This exceeds the rate at which water evaporates from the presaturator. 

A ColeParmer Masterflex Model 7521-40 (range 6-600 RPM) with an Easy-Load II variable 
speed drive (Model 77200-50) serves as the outlet pump motor.  Affixed to the pump is a 
Masterflex Model 7016-20 pump head threaded with Masterflex Model 6409-16 Tygon tubing 
(0.123” ID).  The outlet pump is set at a flowrate of 2 mL/min; the outlet flowrate is set at twice 
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the inlet flowrate to ensure that the pre-saturator does not flood and send water directly to the 
reactor. 

A ¼” stainless steel tube extends 1” down from the top of the pre-saturator into the reservoir.  If 
the water level in the pre-saturator is below the bottom of the tube, the outlet pump will only pull 
the reaction gas mixture at 2 mL/min out of the bomb.  Once the water level reaches the bottom 
of the tube, the outlet pump will begin to pull water out of the reservoir and keep the level in the 
pre-saturator bomb constant.  Refer to Figures 7 and 8 for diagrams depicting the connections 
and flow paths on the pre-saturator. 

Air/N2/CO2
gas inlet

Water Inlet

Water Out 
to 

Reservoir

Saturated Gas 
to Reactor

 

Figure 7. Pre-saturator Illustration for High Gas Flow Degradation Apparatus 
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Air/N2/CO2
gas inlet

Saturated Gas 
to Reactor

Water Inlet

Water Out 
to 

Reservoir
 

Figure 8. Top View of Pre-saturator for High Gas Flow Degradation Apparatus 

The outlet pump carries the gas/water mixture into a 500 cc flash tank (16 cm OD, 30.5 cm 
height).  Any entrained water drops to the bottom of the tank through a U-tube (1/4” ID) and a 
gate valve cracked open.  Static pressure from the water level slowly forces the water through the 
U-tube and out the valve, where the water falls back into the DDI reservoir.  Reaction gas exits 
the top of the tank and flows through ¼” PE tubing (max 150oF, 120 psig) to a Swagelok tee, 
where it recombines with saturated gas exiting the pre-saturator on its way to the reactor. 

Gas flowrates were regulated using Brooks mass flow controllers (model 5850E) connected to a 
Brooks Instrument Co. 4-channel Brose control box (Model 5878A1B1, Serial No. 
8507H27518/4).  The control box displays a digital readout corresponding to the % open of the 
mass flow controller.  Air and nitrogen flowrates are controlled by a 15 SLPM flow controller 
(Brooks model 5850E) and CO2 is controlled with 1.0 SLPM flow controller (Brooks model 
5850E).  Flow controllers are calibrated every 12 months.  Calibrations are performed by 
connecting the flow controllers to the appropriate gas source, changing the setting on the control 
box, and measuring the volume displacement of soap bubbles in a graduated burette as a function 
of time.  The volumetric flowrate of gas is then converted to a molar flowrate based on the Ideal 
Gas Law.  Figure 9 shows a typical calibration curve for the 15 SLPM mass flow controller and 
air. 
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Figure 9. Calibration Curve for the 15 SLPM Brooks Mass Flow Controller and Air 

Temperature is continuously monitored throughout each high gas flow experiment, and the 
temperature of the heat baths were adjusted to keep the reactor at a constant temperature of 55oC.  
Temperature in the jacketed reactor is kept constant using an IsoTemp 3016H temperature bath 
manufactured by Fisher Scientific International.  The heat transfer fluid is dimethyl silicone oil 
(50 cSt viscosity) purchased from Krayden, Inc.  Temperature was controlled within ± 1oC by 
monitoring the temperature with a PT-100 immersion probe (Class B, 4x150 mm) connected to 
PicoLog Recorder software (Version 5.13.9) through a PT-104 converter.  For this system, in 
order to maintain a reactor temperature of 55oC, the temperature bath and presaturator bath are 
set at a temperature of approximately 63oC (depending on ambient conditions).   

Figure 6 shows the entire high gas flow apparatus and associated equipment.  The jacketed 
reactor, purchased from Ace Glass Inc., was a 1-L reactor with a 5 neck (threaded, 1 large, 3 
medium, 1 small) top and an 8-mm bottom drain tube, which served as the gas inlet to the 
reactor.  The reactor is rated for a pressure of 45 psig at 100oC and has an inside diameter of 10 
cm and a depth of 15 cm.  The reactor jacket is equipped with 2 threaded “Ace-Safe” taps for 
easy connection to tubing.  All o-rings and rubber seals are made of CHEMRAZ® 
perfluorelastomer polymers in order to ensure chemical compatibility. 

The center neck of the reactor was equipped with a Maxima™ Stirrer manufactured by Fisher 
Scientific International, capable of agitation speeds of up to 2000 RPM.  The agitator uses a 
stainless steel stir shaft with a single flat-blade paddle.  The impeller blade rotates parallel to the 
axis of the drive shaft, and is 5 cm wide and 13 mm high.  The reactor is sealed by inserting the 
stir shaft through a #15 Ace Glass threaded adapter.  Both ends of the adapter are sealed using 
Teflon® connectors fitted with CHEMRAZ® o-rings. 
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One of the three medium necks is used for inserting the thermocouple into the reactor, and a 
second one is used as the gas outlet.  The remaining two openings (sealed while the experiment 
is in progress) are used for periodic additions to the reactor throughout the course of the 
experiment (if necessary).  Plugs and connectors are made of either nylon or Teflon®, and both 
have proven to be compatible with MEA.  The plug for the gas outlet is packed with air filter 
media (NaturalAire Cut-to-fit) to serve as a mist eliminator and eliminate liquid entrainment into 
the heated sample line. 

5.5 High Gas Flow Apparatus Operating Procedure 

5.5.1 Startup Procedure 
Turn on the FTIR at least one hour prior to use to allow the analyzer sufficient time to warm up.  
Turn on the nitrogen purge to the FTIR analyzer while making sure the purge line is connected 
and open.  Connect the sample line from the reactor to the pump inlet and plug in the sample 
pump power cord.  Using channel 1 on the 4 channel Brose box, make sure air is flowing through 
the heated sample line – 30% open for the valve on the air flow controller should suffice.  Gas 
must be flowing through the sample line at all times if the line is heated.  This prevents the 
plastic tubing from melting and buildup of partial combustion products from accumulating in the 
sample line. 

Set the “Umbilical Heater” and “Pump Heater” switches to 180oC.  Flip the “Umbilical Heater” 
switch to turn on heat to the sample line.  Open the CALCMET software application.  Go to the 
“View” menu and open “Hardware Status”.  Table 8 below lists the desired values for parameters 
under “Hardware Status”.  Once the temperature is 180oC the analyzer is ready to use.  If any of 
the parameters are out of spec, the analyzer cannot be used.  Call Mark Nelson of Air Quality 
Analytical to troubleshoot the issues.   

Table 8. Hardware Status Parameters 
Parameter Desired Value(s)

Source Intensity 50 ± 25
Interferogram Height l 1 to 4 l Volts
Interferogram Center 2400 ± 200

Interferometer Temperature < 60oC  

Once everything is up to temperature, it is time to make the background measurement.  Turn the 
air on channel 1 of the control box to 0% and open up the nitrogen on channel 2 to 
approximately 25% open.  Flowing pure nitrogen through the sample line flushes the line of any 
contaminants and helps to ensure a good background scan.  Let the nitrogen flow through the 
system for 20 minutes.  While the nitrogen purge is taking place, plug in the BriskHeat (Model #: 
UUTA10011NHN – 001, Serial #: 33264/1) insulating sleeve and turn on the IsoTemp and 
Lauda Heat Baths.  Setpoints for both of the baths should be at 63oC. 

Once the system has been purged, go to the “Options” menu and open the “Measuring Times” 
dialogue box.  The background scan must be run at a longer integration time than the sample 
measurements, so choose a measuring time of 5 minutes and click the OK button.  Go to the 
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“Measure” menu and choose “Zero Calibration”.  The analyzer will display a timer box that 
shows sample status. 

 After the background scan has been completed, CALCMET will display the results.  A 
typical background scan is shown below in Figure 10.  Make sure there is no CO2 or H2O 
interference in the background scan.  If there is, let the system purge with nitrogen for an 
additional 20 minutes and repeat the steps listed in the prior paragraph.  Additionally, the 
maximum signal for the background scan should be above 25,000 counts and below 65,000 
counts.  If it is outside this range, contact Mark Nelson of Air Quality Analytical. 

 

Figure 10. Sample FTIR Background Scan 

If the background scan is successful, the FTIR analyzer is ready for operation.  Prepare the high 
gas flow apparatus by replacing the rubber septum that seals the reactor around the agitator shaft.  
Check the mist eliminator packing and replace it prior to beginning the experiment.  Close the 
bottom drain valve on the reactor.  Use a 100 mL and 250 mL volumetric flask to transfer 350 
mL of the selected amine solution to the reactor.  Record the mass of amine solution transferred 
to the reactor.  Add the appropriate degradation catalysts/degradation inhibitors (via addition of 
solids or in the form of an aqueous solution) and record the mass of each added. 

Flip the power switch on the Maxima™ stirrer and turn the dial to “6”, which represents an 
agitation rate of 1400 RPM.  Agitate the solution until all of the degradation catalysts and 
inhibitors have dissolved.  Once they have dissolved, turn the dial back to zero and turn the 
power switch on the agitator off.  Insert a 10 mL glass pipette into one of the reactor openings 
and withdraw approximately 5 mL of solution from the reactor.  Transfer the solution to a 15 mL 
screwtop vial and record the mass of solution.  Label the vial (sample date and time, sample 
mass, experimental conditions) and cap it.  This is the initial sample for the high gas flow 
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experiment.  After withdrawing the sample, place a piece of labeling tape on the outside of the 
reactor and mark the reactor level on the tape. 

Fill the DDI reservoir on top of the Masterflex inlet peristaltic pump and turn on both of the 
pumps.  Set the inlet pump to notch 4 out of 10 (which represents a flowrate of 1 mL/min) and 
set the outlet pump to 10% (which represents a flowrate of 2 mL/min).  Open the vent valve on 
the outlet gas line from the pre-saturator to the reactor and slightly crack the gate valve on the 
bottom outlet tube of the flash tank.  Visually inspect the Tygon® tubing to ensure that flow is 
occurring through both of the peristaltic pumps.  Insert the thermocouple plug into the reactor 
and cap all remaining openings on the reactor with the appropriate plugs. 

Open the PicoLog Recorder program by clicking on the PicoLog icon on the desktop.  Once the 
window has opened, left-click the “New File” icon.  Go to “File”, “Save As”, and label the file 
with the appropriate date and experiment description.  In the taskbar, go to “Settings” and click 
on “Recording”.  Make sure “real time continuous” is selected from the drop-down menu.  Also 
in the “Settings” menu, click on “Sampling” and for the heading “sampling interval”, make sure 
“5 minutes” is selected.  Once this has been done, left-click the “start recording” icon.  
Temperature values will be logged by the PicoLog Recorder at 5 minute intervals. 

Connect the sample line to the reactor while making sure the purge is open to drain condensate.  
Connect the air supply to the saturator bomb.  Set the flowrate of air (channel 1) to 10%, while 
keeping the nitrogen (channel 2) and CO2 (channel 3) at 0%.  Close the vent valve on the outlet 
gas line and open the valves on the bottom of the reactor to slowly allow gas flow into the 
reactor.  Once flow to the reactor has been established, set the flow controllers to the following 
settings: Air – 26.2%, N2 – 4.5%, CO2 – 19.0%.  Turn the agitator switch on and set the speed to 
6.  Use the digital tachometer to confirm an agitator speed of 1400 RPM.   

Return to the window with the CALCMET program.  Click on “Options”, then “Autosaving”; 
under the section “Autosave File Name”, insert the date and description of the experiment and 
save this as a .SPE file (the default setting).  Under “Result Output” in the “Options” menu, 
insert the same file name in the section “Save Results to File” and save as a .TXT file (default 
setting).  The output files will automatically be exported to the location C:\CALCMET 
RESULTS\mmddyyyy.  Under “Options”, select “Measuring Times”; select “3 minutes” as the 
time interval.  Left-click on the “continuous” icon to ensure that data will be collected every 
three minutes.  Once the recording has begun, click on the “Trend” icon in the upper left corner.  
This allows the user view real-time concentration trends for up to five components. 

During the course of the high gas flow experiment, the sample lines must be cleaned every 24 
hours or so.  In order to clean the lines, the CALCMET recording must be stopped.  Turn down 
the agitator speed to 0 and flip the power switch to off.  Close the valves on the bottom of the 
reactor to stop gas flow to the reactor and open the vent valve on the gas outlet of the pre-
saturator.  Disconnect the sample line from the pump inlet on the FTIR and replace it with ¼” PE 
tubing.  Connect the other end of the line to nitrogen supply line and crack the gate valve on the 
line.  This will allow nitrogen gas to flow through the FTIR, preventing damage to any of its 
components. 

Disconnect the other end of the sample line from the top of the reactor and connect it to ¼” PE 
tubing.  Insert the other end of the PE tubing to a hose coming off of the boiler feedwater supply 
line.  Turn on the supply line and flush the sample line with water for approximately 30 minutes.  
The water flush will remove the buildup of any organic contaminants from the sample line.  
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Collect the water flush in a waste bucket and dispose of it properly.  Disconnect the sample line 
from the PE tubing leading to the boiler feedwater and connect it to a second PE tubing line, 
which is connected to the building instrument air supply.  Open the valve to allow the flow of 
instrument air and pass it through the sample line for approximately 20 minutes.  This should dry 
the line and evaporate any residual water left in the line. 

While the sample line is being flushed, the water reservoir for the DDI supply reservoir and 
Lauda water bath must be refilled (in fact, this should take place every 8 hours throughout the 
course of the experiment).  If it isn’t refilled, the low level alarm will sound and the heating 
circulator will stop heating the water in the bath.  Moreover, an experimental sample should be 
taken from the reactor at this time.  However, the level of the reactor must first be checked to 
ensure the peristaltic pumps are operating properly.  If the level in the reactor is too low, then 
manually add DDI water until the level in the reactor is at the marking on the labeling tape.  If 
the level is ok, use the 10 mL glass pipette to remove approximately 5 mL of sample from the 
reactor.  Transfer this sample to a screwtop vial and record the mass of solution taken from the 
reactor.  Label the vial with appropriate information and cap it.  Remove the labeling tape from 
the outside of the reactor and mark it with the new level. 

Once the sample line has been dried adequately, unhook the instrument air line from the sample 
line.  Close the nitrogen supply valve and unhook the bypass line.  Reconnect the sample line to 
the pump inlet on the FTIR.  While bypassing the pre-saturator and reactor, connect the reaction 
gas line directly to the sample line and turn the nitrogen to 25% open while keeping the air and 
CO2 flow controllers at zero.  Purge the FTIR with N2 for 15 minutes and repeat the 
aforementioned process for a background scan on the FTIR.  If the background scan is 
successful, repeat the steps to hook the sample line to the reactor and the reaction gas line to the 
pre-saturator to route gas flow back through the reactor. 

6. Results and Conclusions  
This section interprets key results from experiments run on both the low gas flow and high gas 
flow degradation apparatus.  Experiments were performed to quantify the effect of varying amine 
systems (MEA, PZ, MEA/PZ, and AMP), catalyst concentration (Fe, Cu and V) and degradation 
inhibitor A.  Analysis was performed using ion chromatography, nuclear magnetic resonance, 
and a Fourier Transform Infrared analyzer in an attempt to quantify amine product degradation 
rates.  Results show that all of these factors can contribute to amine degradation rates 
significantly. 

6.1 Experimental Matrix 
The following experiments have been run using the low gas flow oxidative degradation 
apparatus.  They have been grouped according to the amine system of interest.  All of these 
experiments were performed using 100 mL/min of a 98% O2/2% CO2 saturated gas mixture.  
Pure oxygen is utilized in these experiments in order to accelerate the solution degradation.  All 
solutions were agitated at 1400 RPM and a temperature of 55oC.  These conditions are meant to 
represent conditions inside absorber packing where the amine oxidation is most likely to occur. 

Piperazine Systems 
1. Aq PZ/0.1mM Fe/100 mM A/α = 0.6 (applies to all piperazine experiments) 
2. Aqueous PZ/0.1mM Fe 
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3. Aqueous PZ/0.1mM Fe/5mM Cu 
4. Aqueous PZ/0.1mM Fe/5mM Cu/100 mM A 
5. Aqueous PZ/5 m KHCO3/500 ppm V/α = 0.3 
6. Aqueous PZ/100mM A/500 ppm V 
7. Aqueous PZ/5 m KHCO3/500 ppm V 
8. Aqueous PZ/500 ppm V 

MEA/Piperazine Systems 
9. 7 m MEA/2 m PZ/0.1mM Fe/α = 0.4 (applies to all MEA/PZ experiments) 
10. 7 m MEA/2 m PZ/0.1mM Fe/100 mM A 
11. 7 m MEA/2 m PZ/0.1mM Fe/5mM Cu / 100 mM A 
12. 7 m MEA/2 m PZ/0.1mM Fe/5mM Cu 

MEA Systems 
13. 7 m MEA/0.1mM Fe/5mMCu/α = 0.4 (applies to all MEA experiments) 
14. 35% MEA/0.1mM Fe 
15. 7 m MEA/0.6mM Fe 
16. 7 m MEA/0.6mM Fe / 0.6mM Cu /100mM A 
17. 7 m MEA/0.6mM Fe/0.6mM Cu 
18. 7 m MEA/0.6mM Cu 

AMP System 
19. 3M AMP/1mM Fe/α = 0.55 

In addition, the following experiments were run using the high gas flow oxidative degradation 
apparatus.  They also have been grouped according to the amine system of interest.  All 
experiments were used using 7.5 to 8.0 L of a gas mixture consisting of air/CO2 combined with 
nitrogen in order to reduce the dry oxygen content to 15%.  All solutions were agitated at 1400 
RPM and a temperature of 55oC.  These conditions are meant to represent conditions inside 
absorber packing. 

MEA/Piperazine Systems 
1. 22% MEA/8% PZ/0.1mM Fe 
2. 27% MEA/11% PZ/0.1mM Fe 
3. 27% MEA/11% PZ/0.1mM Fe / 5mM Cu 

MEA Systems 
4. 7 m MEA/1mM Fe (long-term) 
5. 7 m MEA/0.1mM Fe 
6. 7 m MEA/1mM Fe 
7. 7 m MEA/0.1mM Fe/5 mM Cu 
8. 7 m MEA/0.3mM Fe/5 mM Cu/200mM A/α = 0.40 
9. 7 m MEA/0.3mM Fe/5 mM Cu/200mM A/α = 0.15 
10. 7 m MEA/5mM Cu/200 mM A/α = 0.15 

Tables 1A through 5A in Appendix A list oxidative degradation product concentration data 
(quantified in mM) with respect to experiment time for each of the identified oxidative 
degradation products (formate, acetate, glycolate, nitrite, nitrate, oxalate, and ethylenediamine).  
Tables 6A through 10A in Appendix A list the instantaneous degradation rates (in mM/hr), 
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calculated for every intermediate and final sample, for each degradation product for every 
experiment.  Table 11A summarizes the overall degradation product formation rates for each of 
the experiments.   

Results from these 28 experiments can be grouped, compared, and analyzed in three different 
categories: amine solvent system selected, combination of catalysts used, and the presence or 
absence of a degradation inhibitor in the system.   

6.2  Low Gas Flow Degradation Experiments 

6.2.1 Aqueous Monoethanolamine Systems 
Figure 11A displays a chromatograph for the final sample of experiment 13 in the low gas flow 
degradation apparatus (7 m MEA/0.1mM Fe/5mM Cu).  Significant peaks include peak #4 
(formate), #5 (an unknown peak that was recently discovered as oxamate, the partial amide of 
oxalic acid), #9 (nitrite), #10 (sulfate, which is present from the addition of ferrous and/or cupric 
sulfate), #11 (oxalate), and #13 (nitrate).  Chromatographs for every sample for every experiment 
were produced in a similar manner for analysis of all cationic and anionic degradation products. 
 
Figure 11 shows results from a degradation experiment for 7 m MEA with low iron (0.1mM, or 5 
ppm) and high copper (5mM, or 250 ppm) catalyst.  Formate is the most highly concentrated 
degradation product, with a formation rate of 0.66 mM/hr.  Nitrate and nitrite formation rates are 
very similar (0.13 and 0.11 mM/hr, respectively).  Oxalate, glycolate, and acetate are all 
relatively minor products – glycolate and acetate rates are less than 0.01 mM/hr. 

Table 9 compares this MEA experiment with three prior experiments involving 7 m MEA, all of 
which differ by the catalyst added to the system: Fe only (0.6 mM), Cu only (0.6 mM), and an 
equimolar mixture of Fe and Cu (both 0.6 mM).  Concentration plots for this experiment are 
shown in Figures 12 through 14. 
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Figure 11A. Sample Anion IC Scan for Degraded 7 m MEA/Fe/Cu 

 
 

 

Figure 11. Oxidative degradation of 7 m MEA, α = 0.40, 55oC, 1400 RPM, 0.1mM Fe, 5mM 
Cu, 98%O2/2%CO2 
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Figure 12. Oxidative degradation of 7 m MEA, α = 0.40, 55oC, 1400 RPM, 0.6mM Fe, 
98%O2/2%CO2 

 

Figure 13. Oxidative degradation of 7 m MEA, α = 0.40, 55oC, 1400 RPM, 0.6mM Cu, 
98%O2/2%CO2 
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Figure 14. Oxidative degradation of 7 m MEA, α = 0.40, 55oC, 1400 RPM, 0.6mM Fe, 
0.6mM Cu, 98%O2/2%CO2 

Table 9. Rate Comparison of 7 m MEA Low Gas Flow Degradation Experiments (mM/hr) 

 Distinguishing 
Conditions

7 m MEA, 
0.6 mM Fe

7 m MEA, 
0.6 mM Cu

7 m MEA, 0.6 mM 
Cu and Fe

7m MEA, 0.1mM 
Fe, 5mM Cu

Formate 0.40 0.39 0.67 0.66
Oxalate 0.04 0.04 0.05 0.05

Nitrite/Nitrate 0.46 0.21 0.33 0.24
Carbon 0.73 0.75 0.85 0.78  

 Figure 15 shows a plot of the raw peak areas versus time for all degradation products for 
experiment 15.  This figure shows that the unidentified degradation product (recently discovered 
to be oxamic acid, which is the partial amide of oxalic acid) is on the same order of magnitude as 
formate. 
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Figure 15. Raw peak areas for degradation of 7 m MEA, 55oC, 1400 RPM, 0.6 mM Fe  
From the information in Table 9, it appears that the equimolar Cu/Fe solution behaves similarly 
to a degraded 7 m MEA solution that contains minimal iron (0.1mM) and high copper (5mM), 
which was chosen to represent an industrial system in which copper is added to inhibit corrosion.  
Formate production rates are very similar, and they both exceed MEA systems which contain 
copper only and iron only.  Oxalate rates are identical as well.  Carbon and nitrogen formation 
rates are on the same order of magnitude as well – at this point, they are not expected to be 
identical because a complete material balance has not been performed yet.  The major difference 
is in the amount of nitrite/nitrate production.  In an equimolar mixture of Fe/Cu catalyst added to 
7 m MEA, nitrite/nitrate production is directly in between nitrite/nitrate production for iron only 
and copper only systems.  The Fe/Cu catalyst mixture heavy in copper produced nitrite/nitrate 
formation rates very similar to a copper only system.  It appears that formate production is 
additive with regards to the combination of iron and copper, while nitrite/nitrate production is an 
average effect determined by the iron to copper ratio. 

Figure 16 depicts the formation of degradation products when 7 molal MEA is degraded in the 
presence of 0.6 mM of iron and copper, along with the addition of 100 mM of inhibitor A.  All 
four carboxylic acids were detected along with nitrate and nitrite, albeit in much smaller 
quantities than in the other degradation experiments.  In fact, degradation rates were reduced by 
approximately 90%. 
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 Figure 16. Oxidative degradation of 7 m MEA, 0.6 mM Fe, 0.6mM Cu, 100 mM A, 

55oC, 1400 RPM 
The 35% MEA degradation experiment (Figure 17) experienced some type of enhanced 
degradation over the final two days of the experiment.  The formate rate doubled, while the 
nitrite concentration increased by a factor of 8.  However, other product formation rates 
remained linear over that time.   This experiment is an anomaly in the fact that formate was not 
the most concentrated degradation product at the end of the experiment; nitrite was in fact the 
most concentrated product.  Overall, nitrite/nitrate formation rates are higher for 9 m MEA than 
for 7 m MEA, although carbon formation rates are 30% lower than for the 7 m MEA cases. 
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Figure 17. Oxidative degradation of 9 m MEA, � = 0.40, 55oC, 1400 RPM, 0.1mM Fe, 
98%O2/2%CO2 

Table 10. Comparison of 9 m MEA and 7 m MEA 
 

  

 

 

6.2.2 Aqueous Piperazine Systems 

6.2.2.1 Iron and Copper Catalyzed Systems 

Figures 18 and 19 represent piperazine experiments 2, 3, and 4, all of which involve the 
oxidative degradation of aqueous PZ under varying catalyst conditions.  Figure 18 illustrates an 
aqueous PZ experiment at low iron concentration (0.1 mM), which represents catalyst conditions 
for an industrial system with stainless steel material of construction and continuous iron removal 
from the system.  Figures 19 and 20 contain results from two experiments, both of which 
consisted of degraded aqueous PZ with 0.1mM Fe and 5mM Cu added.  The difference was that 
one experiment was conducted in the presence of 100 mM of inhibitor A, while the other was 
carried out in the absence of A. 

 

Figure 18. Oxidative degradation of Aqueous PZ, 0.1mM Fe, 55oC, 1400 RPM 

 Distinguishing 
Conditions

7 m MEA, 
0.6 mM Fe

7 m MEA, 
0.6 mM Cu

7 m MEA, 
0.6 mM Cu 

and Fe

9 m MEA, 
0.1 mM Fe

Formate 0.40 0.39 0.67 0.41
Glycolate 0.10 0.13 0.02 0.00

Nitrite/Nitrate 0.46 0.21 0.33 0.51
Carbon 0.73 0.75 0.85 0.51
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Figure 19. Oxidative degradation of Aqueous PZ, 0.1 mM Fe, 5mM Cu, 55oC, 1400 RPM 

 

Figure 20. Oxidative degradation of Aqueous PZ, 0.1 mM Fe, 5mM Cu, 100mM A, 55oC, 
1400 RPM  

Figure 18 shows that ethylenediamine (EDA) and formate are really the only two ionic 
degradation products present in any significant quantity (the other three products are 0.2 mM or 
less after 330 hours).  The final concentrations of those products are less than 7mM, which 
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correspond to degradation rates between 0.01 and 0.02 mM/hr, both of which are very low 
degradation product formation rates. 

Figures 19 and 20 show all measurable degradation product formation rates for aqueous 
PZ/Fe/Cu with and without inhibitor A.  Formate and EDA were the most concentrated 
degradation products at the end of the experiment in the absence of A.  Their concentrations 
were approximately 90 and 110 mM, respectively.  Oxalate, nitrate, and nitrite were also present 
in final concentrations of 5 mM or less.  Adding 100 mM of inhibitor A to the solution decreased 
degradation greatly.  EDA and formate were the only products present in detectable quantities.  
Final concentrations for these species were 14.5 mM and 1.5 mM, respectively, which is a 
significant reduction in product accumulation compared with the experiment run in the absence 
of A.  This correlates to over a 90% reduction for both of these species. 

Figure 21 illustrates the accumulation of degradation products for an aqueous piperazine system 
containing low catalyst concentration (0.1mM Fe) and 100 mM A.  As expected, the 
accumulation of degradation products is minimal.  All observed products are present in 
concentrations of 1mM or less at the end of the experiment. 

 

Figure 21. Oxidative degradation of Aqueous PZ, 0.1 mM Fe, 100mM A, 55oC, 1400 RPM  
Table 11 shows the results of the four aqueous piperazine experiments in terms of product 
formation rates (mM/hr).  In the absence of A and at high copper catalyst, a large amount of 
EDA was produced; however, very little nitrate or nitrite is present.  This is a different trend 
from past aqueous piperazine experiments, all of which consisted of aqueous PZ with vanadium 
added as a catalyst.  The addition of 100mM of inhibitor A significantly reduced the formation 
rates of formate and EDA, and lowered the other species below detection limits.  An aqueous PZ 
system in which only a minimal concentration of iron is present produced similar results to the A 
experiment.  All degradation product formation rates are an order of magnitude lower compared 
to PZ in the presence of low iron and high copper.  When 100mM A is added to a low catalyst 
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system, degradation is essentially zero; product accumulation rates are two orders of magnitude 
lower than other observed rates. 

Table 11. Degradation Product Rate Comparison for Aqueous Piperazine (mM/hr) 

Distinguishing 
Conditions

Aq PZ / 
0.1mM Fe / 

5mM Cu

Aq PZ / 0.1mM Fe 
/ 5mM Cu / 
100mM "A"

Aq PZ / 
0.1mM Fe

Aq PZ / 0.1mM Fe / 
100mM "A"

Formate 0.22 0.004 0.01 0.0001
Oxalate 0.01 0.00 0.001 0.0000

EDA 0.25 0.03 0.02 0.0003
Nitrate/Nitrite 0.013 0.00 0.001 0.0000

Carbon 0.76 0.06 0.05 0.0010
Nitrogen 0.52 0.06 0.04 0.0008  

6.2.2.2 Vanadium Catalyzed Systems   

Figures 22 through 25 show the degradation product formation rates for low gas flow 
experiments 5 through 8 under piperazine systems.  Figures 22 and 23 illustrate the degradation 
product concentrations for the two aqueous piperazine/potassium carbonate experiments with 
500 ppm V added as a degradation catalyst.  Figure 24 details the degradation products for an 
aqueous piperazine experiment with vanadium added as a catalyst and inhibitor A as a 
degradation inhibitor.  Figure 25 shows an aqueous piperazine experiment with V and no 
inhibitors; Figure 26 shows the raw area of two unknown cation peaks compared to the area of 
EDA.  Figure 27 details the difference in formate production for experiments number 6 and 8 in 
piperazine/vanadium systems in the presence and absence of inhibitor A. 

 

Figure 22. Oxidative degradation of Aq PZ, 500 ppm V, 5m KHCO3, 55oC, 1400 RPM  
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Figure 23. Oxidative degradation of Aq PZ, 500 ppm V, 5m KHCO3, 55oC, 1400 RPM 

 

Figure 24. Oxidative degradation of Aq PZ, 500 ppm V, 100mM A, 55oC, 1400 RPM 
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Figure 25. Oxidative degradation of Aq PZ, 500 ppm V, 55oC, 1400 RPM 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Cation Raw Area - Oxidative degradation of Aq Pz, 55oC, 1400 RPM, 500 ppm 
V 
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Figure 27. Effect of Inhibitor A on Aq PZ Systems 

Figures 22 and 23 shows that for both aqueous PZ/vanadium/potassium carbonate experiments, 
final degradation product concentrations are 3mM or less for all identified products.  The spike 
in formate concentration for the second experiment at time 150 hours is a statistical outlier that 
should be discarded.  EDA and formate are the most abundant degradation products in the 
aqueous PZ/vanadium/inhibitor A experiment.  However, product concentrations do not exceed 
20 mM.  

For the aqueous PZ/vanadium degradation experiment (Figure 25), all seven identified 
degradation products are observed, with nitrite, nitrate, EDA, and formate appearing in 
significant concentrations.  Towards the end of this experiment, it appears something happened 
within the reactor to significantly enhance mass transfer rates.  Vigorous foaming began to occur, 
and the solution turned from a pale yellow to a very dark brown.  Therefore, rates were 
calculated over the linear portion of the degradation curves.  Figure 27 shows that the addition of 
100mM inhibitor A to an aqueous PZ/V system reduces formate concentration by approximately 
70%, but has minimal effect on EDA concentration. 

In addition to the ethylenediamine, two other unknown cationic degradation products were 
observed from the piperazine experiment (in the analysis of degraded MEA samples, no cationic 
degradation products were observed).  It is believed that these two products are most likely 
ammonium, ethylamine, or methylamine.  Figure 27 shows a plot of the area of the peaks of 
these two unknown degradation products, along with the observed area of EDA, versus 
experiment time.  This figure shows that EDA is the most significant cationic product; the area 
of the two unknowns combined is approximately half the area of EDA.  Ammonium analysis is 
not available for MEA experiments because the current method cannot analyze for ammonium in 
the presence of large quantities of potassium or MEA.  The large MEA/potassium peak overlaps 
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the small ammonium peak so that it cannot be detected.  Ammonium can only be detected for PZ 
only experiments. 

Table 12 provides degradation product formation rates in mM/hr for the aqueous 
piperazine/vanadium amine systems.  The addition of 100 mM of inhibitor A provides a 40% 
reduction in the overall formation of oxidative degradation products, while the addition of 5 
molal potassium ion lowers product formation rates by two orders of magnitude.   

Table 12: Degradation Product Rate Comparison for Aqueous Piperazine (mM/hr) – 
Vanadium Systems 

Component
Aq PZ / 

500ppm V / 
5m KHCO3

Aq PZ / 
500ppm V / 5m 

KHCO3

Aq PZ / 500 
ppm V / 100 

mM "A"

Aq PZ / 500 
ppm V

Formate 0.007 0.002 0.061 0.111
Oxalate 0.000 0.000 0.0003 0.014

Nitrite/Nitrate 0.0004 0.0003 0.060 0.227
EDA 0.001 0.000 0.111 0.129

Carbon 0.013 0.002 0.283 0.449
Nitrogen 0.0024 0.0003 0.282 0.485  

6.2.3 Blended Monoethanolamine/Piperazine Systems 
Figures 28 through 31 illustrate results from low gas flow experiments 9 through 12, all of which 
involve the oxidative degradation of 7 m MEA/2m PZ solutions.  Figures 28 and 29 illustrate 
degradation products at uninhibited conditions.  Figure 28 depicts the formation of degradation 
products for a MEA/PZ solution in which 0.1mM Fe and 5 mM Cu were added.  Formate was 
present in a concentration of approximately 0.7 molar by the end of the experiment, which is by 
far the highest concentration detected for any degradation product in any experiment.  Figure 29 
represents the degradation of a 7 m MEA/2m PZ system at low catalyst conditions – 0.1 mM Fe. 

Figures 30 and 31 illustrate the formation of degradation products for MEA/PZ systems under 
inhibited conditions.  Figure 30 is an MEA/PZ/Fe/Cu/A system, while Figure 31 is a low catalyst 
system with 100 mM of A added. 
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Figure 28. Oxidative degradation of 7 m MEA/2mPZ, 0.1mM Fe, 5mM Cu, 55oC, 1400 

RPM 

 

Figure 29. Oxidative degradation of 7 m MEA/2m PZ, 0.1mM Fe, 55oC, 1400 RPM 
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Figure 30. Oxidative degradation of 7 m MEA/2m PZ, 0.1mM Fe, 5mM Cu, 100mM A, 
55oC, 1400 RPM 

 

Figure 31. Oxidative degradation of 7 m MEA/2m PZ, 0.1mM Fe, 100mM A, 55oC, 1400 
RPM 

Table 13 summarizes the degradation product formation rates for MEA/PZ experiments.  In all 
cases, formate is the most abundant degradation product created.  An uninhibited system with 
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both iron and copper degrades faster than an inhibited system.  The addition of 100 mM of 
inhibitor A to an MEA/PZ/Fe/Cu system reduces formation concentration by approximately 
85%.  Moreover, an inhibited system containing both copper and iron degrades faster than an 
inhibited system containing iron only.  However, the addition of inhibitor A to a low catalyst 
MEA/PZ system appeared to have no effect on overall degradation.  Ethylenediamine is 
produced at a very low rate; in the case of the MEA/PZ experiment in the presence of Fe and A, 
EDA is present at trace levels.  From this information, one could infer that a minimal amount of 
PZ is degrading. 

Table 13. Degradation Product Rate Comparison for 7 m MEA/2m PZ (mM/hr) 
 

  

 

 

6.2.4 Aqueous AMP Systems  
Figure 32 gives degradation product rates for the oxidative degradation of 3M AMP (2-amino-2-
methyl-1-propanol), which is a sterically hindered amine whose structure is shown in Figure 33.  
The methyl groups on the alpha-carbon inhibit the free radical formation necessary to initiate the 
amine oxidative degradation.  Even at time 420 hours, formate concentration is approximately 3 
mM.  All other detectable products are at 1mM or less.  This corresponds to degradation product 
formation rates of less than 0.01 mM/hr for all detectable species. 

 

Distinguishing 
Conditions

7m MEA / 2m 
PZ / 0.1mM Fe / 

100 mM "A"

7m MEA / 2m PZ / 
0.1 mM Fe / 5mM 
Cu / 100 mM "A"

7m MEA / 2m 
PZ / 0.1 mM 
Fe / 5mM Cu

7m MEA / 2m PZ / 
0.1mM Fe

Formate 0.20 0.30 2.35 0.17
EDA 0.002 0.05 0.03 0.006

Nitrite/Nitrate 0.05 0.03 0.13 0.08
Carbon 0.23 0.42 2.67 0.20

Nitrogen 0.05 0.13 0.18 0.09
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Figure 32. Oxidative degradation of 3M AMP, α = 0.55, 55oC, 1400 RPM, 1mM Fe, 
98%O2/2%CO2 

CC C

N 

C

OH

 

Figure 33. AMP Structure 

6.2.5 Amine System Comparison  
Table 14 compares degradation product formation rates for an experiment representative of each 
amine system.  For MEA, PZ, and MEA/PZ systems, a system with 0.1mM Fe, 5mM Cu and 100 
mM inhibitor A was chosen to represent a commercial system with Cu and A added to control 
corrosion and degradation.  These rates were compared to the lone AMP degradation experiment 
that had been run in the low gas flow degradation apparatus.  Aqueous piperazine and MEA 
systems both perform considerably better than the combined MEA/PZ system.  However, 
degradation for the AMP system was an entire order of magnitude lower than the PZ and MEA 
systems. 

Table 14. Baseline Comparison for Amine Systems (mM/hr) 
 

 

 

 

  

Cation chromatography work was done for pilot plant solutions from pilot plant campaign 
number 4, which involved aqueous piperazine/potassium carbonate solutions.  Pilot plant 
samples were run to analyze for piperazine and potassium concentrations.  Over the course of 
two weeks, the potassium to piperazine ratio increased from 2.17 to 2.27.  Samples taken from 
the initial pilot plant campaign showed that the ratio was approximately 2.  Since the potassium 
concentration in the solution is supposed to remain constant, one can infer that the amount of 
piperazine in the pilot plant is decreasing as a result of degradation.  Furthermore, the pilot plant 
samples were analyzed for any degradation products.  All the samples contained 2 to 3 mM of 
EDA, as compared to approximately 20 mM in the experimentally degraded samples. 

Distinguishing 
Conditions

7m MEA / 2m PZ / 
0.1 mM Fe / 5mM 
Cu / 100 mM "A"

Aq PZ / 0.1mM 
Fe / 5mM Cu / 

100mM "A"

7m MEA / 0.1 mM 
Fe / 5mM Cu / 
100 mM "A"

3M AMP, 1mM 
Fe

Formate 0.30 0.004 0.04 0.008
EDA 0.05 0.03 0.00 0.000

Nitrite/Nitrate 0.03 0.00 0.04 0.004
Carbon 0.42 0.06 0.10 0.015

Nitrogen 0.13 0.06 0.04 0.004
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6.3 High Gas Flow Degradation Experiments 

6.3.1 MEA and Blended MEA/PZ Systems 
Several experiments were run using the high gas flow degradation apparatus – some at 
proprietary conditions, and others at conditions that are described in this report.  Three reportable 
experiments involved 7 m MEA (experiments 4 through 10); in addition, two MEA/PZ blends 
were subjected to oxidative degradation (experiments 1 through 3). 

With the exception of one experiment, all solutions were run for 12 to 14 hours in the high gas 
flow apparatus and the off-gas was continuously analyzed by the FTIR.  Liquid-phase samples 
were taken at the beginning and end of each experiment and subjected to IC analysis.  
Experiment 3 (7 m MEA/1mM Fe) was run after the high gas flow apparatus had been modified 
with the peristaltic pumps.  This solution was run in the high gas flow apparatus for 
approximately 2 weeks.  In this case, samples were taken daily for the analysis of liquid-phase 
degradation products. 

Figures 34 through 40 and 42 through 44 detail the ammonia evolution rates for the high gas 
flow degradation experiments.  From viewing Figures 34 through 39, it is interesting to note that 
the experiments with lower concentrations of metal catalysts (either 5 ppm Fe or 50 ppm Fe) 
reached steady state ammonia rates within five to ten hours.  However, the experiments with an 
increased concentration of metal catalysts (5 ppm Fe, 250 ppm Cu) did not come close to 
reaching steady state after fourteen hours.  Ammonia rates for the experiments were still at 4 
mM/hr. 

 
Figure 34. High Gas Exp. 5/18/06 (55oC, 7 m MEA, 0.1mM Fe, α = 0.40, 1400 RPM) 
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Figure 35. High Gas Exp. 9/27/06 (55oC, 7 m MEA, 1mM Fe, α = 0.40, 1400 RPM) 

 

Figure 36. High Gas Exp. 9/28/06 (55oC, 7 m MEA, 0.1mM Fe, 5mM Cu, α = 0.40) 
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Figure 37. High Gas Exp. 6/7/06 (55oC, 22 wt % MEA/8 wt % PZ, 0.1mM Fe, α = 0.40) 

 

Figure 38: High Gas Exp. 9/28/06 (55oC, 25 wt % MEA/11 wt % PZ, 0.1mM Fe, 5mM Cu, 
α = 0.40) 
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Figure 39.  High Gas Exp. 9/29/06 (55oC, 25 wt % MEA/11 wt % PZ, 0.1mM Fe, α = 0.40) 

 

Figure 40. High Gas Exp. 8/07 (55oC, 7 m MEA, 1mM Fe, α = 0.40) 
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Figure 41. High Gas Exp. 8/07 (55oC, 7 m MEA, 1mM Fe, α = 0.40) – Anion IC Analysis 
Figures 40 and 41 illustrate data taken from the high gas flow experiment that was run for a 
period of two weeks.  Figure 40 displays the ammonia evolution rate as a function of time, as 
determined from data collected by CALCMET.  From this figure, it is obvious that some fine-
tuning is necessary for the modified high gas flow degradation apparatus.  The ammonia 
evolution rate never reached a consistent steady state, probably due to intermittent liquid 
entrainment.  Figure 41 depicts the concentration of liquid-phase degradation products as a 
function of experiment time.  At the end of two weeks, the most abundant product was formate, 
which was present at a concentration of approximately 10 mM, which corresponds to a formation 
rate of approximately 0.05 mM/hr.  All other detectable products are present in concentrations of 
4mM or less. 

Table 15 lists ammonia evolution rates for experiments represented in Figures 34 through 39.  
From Table 15, it can be inferred that as the iron concentration in 7 m MEA is increased, the 
ammonia evolution rate (and hence the MEA degradation rate) increases as well.  As the iron 
concentration was increased from 5 ppm to 50 ppm, the NH3 rate increased from 0.77 mM/hr to 
1.28 mM/hr.  Furthermore, on a 30 wt % amine basis (30 wt % MEA versus 22 wt % MEA/8 wt 
% PZ), the replacement of some MEA with PZ decreases the ammonia evolution rate.  The 
substitution of 8 wt % with MEA with PZ (a 26.7% reduction in amine concentration by weight) 
reduced NH3 evolution by 36.7% (from 0.77 mM/hr to 0.48 mM/hr).  This suggests that the PZ is 
degrading in addition to the MEA, because no ammonia is evolved from the degradation of 
piperazine. 
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Table 15: Ammonia Evolution Rates for MEA and MEA/PZ Systems 
  

 

 

 

 

 

 

6.3.2 Effect of Inhibitor A on MEA Systems 
Three different sets of experiments were run using the high gas flow apparatus and the FTIR.  
Each involved the analysis of a degraded 7 molal MEA solution.  The first experiment, run on 
5/3/05, was characterized by a 7 m MEA solution at a lean loading (α) of 0.15.  Loading is 
defined as mol of CO2/mol of MEA present in solution.  The solution also contained 5mM (250 
ppm) of Cu, which is commonly used as a corrosion inhibitor.   

The experiment employed on 5/9/05 also employed a 7 m MEA solution at a lean loading of 
0.15.  However, 0.2mM, or approximately 10 ppm, of Fe (another commonly used corrosion 
inhibitor) was added in addition to the 5mM of Cu.  The final experiment, run on 5/16/05, 
differed from the prior two in that it utilized a rich loading of 0.40; to this 0.2 mM of Fe and 
5mM of Cu were added.  Refer to Table 1 for a complete description of the three solutions. 

Table 16. Summary of Inhibitor A Agitated Reactor Experiments (7 molal MEA, 55oC) 

Date α
Gas 

(LPM)
Ave Soln. 
Mass (g)

% 
change

density 
(g/cc) Fe [mM] Cu [mM] Inhibitor [mM]

NH3 

Evolution 
[mM]/hr

R

05/03/05 0.15 7.3 482.2 5.8% 1.02 0.0002 4.0245 Inhibitor A 0.0 7.91
05/03/05 0.15 7.3 482.2 5.8% 1.02 0.0002 4.0245 Inhibitor A 9.9 1.79
05/03/05 0.15 7.3 482.2 5.8% 1.02 0.0002 4.0245 Inhibitor A 30.1 1.11
05/03/05 0.15 7.3 482.2 5.8% 1.02 0.0002 4.0245 Inhibitor A 99.9 0.66
05/03/05 0.15 7.3 482.2 5.8% 1.02 0.0002 4.0245 Inhibitor A 201.3 0.45
05/09/05 0.15 7.3 456.4 13.2% 1.02 0.3222 4.2527 Inhibitor A 0.0 9.90
05/09/05 0.15 7.3 456.4 13.2% 1.02 0.3222 4.2527 Inhibitor A 7.7 6.40
05/09/05 0.15 7.3 456.4 13.2% 1.02 0.3222 4.2527 Inhibitor A 34.3 3.47
05/09/05 0.15 7.3 456.4 13.2% 1.02 0.3222 4.2527 Inhibitor A 182.9 1.16
05/16/05 0.40 7.3 442.0 18.4% 1.07 0.3293 4.2987 Inhibitor A 0.0 3.10
05/16/05 0.40 7.3 442.0 18.4% 1.07 0.3293 4.2987 Inhibitor A 5.7 1.84
05/16/05 0.40 7.3 442.0 18.4% 1.07 0.3293 4.2987 Inhibitor A 37.9 0.79
05/16/05 0.40 7.3 442.0 18.4% 1.07 0.3293 4.2987 Inhibitor A 173.3 0.25

 
Solution 

Composition

Fe 
Concentration 

(ppm)

Cu 
Concentration 

(ppm)

NH3 
Evolution 

Rate

30 wt % MEA 5 0 0.77

30 wt % MEA 50 0 1.28

30 wt % MEA 5 250 3.97

22 wt % MEA /     
8 wt % PZ 5 0 0.48

7 m MEA / 2 m PZ 5 250 4.09
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As previously stated, for each experiment the solution was kept at a constant temperature of 55oC 
and agitated at a rate of 1400 RPM while a mixture of N2 and air (CO2 as well in the case of the 
rich loading solution) was sparged into the bottom of the reactor.  Shortly after the FTIR was 
calibrated, the appropriate amounts of Fe and/or Cu were added. 

Although they serve as excellent corrosion inhibitors, Fe and Cu catalyze the oxidative 
degradation of amines.  This is represented by an increase of NH3 evolution as measured by the 
FTIR.  After several hours, once the ammonia degradation rate leveled off, inhibitor A was 
added to the solution.  Inhibitor A slows down the oxidative degradation process; this is 
represented by a decrease in ammonia evolution through the FTIR. 

Once the ammonia evolution rate leveled off again, subsequent amounts of inhibitor A were 
added until the ammonia evolution rate approached baseline levels.  Figures 42, 43, and 44 
illustrate this behavior for the experiments run on 5/3, 5/9, and 5/16, respectively.  Each graph 
shows the degradation rate (or ammonia evolution rate) in mM/hr as a function of time.  Data 
points were collected every three minutes from CALCMET to construct these plots.   
 

 

Figure 42. High Gas Exp. 5/3/05 (55oC, 7 m MEA, 4mm Cu, α = 0.15, 1400 RPM) 
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Figure 43. High Gas Exp. 5/9/05 (55oC, 7 m MEA, 0.2mM Fe, 4mM Cu, α = 0.15) 

 

Figure 44. High Gas Exp. 5/16/05 (55oC, 7 m MEA, 0.2mM Fe, 4mM Cu, α = 0.40) 
The initial spike in the degradation rate is attributed to the addition of corrosion inhibitors.  Once 
the degradation rate levels off, a small concentration of inhibitor A is added.  This is represented 
by the vertical red line on the plots.  The subsequent additions of increasing amounts of inhibitor 
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A correlate to the decreasing degradation rates.  One conclusion that can be immediately inferred 
is that overall degradation rates are lower at higher loadings. 

In addition to solution descriptions, Table 16 details the overall ammonia evolution rate of each 
solution when varying amounts of inhibitor A is added.  The relative rate compares the NH3 
evolution rate when that particular amount of inhibitor A is added as compared to when no 
inhibitor was added to that solution.  From this table, it can be noted that approximately 200 mM 
of inhibitor A can decrease the relative ammonia evolution rate to a value anywhere from 6 to 12 
percent of the original degradation rate. 

Furthermore, the rate relative to baseline column compares that particular ammonia evolution 
rate to the baseline ammonia evolution rate (specifically, how many times greater it is than the 
baseline rate).  Baseline conditions involved a 7 m MEA solution at zero loading with no 
corrosion inhibitors added.  This baseline evolution rate was determined to be 0.15 mM/hr. 

The rate relative to baseline was useful in constructing Figures 45, 46, and 47.  Figure 7 
represents the ammonia evolution rate as a function of inhibitor A concentration.  This figure 
illustrates that the addition of a small amount of Fe to Cu at lean loading significantly increases 
the initial degradation rate.  However, the addition of 200 mM inhibitor A drops the ammonia 
evolution rate anywhere from a factor of 4 to 6 compared to when 10 mM is added. 
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Figure 45. Effect of Inhibitor A on the Oxidative Degradation of MEA in the Presence of 

Copper and/or Iron – High Gas Flow Experiments (55 oC, 7 m MEA, 1400 RPM, Baseline = 
0.15 mM/hr) 

Figure 46 shows the effect of inhibitor A on the oxidative degradation of MEA at a lean loading 
of 0.15 for various systems investigated by Goff.  All dashed lines represent Goff’s work, while 
the solid lines represent the most recent studies.  A comparison of these systems shows that 
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inhibitor A’s effectiveness is independent of Cu concentration.  In fact, the high Cu systems 
exhibit more favorable ammonia evolution rates than their low Cu counterparts. 
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Figure 46: Effect of Inhibitor A on the Oxidative Degradation of MEA in the Presence of 
Copper and/or Iron (55oC, 7 m MEA, α = 0.15, 1400 RPM, Baseline = 0.15 mM/hr) 

Figure 47 displays the effect of inhibitor A for a variety of corrosion inhibitor concentrations and 
loadings.  All of the dashed lines represent data taken at a rich loading of 0.40, while solid lines 
represent a lean loading of 0.15.  All data points recorded at low Cu and Fe concentrations 
represent prior work performed by Goff.  From this graph, one can conclude that inhibitor A is 
effective at significantly slowing the oxidative degradation of MEA, regardless of the Cu 
concentration in the system. 
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Figure 47. Effect of Inhibitor A on the Oxidative Degradation of MEA in the Presence of 
Copper and/or Iron – Sexton and Goff Experiments  

(55oC, 7 m MEA, 1400 RPM, Baseline = 0.15 mM/hr) 
 

6.3.3 Degradation Product Formation Rates 
Table 17 lists approximate formation rates of volatile degradation products for all of the high gas 
flow experiments.  For each volatile component, a plot of concentration (in ppmv) versus 
experiment time was constructed and the area under the curve was approximated in order to 
obtain an average concentration value.  This value was then converted into a production rate in 
the units of mM/hr.  Amine volatility was calculated and quantified in the same manner.  Total 
carbon degradation includes all carbon-containing degradation products, but excludes any 
volatile amine.  Total volatile nitrogen degradation was calculated in the same manner. 
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Table 17. Volatile Degradation Product Formation Rates for High Gas Flow Experiments (mM/hr) 
Date Experiment CO N2O NO NO2 NH3 Formaldehyde Acetaldehyde MEA Methylamine PZ Carbon Nitrogen

5/3/2005 7m MEA, 4mM 
Cu, α = 0.15 

0.000 0.034 0.021 0.008 5.371 0.040 0.025 0.979 0.027 0.000 0.117 5.468

5/9/2005
7m MEA, 0.2 
mM Fe, 4mM 
Cu, α = 0.15

0.000 0.160 0.023 0.010 7.087 0.060 0.057 0.367 0.037 0.000 0.211 7.440

5/16/2005
7m MEA, 0.2 
mM Fe, 4mM 
Cu, α = 0.40

0.000 0.767 0.177 0.016 2.801 0.068 0.037 0.156 0.031 0.000 0.173 4.528

5/18/2006 22% MEA/8% 
PZ, 0.1mM Fe 0.042 0.005 0.237 0.170 2.062 0.000 0.080 0.711 0.034 0.103 0.236 2.479

6/6/2006 7m MEA, 0.1mM 
Fe 0.013 0.002 0.259 0.051 2.640 0.034 0.041 0.082 0.000 0.000 0.129 2.954

6/7/2006 25% MEA/10% 
PZ, 0.1mM Fe 0.081 0.013 0.029 0.213 2.897 0.002 0.089 0.332 0.044 0.053 0.305 3.165

7/18/2007 7m MEA, 1mM 
Fe (Long-Term) 0.273 0.001 0.132 0.076 1.793 0.081 0.139 1.744 0.012 0.000 0.644 2.003

9/27/2006 7m MEA, 1mM 
Fe 0.067 0.006 0.085 0.113 3.050 0.026 0.055 0.097 0.031 0.000 0.234 3.260

9/28/2006 7m MEA, 0.1mM 
Fe, 5mM Cu 0.057 0.496 0.108 0.189 6.568 0.000 0.142 0.107 0.050 0.000 0.391 7.857

9/29/2006
25% MEA/10% 
PZ, 0.1mM Fe, 

5mM Cu
0.164 0.147 0.087 0.229 7.040 0.000 0.241 0.139 0.065 0.014 0.711 7.650
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6.4 Acid-Base Titration Analysis 
Acid-base titration was investigated as a means to determine total amine concentration in 
experimentally degraded samples.  Initial (if one was preserved) and final samples from every 
low and high gas flow experiment run since May 2004 were diluted and titrated for total base 
concentration as well as specific amine concentration. 

Figures 48 and 49 show titration curves for the initial sample of a 7 m MEA/2m PZ high gas 
flow experiment.  Figure 48 illustrates the initial titration with 0.1 N sulfuric acid.  From the 
graph the two equivalence points can be seen: the first one (unmarked) occurs at a pH of 7 when 
the CO2 is liberated, and the second one is at pH 4.5 (designated with the purple square) when all 
base has been neutralized.  Figure 49 shows the titration with 0.1 N sodium hydroxide.  The two 
equivalence points are marked with a purple square (when all amine, MEA + PZ, has been 
titrated) and a yellow triangle (when all base, MEA + 2*PZ, has been titrated). 

 
Figure 48. Acid Titration Curve for 7 m MEA/2 m PZ Initial Sample 
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Figure 49. Base Titration Curve for 7 m MEA/2 m PZ Initial Sample 
Every sample containing MEA was acid titrated for total base concentration; for these samples it 
was assumed that all the base present in the sample was MEA.  Every sample containing a 
mixture of MEA and PZ was titrated with sulfuric acid, then back titrated with sodium hydroxide 
to determine MEA and PZ concentrations individually (in mol/kg solution).  In addition to the 
titration method, all of these samples were diluted and analyzed for amine concentration using 
cation IC methods. 

Tables 18, 19, and 20 tabulate the results of the titration and cation IC analysis.  Table 18 lists 
three key pieces of information for all the samples from the high gas flow experiments: the MEA 
and PZ molalities (if applicable) as determined from titration analysis, MEA and PZ molalities as 
determined from cation IC analysis, and the calculated absolute error between the two analyses.  
Table 19 gives the same information for all samples from the low gas flow experiments.  Table 
20 tabulates the MEA and PZ degraded during experiments where the final and initial samples 
are available. 

Everything highlighted in blue in Table 18 represents an experiment in which inhibitor D was 
added initially or at some point during the experiment.  The titration analysis method developed 
by Hilliard does not distinguish “D” from MEA.  NaOH titration curves show that “D” appears 
to be neutralized along with the MEA.  Therefore, it is impossible to separate “D” concentration 
from MEA concentration.  The numbers in blue represent a combined MEA/”D” concentration.  
Anything highlighted in red represents cation IC analysis I believe is incorrect.  In the middle of 
the cation IC analysis, piperazine results became very inconsistent.  The large number of 
consecutive piperazine injections seemed to plug the column, and piperazine stopped eluting 
from the column.  All piperazine concentrations highlighted in red were analyzed when this 
occurred. 
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If all data in red and blue is discarded, the error in MEA concentration between the two analysis 
methods ranged from 1.6% to 33.0%, while the error in piperazine concentration ranged from 
25.8% to 52.9%.  This could be accounted for by several factors, notably the presence of 
degradation products, water balance error from the experiments and free amine tied up as other 
compounds (amides, for example) during cation IC analysis. 

Table 18. Total Amine Concentration of Samples from High Gas Flow Experiments 

Experimental 
Conditions

High Gas Flow MEA Concentration 
(molality)

PZ concentration 
(molality)

MEA 
Concentration 

(molality)

PZ 
concentration 

(molality)

% MEA 
Difference

% PZ 
Difference

5/3/05, 7m MEA, 4 mM Cu, 200 mM 
"A", a=0.15 6.00 5.90 1.6

5/9/05, 7m MEA, 4 mM Cu, 0.2 mM 
Fe, 200 mM "A", a=0.15 5.85 5.61 4.1

5/16/05, 7m MEA, 4 mM Cu, 0.2 mM 
Fe, 200 mM "A" 4.42 5.88 33.0

5/16/06 (Pre-D), 35% MEA, 5 ppm 
Fe 6.93 5.87 15.3

5/16/06 (Post-D), 35% MEA, 2% D 7.01 6.27 10.6

5/18/06 (Initial), 25% MEA, 8% PZ, 5 
ppm Fe 4.44 1.61 4.83 0.13 8.7

5/18/06 (Final), 25% MEA, 8% PZ, 5 
ppm Fe 3.63 1.54 3.53 1.14 2.6 25.8

6/6/06, 7m MEA, 5 ppm Fe 5.17 4.58 11.3

6/7/06, 7m MEA, 2m PZ, 5 ppm Fe 4.10 1.67 3.72 1.17 9.2 30.1

7/24/06, 35% MEA 8.39 7.49 10.8
7/26/06, 35% MEA, 5% D 16.21 7.22 55.4

7/27/06, 35% MEA, 5% PZ, 2% D 6.97 1.17 5.69 0.96 18.4 18.0
8/9/06, 35% MEA, 5% PZ 9.24 1.82 6.42 0.86 30.5 52.9

9/27/06, 7m MEA, 50 ppm Fe 5.90 5.34 9.5
9/28/06 (Initial), 7m MEA, 5 ppm Fe, 

250 ppm Cu 6.22 6.58 5.8

9/28/06 (Final), 7m MEA, 5 ppm Fe, 
250 ppm Cu 5.00 3.88 22.4

9/29/06, 7m MEA, 2m PZ, 5 ppm 
Fe, 250 ppm Cu 3.91 1.66 3.54 1.03 9.4 37.9

Titration IC Analysis

 

Anything highlighted in blue from Table 19 (low gas flow experimental results) represents 
concentrations generated from titration analysis that I believe are incorrect.  In the case of the 
MEA/PZ/Fe/Cu experiment, the initial concentration of the sample is reported as 3.57m MEA, 
when it should be 7 m MEA.  It is believable that some degradation has occurred from sample 
storage, but 50% degradation is too much.  The MEA/PZ/Fe and MEA/Cu/Fe/A experiments 
were called into question because the analysis concluded that the final MEA concentration was 
greater that the initial concentration.  Surprisingly, cation IC analysis confirmed this observation. 
A logical explanation is that a significant amount of water evaporated from these samples during 
the course of the experiment, thereby increasing the concentration of the amines (while the 
amount remained the same).  All piperazine concentrations highlighted in red are samples that 
were run in which piperazine analysis became wildly inconsistent.  When the statistical 
anomalies are discarded, the difference in the two methods in calculating MEA concentration 
varies from 6.1% to 19.5%. 
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Table 19. Total Amine Concentration of Samples from Low Gas Flow Experiments 

Experimental 
Conditions

Low Gas Flow MEA Concentration 
(molality)

PZ concentration 
(molality)

MEA 
Concentration 

(molality)

PZ 
concentration 

(molality)

% MEA 
Difference

% PZ 
Difference

12/06 (Initial), 2.5m PZ, 500 ppm V, 
100 mM "A" 2.49 0.15

12/06 (Final), 2.5m PZ, 500 ppm V, 
100 mM "A" 1.94 0.08

11-12/06 (Initial), 2.5m PZ, 5m K, 
500 ppm V 2.53 4.87

11-12/06 (Final), 2.5m PZ, 5m K, 
500 ppm V 2.34 0.30

9-10/06 (Initial), 7m MEA, 2m PZ, 
0.1 mM Fe, 4 mM Cu 3.57 2.26 6.56 0.11 83.7

9-10/06 (Final), 7m MEA, 2m PZ, 
0.1 mM Fe, 4 mM Cu 0.69 1.18 3.36 0.10 387.2

8/06 (Initial), 35% MEA 7.72 7.25 6.1
8/06 (Final), 35% MEA 5.70 6.46 13.3

5/06 (Initial), 7m MEA, 2m PZ, 5 
ppm Fe 4.07 2.63 5.84 0.04 43.5

5/06 (Final), 7m MEA, 2m PZ, 5 
ppm Fe 6.98 4.55 7.42 0.04 6.3

3-4/06 (Initial), 2.5m PZ, 5m K, 500 
ppm V 2.50

3-4/06 (Final), 2.5m PZ, 5m K, 500 
ppm V 0.63

3/06 (Initial), 7m MEA, 0.2 mM Fe 6.21 5.94 4.3
3/06 (Final), 7m MEA, 0.2 mM Fe 5.95 4.79 19.5
1/06 (Initial), 7m MEA, 0.2 mM Fe, 

0.2 mM Cu, 100 mM "A" 5.80 6.77 16.7

1/06 (Final), 7m MEA, 0.2 mM Fe, 
0.2 mM Cu, 100 mM "A" 8.33 8.76 5.1

10/05 (Initial), 2.5m PZ, 500 ppm V 2.88

10/05 (Final), 2.5m PZ, 500 ppm V 6.96 0.06

8/05 (Initial), 7m MEA, 0.2 mM Fe, 
0.2 mM Cu 4.60 5.49 19.3

8/05 (Final), 7m MEA, 0.2 mM Fe, 
0.2 mM Cu 1.51 2.63 74.1

12/04 (Initial), 7m MEA, 0.2 mM Cu 5.18 5.97 15.2

12/04 (Final), 7m MEA, 0.2 mM Cu 4.61 5.68 23.3

Titration IC Analysis
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Table 20. Total Amine Losses From Degradation  

Experimental 
Conditions

High Gas Flow MEA Concentration 
(molality)

PZ concentration 
(molality)

% MEA 
Degradation

% PZ 
Degradation

5/18/06 (Initial), 25% MEA, 8% PZ, 5 
ppm Fe 4.44 1.61

5/18/06 (Final), 25% MEA, 8% PZ, 5 
ppm Fe 3.63 1.54 18.24 4.35

9/28/06 (Initial), 7m MEA, 5 ppm Fe, 
250 ppm Cu 6.22

9/28/06 (Final), 7m MEA, 5 ppm Fe, 
250 ppm Cu 5.00 19.61

Low Gas Flow MEA Concentration 
(molality)

PZ concentration 
(molality)

% MEA 
Degradation

% PZ 
Degradation

12/06 (Initial), 2.5m PZ, 500 ppm V, 
100 mM "A" 2.49

12/06 (Final), 2.5m PZ, 500 ppm V, 
100 mM "A" 1.94 22.09

11-12/06 (Initial), 2.5m PZ, 5m K, 500 
ppm V 2.53

11-12/06 (Final), 2.5m PZ, 5m K, 500 
ppm V 2.34 7.51

8/06 (Initial), 35% MEA 7.72
8/06 (Final), 35% MEA 5.70 26.17

3-4/06 (Initial), 2.5m PZ, 5m K, 500 
ppm V 2.50

3-4/06 (Final), 2.5m PZ, 5m K, 500 
ppm V 0.63 74.80

3/06 (Initial), 7m MEA, 0.2 mM Fe 6.21
3/06 (Final), 7m MEA, 0.2 mM Fe 5.95 4.19

8/05 (Initial), 7m MEA, 0.2 mM Fe, 0.2 
mM Cu 4.60

8/05 (Final), 7m MEA, 0.2 mM Fe, 0.2 
mM Cu 1.51 67.17

12/04 (Initial), 7m MEA, 0.2 mM Cu 5.18
12/04 (Final), 7m MEA, 0.2 mM Cu 4.61 11.00

Titration Analysis

 

Where the appropriate data was available, a percent MEA and percent PZ loss due to degradation 
were calculated for two of the high gas flow experiments and 6 of the low gas flow experiments.  
Even for the initial samples, it is very clear that some degradation has occurred from the samples 
aging.  Therefore, in the future, it is imperative to perform this type of quantitative analysis 
shortly after the samples have been collected.  In the high gas flow apparatus, MEA losses were 
18 to 19%, while piperazine losses were 4.4%.  In the low gas flow apparatus, MEA losses 
ranged from 4 to 67%, while piperazine losses ranged from 7 to 75%.   

6.5 pH Analysis 
Figure 50 details pH profiles for several of the low gas flow experiments that have been run 
since December 2004: 5 MEA experiments, 1 PZ experiment, and 1 MEA/PZ experiment.  All of 
the initial diluted samples have a pH level in the range of 9.0 to 9.5 (undiluted samples would be 
in the range of 10.5 to 11.0).  The pH level of all the end samples range from 8.7 to 9.2 (10.2 to 
10.7 for the raw samples).  These results are logical because the pure amine solutions are highly 
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basic, and become slightly more acidic as degradation products accumulate as the solution 
degrades. 
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Figure 50. pH Profiles of Low Gas Flow Experiments 

6.6 NMR Analysis 

Samples submitted for NMR analysis can be separated into three categories: 
1. Degraded MEA samples containing organic acid degradation products or 
clean MEA samples with organic acids added; 
2. Loaded MEA samples with and without formaldehyde added; 
3. Unloaded MEA samples with and without formaldehyde added. 

Recall that most of the unknown solutions contain some concentration of iron and/or copper.  
Magnetic metals have a tendency to broaden and distort NMR scans.  Recall the scans from a 
degraded MEA sample containing 250 ppm Cu contained badly distorted peaks for both the 1H 
and 13C scans.  This is illustrated in Figures 51 and 52.   
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Figure 51. 1H NMR Analysis of Degraded MEA – Goff 6/26/04 (7 m MEA, 55oC, α = 0.15, 250 ppm Cu, 1400 RPM) 
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Figure 52. 13C NMR Analysis of Degraded MEA - Goff 6/26/04 (7 m MEA, 55 oC, α = 0.15, 250 ppm Cu, 1400 RPM) 
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Table 21 lists some of the significant peaks associated with this sample.  Included are large peaks 
associated with the hydrogens on MEA and MEA carbamate.  Minor peaks include formate and 
acetate according to the Aldrich Library of NMR spectra. 

Table 21. NMR Peak Summary for Degraded 7 m MEA - Goff Experiment 6/26/04 

Sample Name  
Retention 

Time 
(ppm) 

NMR 
Type 

Acetic Acid 2.00 1H 

MEA/MEAH+ (next to 
nitrogen) 

3.20 1H 

MEACOO- (next to nitrogen) 3.30 1H 

MEA/MEAH+ (next to OH 
group) 

3.60 1H 

MEACOO- (next to OH group) 3.65 1H 

Water 4.75 1H 

Unknown   5.15 1H 

Unknown Organic Acid 8.00 1H 

Unknown Organic Acid 8.10 1H 

Formic Acid 8.40 1H 

MEACOO- (next to nitrogen) 42.0 13C 

MEA/MEAH+ (next to 
nitrogen) 

43.5 13C 

MEACOO- (next to OH group) 61.5 13C 

MEA/MEAH+ (next to OH 
group) 

62.5 13C 

Carbamate C 164.5 13C 

Unknown Organic Acid 170.5 13C 

NMR scans of a degraded 7 m MEA sample (taken on 12/14/04) exhibit many similarities to the 
Goff sample.  Like the Goff sample, this one was extracted from an MEA degradation 
experiment that contained approximately 30 ppm Cu.  The glaring difference is that this sample, 
even though it contained copper, did not really distort the 1H or 13C scan.  Moreover, the peak 
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locations might be somewhat different because, beginning with this sample, DSS was used to 
lock the peaks in place for 1H NMR analysis.  Figures 53 and 54 display the 1H and 13C scans; 
Table 22 summarizes the peaks of significance.  
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Figure 53. 1H NMR Analysis of Degraded 7 m MEA (Sexton - 12/14/04) 
(7 m MEA, 55oC, α = 0.40, 0.6 mM Cu, 1400 RPM) 
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Figure 54. 13C NMR Analysis of Degraded 7 m MEA (Sexton - 12/14/04) 
(7 m MEA, 55oC, α = 0.40, 0.6 mM Cu, 1400 RPM) 
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Table 22. NMR Peak Summary for Degraded 7 m MEA (Sexton Experiment - 12/14/04) 

Sample Name  
Retention 

Time (ppm)
NMR 
Type 

DSS 0.00 1H 

Acetic Acid 2.00 1H 

MEA/MEAH+ (next to nitrogen) 3.15 1H 

MEACOO- (next to nitrogen) 3.40 1H 

MEA/MEAH+ (next to OH 
group) 

3.60 1H 

MEACOO- (next to OH group) 3.65 1H 

Water 5.10 1H 

Unknown   5.40 1H 

Unknown Organic Acid 8.00 1H 

Unknown Organic Acid 8.10 1H 

Formic Acid 8.40 1H 

MEACOO- (next to nitrogen) 42.0 13C 

MEA/MEAH+ (next to nitrogen) 43.0 13C 

MEACOO- (next to OH group) 59.0 13C 

MEA/MEAH+ (next to OH 
group) 

61.0 13C 

Carbamate C 164.5 13C 

Unknown Organic Acid 165.5 13C 

Unknown Organic Acid 166.0 13C 

Unknown Organic Acid 171.0 13C 

In order to attempt to qualitatively identify the four major organic acids, 200 mM of each of 
these four acids was added to an unloaded 7 m MEA solution.  From the NMR scans, as shown 
in Figures 55 and 56, it appears that three of the four organic acids (formic, acetic, and glycolic) 
can be identified using the Aldrich Library.  Oxalic acid does not show up on 1H scans because 
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there is only one type of hydrogen and its structure is symmetric.  Table 23 quantifies the 
location of these peaks on 1H and 13C scans. 

 

Table 23. NMR Peak Summary for 7 m MEA 
(200 mM acetic acid, formic acid, oxalic acid, glycolic acid added) 

Sample Name  
Retention 

Time 
(ppm) 

NMR 
Type 

DSS 0.00 1H 
Acetic Acid 1.90 1H 

MEA/MEAH+ (next to 
nitrogen) 2.80 1H 

MEA/MEAH+ (next to OH 
group) 3.60 1H 

Glycolic Acid 3.90 1H 
Water 4.85 1H 

Formic Acid 8.40 1H 
Acetic Acid 28.0 13C 

MEA/MEAH+ (next to 
nitrogen) 47.0 13C 

MEA/MEAH+ (next to OH 
group) 67.0 13C 

Unknown Organic Acid 176.0 13C 
Unknown Organic Acid 178.0 13C 
Unknown Organic Acid 184.5 13C 
Unknown Organic Acid 185.5 13C 
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Figure 55. 1H NMR Analysis of 7 m MEA (200 mM acetic acid, formic acid, oxalic acid, glycolic acid added) 
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Figure 56. 13C NMR Analysis of 7 m MEA (200 mM acetic acid, formic acid, oxalic acid, glycolic acid added) 

3444



  90

 

The other sets of samples pertain to the addition of formaldehyde to loaded and unloaded MEA 
solutions.  The trends for unloaded (Figures 57 and 58) and loaded (Figures 59 and 60) are 
similar.  Four new, distinct peaks appear on the 13C analysis for unloaded MEA with 
formaldehyde added and are correlated with something on the 1H analysis, as shown in Figure 
57.  However, it appears the peaks for the 1H analysis that correlate with these 13C peaks are 
hidden under the large MEA peaks.  It is noteworthy that in Figure 58 the peaks and their 
corresponding correlations do not appear on the 2-D plot. 

This applies to the loaded solutions as well, but the loaded solutions are somewhat more difficult 
to interpret because they contain 250 ppm Cu; the peaks on both scans are stretched a bit.  The 
formaldehyde added sample (Figure 59) shows three distinct peaks that do not appear in Figure 
60, which represents the sample with no formaldehyde added.  The 2-D correlation supports 
what shows up on the 13C; however, it appears once again that the peaks for 1H analysis are 
hidden under the MEA peaks. 
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Figure 57. 2-D Correlation of 7 m MEA with 200 mM Formaldehyde (α = 0) 
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Figure 58. 2-D Correlation of 7 m MEA with no Formaldehyde (α = 0) 
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Figure 59. 2-D Correlation of 7 m MEA with 200 mM Formaldehyde (α = 0.15) 

3448



  94

 

Figure 60. 2-D Correlation of 7 m MEA with no Formaldehyde (α = 0.15)
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NMR analysis was performed on the experimentally degraded piperazine samples to confirm the 
presence of ethylenediamine.  Figures 61 and 62 below confirm the presence of EDA in these 
solutions. 

 

 

Figure 61. 1H NMR analysis oxidatively degraded piperazine 
 

 

Figure 62. 13C NMR analysis oxidatively degraded piperazine 

Carboxylic Acids 

EDA 

Carboxylic Acids 

EDA 
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7. Conclusions 
Anion chromatography analysis provided some beneficial findings.  The four carboxylic acids 
have been identified as reaction products of amine degradation, confirming the finding in the 
Rooney paper. In addition, nitrite, nitrate, and ethylenediamine have been discovered as 
significant amine degradation products.  Based on the most recent ion chromatography analysis, 
formate and an unknown anionic product (recently discovered to be oxamic acid, the partial 
amide resulting from the reaction of MEA with oxalic acid) are the most abundant products of 
the oxidative degradation of monoethanolamine.   

When inhibitor A is present in 7 m MEA in the presence of copper and iron, oxidative 
degradation is reduced greatly (by approximately 70% compared to systems without inhibitor A).  
From this analysis, one can conclude that inhibitor A does an excellent job at slowing down the 
rate of MEA degradation.   

With respect to 7 m MEA solutions, in the absence of inhibitor A (an oxygen scavenger), the 
metal catalysts of iron and copper produce different degradation product ratios depending on 
their presence/absence.  The combination of iron and copper has an additive effect on formate 
production.  In 7 m MEA solutions in which only Fe or Cu were present at a concentration of 0.6 
mM (60 ppm), formate was produced at a rate of 0.40 mM/hr.  However, when Fe and Cu were 
added together in two completely different ratios and total concentrations (0.6mM Fe/0.6mM Cu 
and 0.1mM Fe/5mM Cu), formate production was 0.67 and 0.66 mM/hr, respectively.  This data 
also suggests there may be a maximum concentration at which a catalyst promotes degradation – 
anything beyond this concentration may be excess that has no effect on the amine degradation 
rates. 

On the other hand, the presence of metal catalysts appears to have a mean effect on nitrite and 
nitrate production.  An MEA solution with iron added produced almost double the amount of 
nitrate and nitrite than a solution with copper added.  A degraded MEA solution containing 
equimolar amounts of Fe and Cu resulted in a nitrate/nitrite formation rate that was the average 
of the Fe only and Cu only experiments.  Further proof was provided with an MEA experiment 
using a 50:1 ratio of Cu:Fe.  The nitrate/nitrite production rate was very similar to the rate for the 
copper only experiment.  This conclusion supports Goff’s findings, which showed a higher 
ammonia formation for copper-added MEA systems versus iron systems.   

Anion chromatography analysis has also revealed some significant information regarding 
aqueous piperazine degradation.  The addition of 5 molal potassium carbonate to aqueous 
piperazine solution (with 500 ppm vanadium) does an excellent job of inhibiting amine oxidative 
degradation.  Degradation products do exist (showing that degradation of the amine solvent is 
being detected), but the formation rate of all detected products are less than 0.01 mM/hr.  This 
phenomenon occurs because the high concentration of potassium ion in the solution greatly 
reduces the oxygen solubility in the amine solution. 

The oxygen scavenger, inhibitor A, also proved to be an excellent oxidative degradation inhibitor 
for an aqueous piperazine solution containing 500 ppm V.  The addition of 100 mM of inhibitor 
A reduced the formation of detectable ionic degradation products by 50%.  While the 
effectiveness of A was not as great as it was for a solution of 7 m MEA with copper and iron 
added (a 70% reduction in oxidative degradation product formation), it is still significant.  
However, if ethylenediamine (which is not formed from MEA degradation) is removed from the 
analysis, then the overall reduction in degradation product formation is approximately 70%.  It 
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may be purely coincidental, but it is possible that the mechanism for degradation inhibition has 
no effect on ethylenediamine production, but reduces the formation of the carboxylic acids and 
nitrite/nitrate. 

Ammonium has been discovered as a product of piperazine degradation.  It is very likely that it is 
a product of monoethanolamine oxidative degradation as well; however, current analytical 
methods cannot detect trace concentration of ammonium in concentrated monoethanolamine 
solution.  A column that separates ammonium and monoethanolamine in a manner different from 
the CS17 column would have to be purchased to perform this analysis. 

When inhibitor A is not present, the rate of piperazine oxidative degradation is much slower than 
the rate of MEA degradation.  Ethylenediamine is a degradation product specific to piperazine.  
There is also a shift in the type of degradation products.  When MEA is degraded, the carboxylic 
acid degradation products appear in greater quantities than nitrogen-containing products (nitrite, 
nitrate, and EDA).  On the other hand, when piperazine is degraded, the opposite is true.   

Aqueous piperazine, in the presence of low iron and high copper catalyst, degrades on the same 
order of magnitude as 7 m MEA.  Although formate production is at a lower rate and 
nitrate/nitrite exists at trace concentrations, high ethylenediamine concentration places the 
carbon degradation on par with MEA degradation and nitrogen degradation twice that of MEA.  
This finding is preliminary, however, because there may be other non-ionic degradation products 
(both liquid and vapor-phase) that may be formed from piperazine degradation.  Furthermore, 
piperazine solutions have not yet been degraded in the high gas flow apparatus. 

The oxidative degradation of aqueous piperazine can be significantly reduced in two ways: 
keeping iron catalyst concentration low in solution in the absence of copper, or adding inhibitor 
A to the system.  Liquid-phase degradation product concentrations were 93% lower in an 
aqueous PZ system containing only 0.1mM Fe (compared to a system with 0.1mM Fe and 5mM 
Cu).  Likewise, the addition of 100 mM A to an aqueous PZ/0.1mM Fe/5mM Cu system reduced 
degradation by 91%.  As compared to 7 m MEA, these results are very favorable.  The 
percentage reduction is greater with the addition of A, and the absolute product formation rates 
are lower as well.  Aqueous piperazine solution also offers the advantage of a simpler solution: 
continually remove the iron from the absorber/stripper system to keep the concentration low, and 
the same results are achieved as in a more complex system where copper and A must be added to 
the system to combat the corrosion and degradation effects from the iron. 

Liquid-phase analysis of a degraded MEA/PZ solution from the low gas flow degradation 
apparatus revealed the presence of EDA in the solution.  From this, it is concluded that in 
MEA/PZ solutions, the PZ degrades in addition to the MEA.  Unfortunately, it is still not clear 
which of the two amines degrades faster.  Cation IC revealed that piperazine does in fact degrade 
in MEA/PZ solutions, from the presence of a small concentration of EDA in the end sample.  
Gas phase analysis agrees with this conclusion; when MEA is replaced with PZ on a 30 wt % 
total amine basis, the steady-state ammonia rate is reduced. 

Re-evaluation of the 7 m MEA/2m PZ experiment (with 0.1 mM iron and 5 mM copper added) 
shows that the addition of piperazine to MEA solutions does not have a positive impact on 
degradation.  In fact, it appears that the addition of piperazine to MEA may actually accelerate 
the degradation product formation rate, which was not expected.  A comparison of the 7 m 
MEA/2m PZ solution to a 7 m MEA solution, both at high copper concentration (5 mM), reveals 
that with the exception of formate, all degradation product formation rates are similar.  If formate 
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followed this trend as well, it would be reasonable to conclude that the MEA was protecting the 
piperazine from degrading.  However, the formate production rate for the 7 m MEA/2m PZ 
solution is almost 6 times the formate rate for 7 m MEA.  From this striking discrepancy, I 
theorize that MEA/PZ blends degrade just as fast, if not faster, than MEA solutions. 

Inhibitor A also proved to be very effective in reducing degradation for 7 m MEA/2m PZ 
solutions.  The addition of inhibitor A to a MEA/PZ solution with low Fe and high Cu reduced 
the formation of detectable degradation products by 81%.  Most of this can be attributed to the 
reduction in formate production, which was decreased by almost an entire order of magnitude 
from 2.35 mM/hr to 0.30 mM/hr.  The removal of 5mM Cu from an MEA/PZ solution 
containing Fe and inhibitor A reduced degradation by another 50%.  In all of the MEA/PZ 
experiments, EDA production was minimal.  This leads me to believe that MEA may be 
oxidizing faster than the piperazine, preventing the PZ from degrading.  An accurate total amine 
analysis method may help in determining if this hypothesis is accurate. 

A fair comparison of all three amine systems is shown in Table 14.  Three amine systems are 
compared at similar conditions: 0.1mM Fe, 5mM Cu and 100mM inhibitor A.  This composition 
represents an industrial aqueous absorption/stripping system utilizing copper and inhibitor A to 
control corrosion and degradation.  The aqueous PZ and 7 m MEA systems have product 
formation rates about 75% lower than the 7 m MEA/2m PZ.  Almost all of the entire difference 
can be attributed to formate.  In the case of aqueous PZ, the major degradation product is EDA; 
with 7 m MEA, it is formate, nitrate, and nitrite.  Overall rates are almost identical.  However, 
neither one of these systems compares to an AMP system at moderate iron concentration (1mM 
Fe).  Degradation in an AMP system is 83-87% lower than in the inhibited MEA and PZ 
systems.  The steric hindrance from the structure of AMP makes it an attractive option as solvent 
for CO2 removal. 

Data from the high gas flow experiments show that a combination of copper and iron produce 
more formate than copper by itself; it also shows a shift in degradation product formation from a 
lower CO2 loading to a higher CO2 loading.  The amount of acetate and glycolate relative to 
formate increases, and the overall degradation product formation rate decreases significantly.  A 
similar trend is observed in the low gas flow degradation apparatus; more formate is produced 
when iron and copper are both present than just copper.  Moreover, analysis suggests that 
chemistry shifts away from glycolate when copper is present.  The presence of copper may also 
shift degradation production from nitrite and nitrate. 

Nitrate and nitrite concentrations are very low in the high gas flow degradation apparatus.  This 
supports the hypothesis that nitrate and nitrite are formed through an initial NOx degradation 
product, which is stripped out in the high gas flow apparatus.   

While the addition of inhibitor A appears to lower ammonia evolution rates, it may be possible 
that inhibitors that reduced ammonia might not have reduced degradation rates; the inhibitor may 
have altered chemistry to form other nitrogen-containing degradation products.  Extensive liquid-
phase analysis will assist in determining this. 

Total amine concentration analysis yielded inconclusive results.  Cation IC analysis for 
piperazine did not yield positive results because about halfway through the sample batch, 
piperazine stopped appearing on the IC scans.  Cross-contamination during sample preparation 
may have occurred, or piperazine became bound to the column and stopped eluting properly.  I 
am unsure as to which of the two is to blame. 
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Titration analysis was not completely flawless either.  Hilliard designed the titration analysis 
methods for undegraded amine MEA, PZ, or MEA/PZ solutions.  Samples that contained 
inhibitor D and potassium ion interfered with the analysis.  Furthermore, some titration curves 
revealed that the amine concentration actually went up as the solution degraded.  Unless a large 
amount of water evaporated during the experiment, this is physically impossible.   

On removing all of the data that was suspected to be incorrect, an absolute error between the two 
analytical methods was calculated.  For all of the high gas flow experiments, the difference in 
MEA concentration ranged from 1.6% to 33.0%, while the piperazine absolute error ranged from 
18.0% to 52.9%.  With respect to the low gas flow experiments, MEA concentrations differed 
from 5.1% to 19.5%, while PZ error could not be calculated.  Where data was believed to be 
correct, and initial and final samples had been preserved, amine degradation percentages were 
calculated using the titration analysis numbers.  In 5 of the 6 cases, MEA degradation ranged 
from 4% to 20% of the total MEA; in 3 of the 4 cases for PZ, degradation ranged from 4% to 
23%.  

Two things need to be stated with regards to this analysis: 
1. It is not known how the presence of degradation products affects the titration curves. 
2. Most of the samples were over 6 months old.  It is impossible to know how much of the 
total amine degradation was from the experiment and how much of the degradation was from 
sample aging. 

 The two other analytical techniques introduced yielded limited results.  The pH analysis 
on the degraded samples revealed that as the oxidative degradation experiment progresses, the 
pH of the solution decreases by half a unit from beginning to end.  This is due to the formation of 
acidic degradation products in solution.  This tendency held true for MEA, PZ, and MEA/PZ 
solutions.    

NMR analysis shows that all major organic acid degradation products can be identified using 1H 
and/or 13C analysis.  However, it is still not completely known which peaks represent each of the 
organic acids.  Moreover, the addition of formaldehyde to MEA solutions seems to produce a 
series of unknown compounds; a list of compounds that could represent these unknowns needs to 
be hypothesized and tested via NMR analysis.    

There is also an ongoing issue with the presence of Fe and/or Cu in the samples.  As stated 
previously, these magnetic metals tend to broaden and distort peaks on the NMR scans.  Adding 
a compound that would precipitate out these metals so that they could be removed from solution 
prior to NMR analysis would allow for clean peaks on the NMR scans.  If the peaks were clean, 
the locations of the peaks would be more exact and their areas could be quantified.  Degradation 
rates could be calculated from these areas and compared to IC results. 

8. Future Work and Recommendations 
I plan to continue my work on the oxidative degradation of various amine systems (under 
varying catalyst and inhibitor conditions) using the low gas flow apparatus and ion 
chromatography.  In addition, prolonged experiments will be conducted on MEA, PZ, and AMP 
solutions in an effort to collect simultaneous gas-phase and liquid-phase product analysis in the 
high gas flow experimental apparatus. 
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Titration analysis will be conducted from now on for all degraded amine samples immediately 
after the samples are withdrawn – to prevent the effects of sample aging.  Furthermore, titration 
analysis will be conducted again on all the samples reported in this report to confirm the 
findings.  A method has been developed to determine total amine concentration using 
condumetric titration, rather than pH titration.  These results will be compared to total amine as 
determined by cation IC.  Kjeldahl nitrogen analysis is also an option. 

I am also working on developing a robust method for amino acid detection in degraded amine 
solutions using Dionex electrochemical detection.  A literature review has been conducted that 
revealed a method to analyze for aldehydes in aqueous solution using HPLC and UV detection at 
365 nm.  The degraded amine solutions must be treated with DNPH (2,4-
dinitrophenylhydrazine), which derivatizes the aldehydes into dinitrophenylhydrazone 
compounds that can be detected at the specified wavelength. 

The recent discovery of oxamic acid reveals another important piece of liquid-phase analysis that 
has been ignored to this point.  Amides are a class of compounds formed from the reaction of an 
amine with carboxylic acid.  Oxamic acid is a partial amide formed from the reaction of MEA 
with oxalic acid; it can be identified using ion chromatography because it still retains carboxylic 
acid functionality on one end.  If oxamic acid is present in degraded solutions, it is very likely 
that the complete amides of oxalic acid, formic acid, acetic acid, and glycolic acid are present as 
well in appreciable quantities. 

Another literature review produced a simple method for quantifying carboxylic acids in the form 
of amides.  A 1:1 mass addition of 5M NaOH to the degraded amine solution will reverse the 
amide reaction to the amine and carboxylic acid.  Degraded amine solutions will be run pre-
addition and post-addition of NaOH to determine amide concentrations in solution. 

There are three major blocks of unfinished work that need to be completed.  A lot of data has 
been collected, but it lacks cohesion.  Separating the project into blocks will make it easier to 
answer the following questions. 

The first block involves oxidative degradation under mass-transfer controlled conditions.  What 
are the effects of Fe only, Cu only, and Fe/Cu combined on MEA systems, PZ systems, and 
PZ/K systems? What are the effects of V on MEA systems and PZ/K systems?  Another major 
block of work involves competitive degradation.  In other words, when solutions of MEA/PZ are 
degraded, which one degrades faster?  Is piperazine degradation protected by the MEA? How do 
rates compare to MEA only solutions at similar conditions?  The last block of work involves the 
addition of degradation of inhibitors.  Is EDTA or sodium sulfite as effective as Inhibitor A? 

Blocks of experiments in the modified high gas flow experimental apparatus have been created 
to answer these questions.  Modifying the high gas flow apparatus to identify liquid-phase and 
gas-phase products will allow us to account for all major degradation products and “close” the 
material balance so that we can account for everything.  Some of these experiments will be run in 
parallel in the low gas flow degradation apparatus. 
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Table 1A. Degradation Product Concentrations for all Degradation Experiments 
 

Experiment Sample Date Time (hrs) Formate (mM) Nitrite (mM) Acetate (mM)  Oxalate (mM) Glycolate (mM) Nitrate (mM) EDA (mM)
7/18/2007 0 0.28 0.10 0.04 0.00 0.00 0.05 0.00
7/19/2007 24 0.82 0.28 0.07 0.02 0.00 0.23 0.00
7/21/2007 74 2.61 0.96 0.20 0.08 0.00 0.52 0.00
7/23/2007 105 2.93 1.32 0.35 0.14 0.00 0.68 0.00
7/24/2007 127 4.05 1.62 0.54 0.18 0.00 0.93 0.00
7/25/2007 151 11.26 1.97 5.15 0.28 0.00 1.23 0.00
7/26/2007 171 12.91 2.24 2.44 0.39 0.04 1.50 0.00
7/27/2007 193 9.70 3.28 0.73 0.64 0.07 2.35 0.00
7/17/2007 0 0.38 0.07 0.00 0.02 0.00 0.04 0.19
7/19/2007 46 4.46 3.41 0.15 0.21 0.00 4.13 0.80
7/21/2007 88 10.61 5.47 0.19 0.54 0.00 6.87 1.27
7/23/2007 139 19.12 6.75 0.32 1.01 0.01 8.84 1.50
7/25/2007 185 29.96 6.97 0.00 1.45 0.02 10.38 1.43
7/27/2007 233 42.55 8.39 0.28 2.42 0.06 13.38 1.55
7/30/2007 309.5 51.05 7.85 0.30 3.05 0.09 13.33 1.45
8/2/2007 362.5 62.47 9.51 0.88 2.41 0.02 20.35 2.54

7/17/2007 0 0.31 0.00 0.07 0.00 0.00 0.00 0.24
7/19/2007 46 0.26 0.00 0.02 0.01 0.00 0.00 0.25
7/21/2007 88 0.56 0.00 0.16 0.02 0.01 0.00 0.26
7/23/2007 139 0.65 0.00 0.05 0.02 0.01 0.00 0.27
7/25/2007 185 0.89 0.01 0.06 0.07 0.01 0.00 0.36
7/27/2007 233 0.24 0.00 0.01 0.07 0.00 0.00 0.28
7/30/2007 306 0.64 0.00 0.08 0.03 0.01 0.00 0.33
8/1/2007 351.5 0.33 0.00 0.01 0.02 0.00 0.07 0.34

5/18/2007 0 4.20 0.78 0.20 0.00 0.00 1.35 0.00
5/21/2007 67 13.20 0.58 0.53 0.12 0.00 2.86 0.00
5/23/2007 119 39.69 4.12 1.16 1.03 0.00 12.29 0.00
5/25/2007 169 95.56 15.17 1.46 4.27 0.55 24.24 0.00
5/29/2007 261 160.38 31.05 1.26 10.79 1.59 35.42 0.58
5/31/2007 313 201.12 35.76 1.44 15.52 2.41 40.98 1.12
6/1/2007 333 223.41 37.19 1.50 17.56 2.67 43.99 1.44

7m MEA / 1mM Fe 
(High Gas)

7m MEA / 2m PZ / 
0.1mM Fe 

5m PZ / 0.1mM Fe / 
100 mM "A" 

7m MEA / 0.1mM Fe / 
5 mM Cu
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Table 2A. Degradation Product Concentrations for all Degradation Experiments 
Experiment Sample Date Time (hrs) Formate (mM) Nitrite (mM) Acetate (mM)  Oxalate (mM) Glycolate (mM) Nitrate (mM) EDA (mM)

5/18/2007 0 0.36 0.00 0.00 0.00 0.00 0.00 0.00
5/21/2007 67 1.10 0.00 0.00 0.06 0.00 0.14 0.63
5/23/2007 119 1.75 0.00 0.00 0.07 0.00 0.07 2.34
5/25/2007 169 1.99 0.00 0.00 0.11 0.00 0.10 3.24
5/29/2007 261 3.11 0.01 0.00 0.14 0.00 0.14 5.16
5/31/2007 313 4.02 0.01 0.00 0.15 0.00 0.18 6.24
6/1/2007 333 4.04 0.00 0.00 0.25 0.00 0.00 6.88

6/22/2007 0 0.37 0.03 0.00 0.00 0.00 0.00 0.00
6/25/2007 72 17.35 2.98 0.03 0.21 0.00 4.11 0.39
6/27/2007 120 31.91 4.04 0.04 0.46 0.00 6.15 0.51
6/29/2007 165 42.77 4.60 0.05 0.80 0.00 7.44 0.53
7/6/2007 261 60.31 5.51 0.07 1.83 0.00 8.88 0.67
7/9/2007 333 68.44 5.67 0.00 2.70 0.00 9.78 0.66

6/22/2007 0 1.53 0.04 0.00 0.00 0.00 0.00 2.82
6/25/2007 72 39.33 1.32 0.15 0.23 0.00 5.46 14.24
6/27/2007 120 63.19 1.70 0.11 0.53 0.00 7.52 16.12
6/29/2007 165 71.19 1.41 0.05 0.76 0.06 7.05 16.14
7/6/2007 261 96.63 1.55 0.05 2.05 0.19 8.06 18.10
7/9/2007 333 102.62 1.37 0.04 2.95 0.23 8.02 18.97

4/12/2007 0 1.14 0.00 0.00 1.32 7.38
4/16/2007 76.5 30.57 3.47 0.40 2.03 71.10
4/19/2007 142.5 65.26 4.17 1.63 3.65 81.54
4/23/2007 243.5 76.19 4.03 3.04 2.01 97.52
4/25/2007 297.5 90.98 4.93 3.69 2.55 100.10
4/30/2007 412.5 93.29 4.27 5.50 2.45 111.54
4/18/2007 0 0.28 4.30
4/23/2007 123 0.77 10.87
4/25/2007 175 0.88 11.28
4/30/2007 290 1.39 14.12
5/2/2007 340 14.51

5m PZ / 0.1mM Fe

7m MEA / 2m PZ / 
0.1mM Fe / 100 mM 

"A"

7m MEA / 2m PZ / 0.1 
mM Fe / 5mM Cu / 

100 mM "A"

5m PZ / 0.1mM Fe / 
5mM Cu

5m PZ / 0.1mM Fe / 
5mM Cu / 100mM "A"
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Table 3A. Degradation Product Concentrations for all Degradation Experiments 
Experiment Sample Date Time (hrs) Formate (mM) Nitrite (mM) Acetate (mM)  Oxalate (mM) Glycolate (mM) Nitrate (mM) EDA (mM)

8/18/2006 0 36.27 5.76 0.00 0.42 0.00 5.37
8/24/2006 144 51.30 3.87 4.05 2.11 0.00 4.47
8/29/2006 257 103.48 18.45 3.03 6.06 0.00 12.90
8/31/2006 311 133.55 62.42 3.11 8.10 0.00 19.53
9/1/2006 334 173.86 159.92 9.24 7.73 0.00 22.43
9/28/2006 0 3.60 1.10 0.00 0.00 0.00 0.00 3.23
10/3/2006 130 375.71 2.35 0.75 9.00 3.64 18.62 14.88
10/9/2006 185 496.54 1.42 1.02 15.84 7.32 25.91 11.58
10/12/2006 256 589.38 1.41 0.96 23.36 5.78 41.14 8.23
10/13/2006 282 665.37 1.06 4.65 25.80 8.23 37.46 7.05
12/11/2006 0 0.03 0.00 0.10 0.06 0.00 0.17
12/13/2006 43.5 3.99 1.13 0.00 0.09 0.00 0.55 2.62
12/15/2006 91.5 3.32 1.79 0.00 0.18 0.00 1.84 6.27
12/19/2006 185.5 11.39 5.03 0.00 0.11 0.00 6.30 20.57
11/28/2006 0 0.23 0.00 0.00 0.29 0.00 0.19 0.17
12/4/2006 146.5 5.54 0.00 0.00 0.69 0.00 0.42
12/6/2006 195 1.60 0.00 0.00 0.34 0.00 1.29
12/11/2006 310 2.46 0.00 0.75 0.29 0.00 0.30 0.42
01/23/06 0 0.93 0.00 0.00 1.25
01/24/06 21 2.29 2.03 2.66
1/26/2006 69 3.57 2.93 1.24 2.82
1/29/2006 139 6.76 4.43 3.11
1/30/2006 155 7.37 2.52 0.99 1.27
8/26/2005 0 27.37 0.30 5.30 0.93
8/30/2005 120 181.79 0.00 6.99 10.89 25.23
9/5/2005 335 268.04 60.85 5.09 13.16 45.70
12/5/2004 72 36.78 20.96 4.86 6.98 8.56
12/7/2004 122 61.74 29.70 2.99 9.12 12.05
12/9/2004 169 85.40 36.86 3.84 11.24 14.40
12/12/2004 243 93.85 41.87 2.88 11.94 15.22
12/14/2004 282 108.93 46.42 3.12 14.31 16.15
12/15/2004 306 129.31 59.68 4.59 11.80 23.42

35% MEA / 0.1mM Fe

7m MEA / 2m PZ / 
0.1mM Fe / 5mM Cu

2.5m PZ / 500 ppm V / 
100 mM "A"

2.5m PZ / 500ppm V / 
5m KHCO3

7m MEA / 0.6mM Fe / 
0.6 mM Cu / 100mM 

"A"

7m MEA / 0.6mM Fe / 
0.6 mM Cu 

7m MEA / 0.6 mM Cu 

 

 

3460



  106

Table 4A. Degradation Product Concentrations for all Degradation Experiments 
Experiment Sample Date Time (hrs) Formate (mM) Nitrite (mM) Acetate (mM)  Oxalate (mM) Glycolate (mM) Nitrate (mM) EDA (mM)

3/8/2006 0 2.13 0.24 3.52 2.42 0.00
3/10/2006 50 18.67 1.07 3.47 3.25 9.52
3/16/2006 50 19.11 3.15 3.77 3.56 10.25
3/19/2006 122 48.30 28.32 4.90 4.16 22.20
3/22/2006 186 77.74 52.02 5.07 6.08 31.49
3/24/2006 235 97.63 55.71 0.26 8.03 37.73
3/31/2006 0 1.53 6.73 0.19 0.49
4/4/2006 114 0.50 0.70 5.59 0.19 1.06
4/5/2006 133 0.29 4.98 0.73
4/6/2006 160 1.32 6.66 0.24 0.74
4/10/2006 251 1.04 5.36 0.36
4/11/2006 266 1.16 5.27 0.19

10/31/2005 0 0.00 0.00 0.00 0.00 9.44 0.00 2.57
11/4/2005 95 16.79 0.00 0.60 6.30 13.47 8.36
11/8/2005 191 27.89 7.53 0.62 20.67 10.94 23.95 16.89

11/10/2005 239 36.47 9.37 0.64 7.37 9.98 31.95 20.45
11/11/2005 263 29.13 0.38 3.74 6.58 49.34 33.94

17 75.62 1.72 3.16 5.71 22.18 2.52
17 28.18 3.63 27.58
17 29.17 36.31

7m MEA / 4mM Cu / 
0.2mM Fe / 200mM 
"A" / α = 0.15 (High 

Gas)

05/09/05 19 152.63 2.59 9.22 22.72 2.05

7m MEA / 4mM Cu / 
0.2mM Fe / 200mM 
"A" / α = 0.40 (High 

Gas)

05/16/05 16 34.25 1.32 6.44 7.12 31.75 0.35

2.5m PZ / 500 ppm V  

7m MEA / 4mM Cu / 
200 mM "A" / α = 0.15 

(High Gas)
05/03/05

7m MEA / 0.6mM Fe

2.5m PZ / 500ppm V / 
5m KHCO3
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Table 5A. Degradation Product Concentrations for all Degradation Experiments 
Experiment Sample Date Time (hrs) Formate (mM) Nitrite (mM) Acetate (mM)  Oxalate (mM) Glycolate (mM) Nitrate (mM) EDA (mM)

3/26/2007 0 0.44 0.00 0.00 0.24 0.14 0.00
3/28/2007 53 0.77 0.17 0.08 0.09 0.15 0.34
3/30/2007 99 1.24 0.24 0.07 0.14 0.16 0.40
4/2/2007 171 1.43 0.34 0.07 0.23 0.16 0.44
4/4/2007 195 1.67 0.38 0.05 0.32 0.15 0.59
4/6/2007 243 2.12 0.41 0.08 0.48 0.20 0.55
4/9/2007 320 2.15 0.45 0.08 0.51 0.18 0.53
4/11/2007 364 2.45 0.47 0.07 0.67 0.23 0.68
4/13/2007 412 2.56 0.50 0.11 0.57 0.20 0.87
4/17/2007 504 2.93 0.60 0.13 1.16 0.22 0.82

7m MEA / 0.1 mM Fe 
(High Gas) 5/18/06 Initial 0.00

7m MEA / 0.1 mM Fe 
(High Gas) 5/18/06 Final 5.88

22% MEA / 8% PZ / 
0.1mM Fe (High Gas) 6/7/2006 6.62

7m MEA / 1mM Fe 
(High Gas) 9/27/2006 13.03

7m MEA / 0.1 mM Fe / 
5mM Cu (High Gas) 9/28/2006 12.94

25% MEA / 11% PZ / 
0.1mM Fe / 5mM Cu 

(High Gas)
9/29/2006 13.05

22% MEA / 8% PZ / 
0.1mM Fe (High Gas) 05/18/06 5.88 0.11

27% MEA / 11% PZ / 
0.1mM Fe (High Gas) 06/07/06 6.62 0.20

3M AMP / 1mM Fe
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Table 6A. Instantaneous Degradation Rates 
Experiment Sample Date Time (hrs) Formate (mM/hr) Nitrite (mM/hr) Acetate (mM/hr) Oxalate (mM/hr) Glycolate (mM/hr) Nitrate (mM/hr) EDA (mM/hr)

7/18/2007 0
7/19/2007 24 0.022 0.007 0.001 0.001 0.000 0.007 0.000
7/21/2007 74 0.031 0.012 0.002 0.001 0.000 0.006 0.000
7/23/2007 105 0.025 0.012 0.003 0.001 0.000 0.006 0.000
7/24/2007 127 0.030 0.012 0.004 0.001 0.000 0.007 0.000
7/25/2007 151 0.073 0.012 0.034 0.002 0.000 0.008 0.000
7/26/2007 171 0.074 0.013 0.014 0.002 0.0003 0.008 0.000
7/27/2007 193 0.049 0.016 0.004 0.003 0.0004 0.012 0.000
7/17/2007 0
7/19/2007 46 0.089 0.072 0.003 0.004 0.000 0.089 0.013
7/21/2007 88 0.116 0.061 0.002 0.006 0.000 0.078 0.012
7/23/2007 139 0.135 0.048 0.002 0.007 0.0001 0.063 0.009
7/25/2007 185 0.160 0.037 0.000 0.008 0.0001 0.056 0.007
7/27/2007 233 0.181 0.036 0.001 0.010 0.0003 0.057 0.006
7/30/2007 309.5 0.164 0.025 0.001 0.010 0.0003 0.043 0.004
8/2/2007 362.5 0.171 0.026 0.002 0.007 0.0001 0.056 0.006

7/17/2007 0
7/19/2007 46 -0.0011 0.0000 -0.0010 0.0001 0.00002 0.0000 0.0003
7/21/2007 88 0.0028 0.0000 0.0011 0.0001 0.00002 0.0000 0.0002
7/23/2007 139 0.0025 0.0000 -0.0002 0.0001 0.00002 0.0000 0.0003
7/25/2007 185 0.0031 0.0000 0.0000 0.0003 0.00005 0.0000 0.0007
7/27/2007 233 -0.0003 0.0000 -0.0003 0.0003 -0.00002 0.0000 0.0002
7/30/2007 306 0.0011 0.0000 0.0000 0.0001 0.00001 0.0000 0.0003
8/1/2007 351.5 0.0001 0.0000 -0.0002 0.0000 -0.00001 0.0002 0.0003

5/18/2007 0
5/21/2007 67 0.134 -0.003 0.005 0.002 0.000 0.023 0.000
5/23/2007 119 0.298 0.028 0.008 0.009 0.000 0.092 0.000
5/25/2007 169 0.541 0.085 0.007 0.025 0.003 0.135 0.000
5/29/2007 261 0.600 0.116 0.004 0.041 0.006 0.131 0.002
5/31/2007 313 0.629 0.112 0.004 0.050 0.008 0.127 0.004
6/1/2007 333 0.659 0.109 0.004 0.053 0.008 0.128 0.004

7m MEA / 1mM Fe 
(High Gas)

7m MEA / 2m PZ / 
0.1mM Fe

5m PZ / 0.1mM Fe / 
100 mM "A"

7m MEA / 0.1mM Fe / 
5 mM Cu
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Table 7A. Instantaneous Degradation Rates 
Experiment Sample Date Time (hrs) Formate (mM/hr) Nitrite (mM/hr) Acetate (mM/hr) Oxalate (mM/hr) Glycolate (mM/hr) Nitrate (mM/hr) EDA (mM/hr)

5/18/2007 0
5/21/2007 67 0.011 0.0000 0.000 0.0009 0.000 0.0021 0.009
5/23/2007 119 0.012 0.00003 0.000 0.0006 0.000 0.0006 0.020
5/25/2007 169 0.010 0.00003 0.000 0.0006 0.000 0.0006 0.019
5/29/2007 261 0.011 0.00003 0.000 0.0005 0.000 0.0005 0.020
5/31/2007 313 0.012 0.00004 0.000 0.0005 0.000 0.0006 0.020
6/1/2007 333 0.011 0.0000 0.000 0.0008 0.000 0.0000 0.021

6/22/2007 0
6/25/2007 72 0.236 0.041 0.0004 0.003 0.0000 0.057 0.005
6/27/2007 120 0.263 0.033 0.0004 0.004 0.0000 0.051 0.004
6/29/2007 165 0.257 0.028 0.0003 0.005 0.0000 0.045 0.003
7/6/2007 261 0.230 0.021 0.0003 0.007 0.0000 0.034 0.003
7/9/2007 333 0.204 0.017 0.008 0.0000 0.029 0.002

6/22/2007 0
6/25/2007 72 0.525 0.018 0.0020 0.003 0.0000 0.076 0.159
6/27/2007 120 0.514 0.014 0.0009 0.004 0.0000 0.063 0.111
6/29/2007 165 0.422 0.008 0.0003 0.005 0.0004 0.043 0.081
7/6/2007 261 0.364 0.006 0.0002 0.008 0.0007 0.031 0.059
7/9/2007 333 0.304 0.004 0.0001 0.009 0.0007 0.024 0.048

4/12/2007 0
4/16/2007 76.5 0.385 0.045 0.005 0.009 0.833
4/19/2007 142.5 0.450 0.029 0.011 0.016 0.520
4/23/2007 243.5 0.308 0.017 0.012 0.003 0.370
4/25/2007 297.5 0.302 0.017 0.012 0.004 0.312
4/30/2007 412.5 0.223 0.010 0.013 0.003 0.253
4/18/2007 0
4/23/2007 123 0.004 0.053
4/25/2007 175 0.003 0.040
4/30/2007 290 0.004 0.034
5/2/2007 340 0.030

8/18/2006 0
8/24/2006 144 0.104 -0.013 0.028 0.012 0.000 -0.006
8/29/2006 257 0.262 0.049 0.012 0.022 0.000 0.029
8/31/2006 311 0.313 0.182 0.010 0.025 0.000 0.046
9/1/2006 334 0.413 0.462 0.028 0.022 0.000 0.051

5m PZ / 0.1mM Fe

7m MEA / 2m PZ / 
0.1mM Fe / 100 mM 

"A"

7m MEA / 2m PZ / 0.1 
mM Fe / 5mM Cu / 100 

mM "A"

5m PZ / 0.1mM Fe / 
5mM Cu

5m PZ / 0.1mM Fe / 
5mM Cu / 100mM "A"

35% MEA / 0.1mM Fe
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Table 8A. Instantaneous Degradation Rates 
Experiment Sample Date Time (hrs) Formate (mM/hr) Nitrite (mM/hr) Acetate (mM/hr) Oxalate (mM/hr) Glycolate (mM/hr) Nitrate (mM/hr) EDA (mM/hr)

9/28/2006 0
10/3/2006 130 2.873 0.010 0.006 0.070 0.028 0.144 0.115
10/9/2006 185 2.672 0.002 0.006 0.086 0.040 0.140 0.063
10/12/2006 256 2.293 0.001 0.004 0.091 0.023 0.161 0.032
10/13/2006 282 2.347 0.000 0.017 0.091 0.029 0.133 0.025
12/11/2006 0
12/13/2006 43.5 0.091 0.026 -0.002 0.001 0.000 0.009 0.060
12/15/2006 91.5 0.036 0.020 -0.001 0.001 0.000 0.018 0.069
12/19/2006 185.5 0.061 0.027 -0.001 0.0003 0.000 0.033 0.111
11/28/2006 0
12/4/2006 146.5 0.036 0.000 0.000 0.003 0.000 0.002
12/6/2006 195 0.007 0.000 0.000 0.000 0.000 0.006
12/11/2006 310 0.007 0.000 0.002 0.0000 0.000 0.0004 0.001
01/23/06 0
01/24/06 21 0.064 0.096 0.066

1/26/2006 69 0.038 0.042 0.018 0.268 0.023
1/29/2006 139 0.042 0.032 0.190 0.013
1/30/2006 155 0.041 0.016 0.006 0.117 0.000
8/26/2005 0
8/30/2005 120 1.287 -0.003 0.014 0.091 0.202
9/5/2005 335 0.719 0.181 0.039 0.134

12/5/2004 72 0.511 0.291 0.097 0.119
12/7/2004 122 0.506 0.243 0.075 0.099
12/9/2004 169 0.505 0.218 0.067 0.085
12/12/2004 243 0.386 0.172 0.049 0.063
12/14/2004 282 0.386 0.165 0.051 0.057
12/15/2004 282 0.459 0.212 0.016 0.042 0.083
3/8/2006 0 0.111

3/10/2006 50 0.331 0.017 -0.001 0.017 0.877 0.190
3/16/2006 50 0.340 0.058 0.005 0.023 0.875 0.205
3/19/2006 122 0.378 0.230 0.011 0.014 0.314 0.182
3/22/2006 186 0.406 0.278 0.008 0.020 0.188 0.169
3/24/2006 235 0.406 0.236 -0.014 0.024 0.117 0.161

7m MEA / 2m PZ / 
0.1mM Fe / 5mM Cu

2.5m PZ / 500 ppm V / 
100 mM "A"

2.5m PZ / 500ppm V / 
5m KHCO3

7m MEA / 0.6mM Fe / 
0.6 mM Cu / 100mM 

"A"

7m MEA / 0.6mM Fe / 
0.6 mM Cu 

7m MEA / 0.6 mM Cu 

7m MEA / 0.6mM Fe
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Table 9A. Instantaneous Degradation Rates 
Experiment Sample Date Time (hrs) Formate (mM/hr) Nitrite (mM/hr) Acetate (mM/hr) Oxalate (mM/hr) Glycolate (mM/hr) Nitrate (mM/hr) EDA (mM/hr)

3/31/2006 0
4/4/2006 114 0.004 -0.007 -0.010 0.000 0.0049
4/5/2006 133 0.002 -0.011 -0.013 -0.001 0.0018
4/6/2006 160 -0.001 0.000 0.000 0.0015
4/10/2006 251 -0.002 -0.005 -0.001 -0.0005
4/11/2006 266 -0.001 -0.005 -0.001 -0.0011
10/31/2005 0 0.099
11/4/2005 95 0.177 0.000 0.006 0.066 0.142 0.088
11/8/2005 191 0.146 0.039 0.003 0.108 0.057 0.125 0.088
11/10/2005 239 0.153 0.039 0.003 0.031 0.042 0.134 0.086
11/11/2005 263 0.111 0.001 0.014 0.025 0.188 0.129

17 4.397 0.100 0.183 0.332 1.289 0.147
17 1.638 0.211 1.603
17 1.696 2.111

7m MEA / 4mM Cu / 
0.2mM Fe / 200mM "A" 
/ α = 0.15 (High Gas)

05/09/05 19 7.991 0.136 0.483 1.189 0.107

7m MEA / 4mM Cu / 
0.2mM Fe / 200mM "A" 
/ α = 0.40 (High Gas)

05/16/05 16 2.128 0.082 0.400 0.442 1.972 0.022

3/26/2007 0
3/28/2007 53 0.006 0.003 0.0015 -0.018 0.0002 0.006
3/30/2007 99 0.008 0.002 0.0007 -0.007 0.0001 0.004
4/2/2007 171 0.006 0.002 0.0004 -0.001 0.0001 0.003
4/4/2007 195 0.006 0.002 0.0002 0.002 0.0001 0.003
4/6/2007 243 0.007 0.002 0.0003 0.006 0.0002 0.002
4/9/2007 320 0.005 0.001 0.0002 0.005 0.0001 0.002
4/11/2007 364 0.006 0.001 0.0002 0.007 0.0003 0.002
4/13/2007 412 0.005 0.001 0.0003 0.005 0.0001 0.002
4/17/2007 504 0.005 0.001 0.0003 0.010 0.0002 0.002

2.5m PZ / 500 ppm V  

7m MEA / 4mM Cu / 
200 mM "A" / α = 0.15 

(High Gas)
05/03/05

3M AMP / 1mM Fe

2.5m PZ / 500ppm V / 
5m KHCO3
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Table 10A. Instantaneous Degradation Rates 
Experiment Sample Date Time (hrs) Formate (mM/hr) Nitrite (mM/hr) Acetate (mM/hr) Oxalate (mM/hr) Glycolate (mM/hr) Nitrate (mM/hr) EDA (mM/hr)

7m MEA / 0.1 mM Fe 
(High Gas) 5/18/06 Initial 0.00

7m MEA / 0.1 mM Fe 
(High Gas) 5/18/06 Final 5.88

22% MEA / 8% PZ / 
0.1mM Fe (High Gas) 6/7/2006 6.62

7m MEA / 1mM Fe 
(High Gas) 9/27/2006 13.03

7m MEA / 0.1 mM Fe / 
5mM Cu (High) 9/28/2006 12.94

25% MEA / 11% PZ / 
0.1mM Fe / 5mM Cu 

(High Gas)
9/29/2006 13.05

22% MEA / 8% PZ / 
0.1mM Fe (High Gas) 05/18/06 5.88 0.0194

27% MEA / 11% PZ / 
0.1mM Fe (High Gas) 06/07/06 6.62 0.0304
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Table 11A. Summary of Overall Degradation Rates 
Experiment Sample Date Time (hrs) Formate 

(mM/hr)
Nitrite 

(mM/hr)
Acetate 
(mM/hr)

Oxalate 
(mM/hr)

Glycolate 
(mM/hr)

Nitrate 
(mM/hr)

EDA 
(mM/hr)

7m MEA / 1mM Fe 
(High Gas) 7/27/2007 193 0.049 0.016 0.004 0.003 0.0004 0.012 N/A

7m MEA / 2m PZ / 
0.1mM Fe 8/2/2007 362.5 0.171 0.026 0.002 0.007 0.0001 0.056 0.006

5m PZ / 0.1mM Fe / 
100 mM "A" 8/1/2007 351.5 0.0001 0.000 0.000 0.000 0.000 0.0002 0.0003

7m MEA / 0.1mM Fe / 5 
mM Cu 6/1/2007 333 0.659 0.109 0.004 0.053 0.008 0.128 0.004

5m PZ / 0.1mM Fe 6/1/2007 333 0.011 0.00004 0.000 0.0008 0.000 0.0006 0.021

7m MEA / 2m PZ / 
0.1mM Fe / 100 mM "A" 7/9/2007 333 0.204 0.017 0.0003 0.008 0.000 0.029 0.002

7m MEA / 2m PZ / 0.1 
mM Fe / 5mM Cu / 100 

mM "A"
7/9/2007 333 0.304 0.004 0.0001 0.009 0.0007 0.024 0.048

5m PZ / 0.1mM Fe / 
5mM Cu 4/30/2007 412.5 0.223 0.010 0.000 0.013 0.000 0.003 0.253

5m PZ / 0.1mM Fe / 
5mM Cu / 100mM "A" 5/2/2007 340 0.004 0.000 0.000 0.000 0.000 0.000 0.030

35% MEA / 0.1mM Fe 10/12/2006 256 2.293 0.001 0.004 0.091 0.023 0.161 0.032
7m MEA / 2m PZ / 

0.1mM Fe / 5mM Cu 10/13/2006 282 2.347 0.000 0.017 0.091 0.029 0.133 0.025

2.5m PZ / 500 ppm V / 
100 mM "A" 12/19/2006 185.5 0.061 0.027 0.000 0.0003 0.000 0.033 0.111

2.5m PZ / 500ppm V / 
5m KHCO3

12/11/2006 310 0.007 0.000 0.002 0.000 0.000 0.0004 0.001

7m MEA / 0.6mM Fe / 
0.6 mM Cu / 100mM "A" 1/30/2006 155 0.041 0.032 0.016 0.006 0.000 0.000 N/A

7m MEA / 0.6mM Fe / 
0.6 mM Cu 9/5/2005 335 0.719 0.181 0.000 0.039 0.000 0.134 N/A

7m MEA / 0.6 mM Cu 12/15/2004 282 0.459 0.212 0.016 0.042 0.000 0.083 N/A
7m MEA / 0.6mM Fe 3/24/2006 235 0.406 0.236 0.000 0.024 0.000 0.161 N/A
2.5m PZ / 500ppm V / 

5m KHCO3
4/11/2006 266 0.002 0.000 0.000 0.000 0.000 0.000 0.000

2.5m PZ / 500 ppm V  11/11/2005 263 0.111 0.039 0.001 0.014 0.025 0.188 0.129
7m MEA / 4mM Cu / 

200 mM "A" / α = 0.15
05/03/05 17 4.397 0.100 0.183 0.332 1.289 0.147 N/A

7m MEA / 4mM Cu / 
0.2mM Fe / 200mM "A" 

/ α = 0.15
05/09/05 19 7.991 0.000 0.136 0.483 1.189 0.107 N/A

7m MEA / 4mM Cu / 
0.2mM Fe / 200mM "A" 

/ α = 0.40
05/16/05 16 2.128 0.082 0.400 0.442 1.972 0.022 N/A

3M AMP / 1mM Fe 4/17/2007 504 0.005 0.001 0.0003 0.010 0.0002 0.002 N/A
7m MEA / 0.1 mM Fe 

(High Gas) 5/18/06 Initial 0.00 N/A N/A N/A N/A N/A N/A N/A

7m MEA / 0.1 mM Fe 
(High Gas) 5/18/06 Final 5.88 N/A N/A N/A N/A N/A N/A N/A

22% MEA / 8% PZ / 
0.1mM Fe (High Gas) 6/7/2006 6.62 N/A N/A N/A N/A N/A N/A N/A

7m MEA / 1mM Fe 
(High Gas) 9/27/2006 13.03 N/A N/A N/A N/A N/A N/A N/A

7m MEA / 0.1 mM Fe / 
5mM Cu (High Gas) 9/28/2006 12.94 N/A N/A N/A N/A N/A N/A N/A

25% MEA / 11% PZ / 
0.1mM Fe / 5mM Cu 

(High Gas)
9/29/2006 13.05 N/A N/A N/A N/A N/A N/A N/A

22% MEA / 8% PZ / 
0.1mM Fe (High Gas) 5/18/06 (High) 5.88 N/A N/A N/A N/A N/A N/A 0.019

27% MEA / 11% PZ / 
0.1mM Fe (High Gas) 6/7/06 (High) 6.62 N/A N/A N/A N/A N/A N/A 0.030  
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Abstract 

One side reaction in CO2 capture when using MEA/PZ is the generation of sulfate from SO2.  This sulfate 
has to be removed so that the MEA/PZ solution can be reused for CO2 capture.  Potassium compounds 
can be used in the removal of sulfate.  In order to determine how best to accomplish this, the solubility of 
potassium sulfate was measured with variable MEA/PZ concentration and CO2 loading. 

In previous work by Xu solubility measurement was conducted at low temperatures up to 40ºC.  A model 
predicting experimental Ksp was developed, with equivalent alkali concentration, temperature, and ionic 
strength as the variables. 

In this report a new method was developed for conducting solubility measurement at high temperatures 
and high CO2 loading.  The experimental system was well sealed to avoid CO2 loss under those 
conditions and useful data was obtained. 

Based on the previous work of Freguia (2002), new interaction parameters were regressed in this work to 
match Söhnel’s data (1985) in water and the experiment data by Xu. The regression was done using Data 
Regression System in Aspen Plus®.  An interaction parameter set for CO2-MEA-H2O-K+-SO4

= system in 
Electrolyte-NRTL model was developed.  The model was tested by a series of flash simulations.  It can 
fairly simulate the interactions between ion pairs and molecules within certain condition ranges, but still 
needs further modification. 

 

Introduction 

One side reaction in CO2 capture when using MEA is the generation of sulfate from SO2.  
This sulfate has to be removed so that the MEA solution can be reused for CO2 capture.  
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Potassium compounds can be used in the removal of sulfate.  In order to determine how best 
to accomplish this, the solubility of potassium sulfate was measured with variable MEA 
concentration and CO2 loading. 

Experimental 

Method 1 

The first experimental method was used by a group of undergraduate students as a special 
project in a senior laboratory course in summer 2006 (Sachde and Sivaram, 2006). 

Solutions were gravimetrically prepared with 3, 7, 11.4, and 15 m MEA (moles amine/kg 
water).  Then 10 ml of MEA solution was mixed with 1.5 g K2SO4 and agitated in a water 

bath for about 48 hours.  Four temperatures (25, 40, 60, and 80℃) were chosen within the 

operating range of the absorption-stripping system.   

Undissolved solids were collected using vacuum filtration, dried, and weighed with a 
balance.  The solids dissolved in the solution sample were also dried and weighed to 
determine residual K2SO4 to reduce error.  The filtration process was performed quickly to 
prevent the filtrate from cooling down so that no K2SO4 would precipitate out of solution. 

Method 2 

The second experimental method was used by a group of undergraduate students as a special 
project in a senior laboratory course in fall 2006 (Abesamis et al., 2006). 

7 m MEA was prepared gravimetrically as a stock solution.  100 g of this solution was 
agitated with a stir bar.  Solid K2SO4 was added to the system in 0.1 g increments.  The 
conductivity of the solution was measured with each addition.  Additions were continued 
until the solution was saturated.  Then an excess of K2SO4 was added to the solution and the 
final conductivity was measured.  A correlation of conductivity and K2SO4 concentration 
was developed from the data collected before saturation and the concentration at saturation 
was calculated with the correlation from the final measured conductivity.   

In modifications of this procedure, KOH or H2SO4 was added to the solution before the 
additions of K2SO4.   

A water bath was used to conduct these experiments at 45ºC and 60ºC. 

Method 3, CO2 loaded 

This method was used to measure loaded solutions. 

A bubbler was used to add CO2 to stock amine solutions (7 m MEA, 11m MEA, 7 m 
MEA/2m PZ, and 4m PZ).  The amounts of CO2 added into the solutions were weighed 
using a balance.  In these experiments, appropriate amounts of CO2 were added to form 
certain molal CO2 solutions.  Another way to prepare a CO2 loading solution is by adding 
KHCO3 to form specific molal KHCO3 solutions.   

50 g of the loaded solution was agitated by a stir bar during the following process.  0.1-0.4 g 
K2SO4 was sequentially added to the system and conductivity was measured with each 
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addition until the solution was saturated.  Then an excess of K2SO4 was added to the 
solution and the final conductivity was recorded.  Conductivity was correlated with K2SO4 
concentration and extrapolated to obtain the K2SO4 saturation concentration. 

In modifications of this procedure, KOH or H2SO4 was added to the solution before the 
additions of K2SO4. 

These experiments were carried at room temperature and 40ºC.  A water bath was used to 
conduct these experiments at 40ºC. 

Method 4 

This method was used to measure high CO2 loading solutions at high temperatures.   

A bubbler was used to add CO2 to stock amine solutions (7 m MEA, 11m MEA).  The 
amounts of CO2 added into the solutions were weighed by a balance.  In these experiments, 
appropriate amounts of CO2 were added to form certain molal CO2 solutions.   

First, a certain amount of K2SO4 was added into a jacketed beaker, and about 40 mL of the 
loaded solution was added and weighed.  Then the beaker was sealed with a plug.  The 
solution was agitated by a stir bar during the following process.  2-3.5 mL loaded solution 
was sequentially added to the system by Brinkmann bottle top and conductivity was 
measured with each addition.  In the beginning the solution was oversaturated with solids, 
and then got diluted.  Conductivity was correlated with K2SO4 concentration and 
extrapolated to obtain the K2SO4 saturation concentration. 

These experiments were carried at 60ºC and 80ºC.  A water bath was used to conduct these 
experiments to maintain certain temperatures. 

Examples: 

Following are experimental graph examples.  Intersections of the curves are the saturation 
points, and the solubility of K2SO4 is calculated from the two equations of the curves. 

Figure 1 gives experimental results with an increasing solubility after the saturation point. 
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y = 0.7099x2 + 49.073x + 28.499

y = 3.8213x + 36.329
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Figure 1. Conductivity dependence on concentration -1 

7 m MEA, [CO2]t=1.4 m, KOH=0.35m 

Figure 2 gives experimental results with a decreasing solubility after saturation point. 

y = -19.799x2 + 52.048x + 30.935

y = -1.1724x + 45.539
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Figure 2. Conductivity dependence on concentration -2 

7 m MEA, [CO2]t=1.4 m, H2SO4=0.15m 
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Figure 3 gives experimental results with a flat curve after the saturation point. 

y = -7.9412x2 + 12.306x + 21.103

y = 25
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Figure 3. Conductivity dependence on concentration -3 

11 m MEA, [CO2]t=5.5 m 

 

Data: 

Table 1. Solubility of K2SO4 in amine solution 

Concentration(m) 
Date T(°C) 

K+ SO4= CO2 MEA PZ 
Ia Kspexp

b 

111306 23.45 0.614 0.307 2.8 7 0 3.72 0.116 

112006 22.25 0.597 0.299 2.8 7 0 3.70 0.107 

112806 23.8 0.836 0.218 2.8 7 0 3.46 0.153 

2006 fall 25 0.112 0.056 0 7 0 0.168 0.001 

 25 0.183 0.035 0 7 0 0.162 0.001 

 25 0.112 0.112 0 7 0 0.336 0.001 

 45 0.190 0.095 0 7 0 0.285 0.003 

 45 0.270 0.038 0 7 0 0.114 0.003 

 45 0.170 0.190 0 7 0 0.570 0.005 

 60 0.150 0.074 0 7 0 0.222 0.002 
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 60 0.260 0.057 0 7 0 0.171 0.004 

 60 0.160 0.150 0 7 0 0.450 0.004 

summer 25 0.250 0.125 0 7 0 0.375 0.008 

 25 0.080 0.040 0 11.4 0 0.121 0.000 

 25 0.097 0.049 0 15 0 0.146 0.000 

 40 0.601 0.301 0 3 0 0.902 0.109 

 40 0.239 0.119 0 7 0 0.358 0.007 

 40 0.083 0.042 0 11.4 0 0.125 0.000 

 40 0.016 0.008 0 15 0 0.024 0.000 

 60 0.733 0.367 0 3 0 1.10 0.197 

 60 0.302 0.151 0 7 0 0.452 0.014 

 60 0.128 0.064 0 11.4 0 0.192 0.001 

 60 0.017 0.008 0 15 0 0.025 0.000 

 80 0.692 0.346 0 3 0 1.04 0.166 

 80 0.305 0.152 0 7 0 0.457 0.014 

 80 0.129 0.065 0 11.4 0 0.194 0.001 

 80 0.022 0.011 0 15 0 0.033 0.000 

Söhnel 20 1.268 0.634 0 0 0 1.90 1.020 

 25 1.375 0.688 0 0 0 2.06 1.300 

 30 1.477 0.738 0 0 0 2.22 1.610 

 40 1.700 0.850 0 0 0 2.55 2.456 

 50 1.899 0.950 0 0 0 2.85 3.427 

 60 2.105 1.053 0 0 0 3.16 4.665 

 70 2.301 1.150 0 0 0 3.45 6.091 

 80 2.468 1.234 0 0 0 3.70 7.519 

1.31 24.15 0.205 0.103 0 7 0 0.308 0.004 

2.5 24.6 0.119 0.060 0 11 0 0.179 0.001 

2.6 23.95 0.685 0.343 5.5 11 0 5.18 0.161 

2.12 23.95 0.756 0.378 5.5 11 0 5.28 0.216 

2.13 22.9 0.766 0.383 5.5 7 2 6.65 0.225 

2.14 24.1 0.346 0.173 2.2 7 2 2.72 0.021 
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2.20 24.8 0.539 0.270 2 0 4 2.81 0.078 

2.21 22.85 0.719 0.359 4 0 4 5.08 0.186 

2.27 40.2 0.887 0.444 5.5 11 0 6.83 0.349 

2.28 40.1 0.831 0.415 5.5 7 2 6.75 0.287 

3.5 39.95 0.742 0.371 2.2 3.7 0.8 3.31 0.204 

3.20 39.9 0.419 0.210 2.2 11 0 2.83 0.037 

3.21 40 0.618 0.309 1.4 7 0 2.33 0.118 

3.22 39.95 0.910 0.455 2.8 7 0 4.17 0.377 

3.25 39.95 0.735 0.193 1.4 7 0 2.15 0.104 

3.26 40 0.949 0.300 4.4 11 0 0.270 0.270 

3.28 40 0.594 0.122 2.2 7 2 0.043 0.043 

3.29 40 0.614 0.457 1.4 7 0 2.62 0.172 

3.30 39.85 0.678 0.489 4.4 11 0 5.72 0.225 

3.31 39.9 0.432 0.366 2.2 7 2 3.15 0.068 

4.2 39.85 0.695 0.173 1.4 7 0 2.09 0.083 

6.5 39.95 0.435 0.2175 1.88 0 Aq 2.533 0.041 

6.12 40 0.7753 0.3876 4.1678 0 Aq 5.331 0.233 

7.30 24.05 0.086 0.043 0 11 0 0.130 3.229E-04 

7.31 40.2 0.102 0.051 0 11.4 0 0.154 5.359E-04 

8.5 22 1.337 0.668 0 0 0 2.005 1.194 

8.7 45.05 1.796 0.898 0 0 0 2.693 2.895 

8.13 79.85 1.245 0.622 5.5 11 0 7.367 0.964 

8.14 79.9 1.351 0.676 2.8 7 0 4.827 1.233 

a.  I: ionic strength; 

b.  Ksp=[K+]2[SO4
=]. 

Regression 

The electrolyte-NRTL activity coefficient model in Aspen Plus® was used to regress all of 
the experimental data and get related parameters.   
τ is the energy parameter, one of the electrolyte NRTL parameters. 
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GMELCC and GMELCD are C and D, separately.  They are Electrolyte-Molecule Pair 
Parameters. 
First, regress K2SO4 solubility data in water (Söhnel, 1985) to get K-SALT of K2SO4.   
The sum of squares of this regression result is 0.403. 
Residual root mean square error is 0.284. 
Then with the K-SALT, all the GMELCD were set to be the default value of zero.  The 
experiment data were regressed to get GMELCC of all the different electrolyte pairs. 
GMELCC values were selected that had little correlation with the others.  Other parameters 
were excluded as possible to get small standard deviations and small sum of squares. 
The sum of squares of this regression result is 87061. 
Residual root mean square error is 42.15. 
The final regression result is given in Table 2.   
 
 
 

Table 2. Regression result 

Parameter Component i Component j Value (SI units) Standard 
deviation 

GMELCC/1 H2O (MEA+,SO4--) 10.45 0.17 

GMELCC/1 (K+,SO4--) H2O -4.51 0.004 

GMELCC/1 (K+,SO4--) MEA -4.49 0.07 

K-SALT/1 K2SO4(S)  -14.67 0.32 

K-SALT/2 K2SO4(S)  124.34 16.48 

K-SALT/3 K2SO4(S)  -0.916 0.047 

 

Dependence of Activity coefficient on T, CO2 loading and MEA concentration 

The electrolyte NRTL model in Aspen Plus® was used in a flash simulation with each of the 
experimental conditions to get the activity coefficients of K+ and SO4

-- and to calculate mole 
fractions of K+ and SO4

--, and the relative saturation of K2SO4.  The relative saturation is 
calculated from the equation below: 
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Figure 4. Activity coefficient of K+ and SO4
=, effect of MEA concentration 

As the concentration of MEA increases, the activity coefficient of K+ increases.   
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Figure 5. Activity coefficient of K+ and SO4

=, effect of CO2 loading 
The activity coefficient has a range of 5 when CO2 loading is 0.  It varies because of other 
conditions.  The activity coefficient of SO4

= decreases dramatically with loading. 
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Figure 6. Activity coefficient of K+ and SO4
=, effect of T 

There is no big difference among different temperatures.  Activity coefficient of SO4
= has a 

larger range than that of K+. 
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Dependence of the product of activity coefficient on T, CO2 loading and MEA 
concentration 
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Figure 7. Product of γ, effect of temperature 

There is no big difference among different temperatures.   
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Figure 8. Product of γ, effect of CO2 loading 

The product of γ has a large range when CO2 loading is 0.  It varies because of other 

conditions. 
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Figure 9. Product of γ, effect of MEA concentration 

The product of γ increases a little and then decreases when MEA concentration increases.   
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Figure 10. Product of γ, effect of MEA concentration 

The product of γ increases a little and then decreases when MEA concentration increases.   
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Dependence of relative saturation on T, CO2 loading and MEA concentration  
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Figure 11. Relative Saturation, effect of CO2 loading 

As with the dependence of activity coefficients on CO2 loading, when loading is 0, the R.S 
has a large range.  That may result from other conditions. 
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Figure 12. Relative Saturation, effect of MEA concentration 

As the concentration of MEA increases, the relative saturation increases gradually, but they 
are all above 1.  This indicates that a higher MEA concentration results in a bigger error.  
This can be predicted from the equation of R.S and the dependence of activity coefficients on 
MEA concentration. 
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Figure 13. Relative Saturation, effect of T 

There is no big difference among different temperatures.   

Conclusions 

From data regression, we get the electrolyte parameters and Ksp dependence on T.  When 
the concentration of MEA increases, the activity coefficient and relative saturation increase.  
There is no big difference among different T or CO2 loading.  The activity range of SO4

= is 
larger than that of K+. 

Future work 

More experiments by using method 4 at high temperature and high CO2 loading and modify 
the regression and flash simulation are planned.     
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Appendix 1 
Raw data: 

 
Concentrations (m) 

date T/°C Sat.  

K2SO4 
MEA PZ CO2 KOH H2SO4 

I 

111306 23.45 0.3069 7 0 2.8 0 0 3.721 

112006 22.25 0.2987 7 0 2.8 0 0 3.696 

112006 22.6 0 7 0 2.8 2.79 0 2.800 

112806 23.8 0.2182 7 0 2.8 0.4 0 3.455 

1.31 24.15 0.1025 7 0 0 0 0 0.308 

2.5 24.6 0.0597 11 0 0 0 0 0.179 

2.6 23.95 0.3426 11 0 5.5 0 0 5.178 

2.12 23.95 0.3781 11 0 5.5 0 0 5.284 

2.13 22.9 0.3829 7 2 5.5 0 0 6.649 

2.14 24.1 0.1728 7 2 2.2 0 0 2.718 

2/20 24.8 0.2695 0 4 2 0 0 2.809 

2.21 22.85 0.3594 0 4 4 0 0 5.078 

2.27 40.2 0.4437 11 0 5.5 0 0 6.831 

2.28 40.1 0.4153 7 2 5.5 0 0 6.746 

3.5 39.95 0.3710 3.7 0.8 2.2 0 0 3.313 

3.20 39.9 0.2097 11 0 2.2 0 0 2.829 

3.21 40 0.3091 7 0 1.4 0 0 2.327 

3.22 39.95 0.4551 7 0 2.8 0 0 4.165 

3.25 39.95 0.1927 7 0 1.4 0.35 0 2.153 

3.26 40 0.2995 11 0 4.4 0.35 0 5.474 

3.28 40 0.1219 7 2 2.2 0.35 0 2.741 

3.29 40 0.3070 7 0 1.4 0 0.15 2.621 

3_30 39.85 0.3392 11 0 4.4 0 0.15 5.718 

3.31 39.9 0.2158 7 2 2.2 0 0.15 3.147 

4.2 39.85 0.1726 7 0 1.4 0.35 0 2.093 
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Abstract 
Intercooling has been proposed as an alternative to increase absorber performance in the capture 
of CO2.  Analysis has been done on 11 m MEA and 4.5 m K2CO3/4.5 m piperazine absorbers 
using a double matrix stripper.  The effect of loading in the lean feed was evaluated for a simple 
absorber using the latter solvent.  Complete analysis of the effect of intercooling at different 
loading conditions allowed determination of an optimum bracket for the implementation of this 
alternative.  This optimum is related to the position of the temperature bulge within the absorber.  
Future work will focus on the development of an MEA absorber model. 

 

Introduction 
The use of intercooling to increase the performance of absorption systems has been proposed as 
a strategy as far back as the 1940s (Jackson & Sherwood, 1941).  Back then it proved to be 
advantageous, allowing for higher removal rates especially in winter, thanks to the lower cooling 
water temperature. 

Based on the absorber model developed by Chen (2007), various configurations were set up for 
4.5m K+/4.5m PZ.  Special emphasis was placed in the effect of intercooling on the performance 
of the absorber.  The effect of the position of the semilean feed was also analyzed, for systems 
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using the double matrix stripper configuration, along with the use of a second intercooling stage. 
Furthermore, the effect of intercooling on rich loading and solvent rates was examined. 

Development of the absorber model for 4.5 m K+/4.5 m PZ required the estimation of activity 
coefficient based equilibrium constants.  These were obtained using work by Chen (2007) who 
had previously obtained values for the 5 m/2.5 m and 6.4 m K+/1.6 m PZ using Aspen Plus® 
flash calculations.  Results obtained are also included. 
 

Experimental 

Activity Based Kinetics 

The new version of RateSepTM in Aspen Plus® 2006 has the capability to enter activities in terms 
of mole gamma using the power law kinetic expression: 
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where k is the pre-exponential factor (independent of temperature), n is the temperature 
exponent, E is the activation energy, T0 is the reference temperature (298.15K), xi is the fraction 
of reactant species i, γi is the activity coefficient, and αi is the reaction order for the species. 

 

Since all equilibrium constants were activity-based while the rate constants developed by 
Cullinane (2005) utilized concentration-based units, it made sense to implement activity-based 
kinetics within the model.  A simple algebraic manipulation was performed using the following 
equation: 
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where ka is the activity base rate constant, kc is the concentration based rate constant, [i] is the 
concentration of species i in units of mol/L, xi is the mole fraction, and γi is the activity 
coefficient.  The last term in the denominator represents the total molar concentration per liter of 
solvent and will be specific for a particular solvent composition and loading.  Therefore, a 
representative total molar concentration was selected and assumed to be constant across the 
column (Chen, 2007). 

The kinetics developed by Cullinane contain a correction for ionic strength that Aspen is not able 
to implement directly. Chen (2007) implemented this correction using data at a loading of 0.50 
and 40oC.  This was also used to generate the 4.5 m K+/4.5 m PZ kinetics.  Tables 1 through 3 
show the results obtained for the Activity-Based Rate Parameters as inputted into Aspen Plus® 
Rate Sep™. 
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Table 1. Activity-Based Rate Parameters for formation of PZCOO- for .5 m K+/4.5 m PZ 
Forward Reverse 

b* 

k x 1010 E 
(KJ/kmol) n k  E 

(KJ/kmol) n 

OH- 28.11 -67,847 34.75 2.12 x 10-2  246,966 -38.02 

H2O 0.0127 -42,414 23.48 2.93 x 1012  160,611 -26.81 

PZ 3.25 -155,841 53.66 6.12 x 102  325,276 -66.41 

CO3
-2 17.64 -105,880 53.25 3.42 x 103  200,502 -32.53 

PZCOO- 10.40 -51,821 28.72 6.12 x 102  325,276 -66.41 

*b corresponds to PZ + CO2+b↔PZCOO- + bH+ 

Table 2. Activity-Based Rate Parameters formation of PZ(COO-)2 for 4.5 m K+/4.5 m PZ 
Forward Reverse 

b* 

k x 1012 E 
(KJ/kmol) n k  E 

(KJ/kmol) n 

H2O 0.0039 61,606 -1.46 2.22 x 1013  78,135 -1.46 

PZ 2.02 -51,821 28.72 9.45 x 103  242,800 -41.06 

CO3
-2 5.39 -1,860 28.31 2.59 x 104  118,027 -7.18 

PZCOO- 0.0065 52,199 3.78 2.07 x 104 116,084 3.78 

*b corresponds to PZCOO- + CO2+b↔PZ(COO-)2 + bH+ 

Table 3. Activity-Based Rate Parameters for the formation of HCO3
- for .5 m K+/4.5 m PZ 

Forward Reverse 
a* b* 

k x 1012 E 
(KJ/kmol) n k E 

(KJ/kmol) n 

-- OH- 5.28 x 10-6 54,758 5.24 2.18 x 10-3 66,014 19.54 

H2O PZ 2.27 x 10-8 -30,856 24.15 2.35 146,702 -8.85 

H2O PZCOO- 1.04 x 10-8 73,163 -0.79 7.39 19,986 35.99 

*b corresponds to a+CO2+b↔HCO3
- + bH+ . (OH- does not form bH+) 
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Intercooling and the double matrix system 

One of the proposed stripper configurations by Oyenekan (2007) results in two feed streams 
returning to the absorber.  The lean feed is has the lowest loading and comes from the bottom of 
the second stripper.  The semilean feed is at a mid-range loading between the lean and the rich 
and flows back to the absorber from the first stripper.  In this work an analysis of the behavior of 
the absorber for this system was conducted.  An optimization to maximize CO2 removal was set 
up using a fixed packing height and varying the position of the semilean feed and an additional 
intercooling point.  Flue gas conditions were taken from a study case provided by Trimeric.  
Table 4 presents the conditions of the flue gas used for the modeling analysis. 

Table 4. Flue gas conditions used for simulation cases 

Variable Value 

Flow (kmol/s) 5.4879 

Temperature (oC) 40.0 

Pressure (kPa) 111.33 

Mol fraction 

H2O 0.0670 

CO2 0.1270 

N2 0.7569 

O2 0.0491 

 

Results from the stripper analysis provided a loading (moles of CO2/moles of alkalinity) of 
0.4012 for the lean stream and 0.4598 for the semilean stream.  The flow split between the 
streams was 0.1850(mol semilean/mol lean).  These values correspond to 0.5 kPa partial pressure 
of CO2 in the lean stream.  Table 5 summarizes the design conditions for the absorber.  

Table 5. Absorber design conditions for all K+/PZ modeling cases 

Variable Value 

Diameter (m) 9.8 

Height (m) 15.0 

Packing Characteristics  

Type CMR 

Vendor MTL 

Material Metal 

Dimension NO-2P 

Liquid hold up (%) 5 
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Initially, the position of the semilean feed was optimized without any type of cooling (Figure 1). 
It is possible to see that the change in the position of the semilean feed does not vary 
considerably the performance of the absorber.  Efficiency remains around 81% removal and 
decreases as the feed is placed close to the extremes of the absorber.  The optimum was found at 
a third from the top of the column Figure 2 shows the resulting liquid temperature and CO2 rate 
profile. 

Figure 1. Change in CO2 removal due to semilean feed position with no intercooling for the 
4.5m/4.5 m K2CO3/PZ system.  0.5 kPa CO2 lean solvent. 
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Figure 2. Temperature and CO2 rate profiles for absorber with semilean feed at 0.30 
column height no intercooling. Solvent 4.5 m/4.5 m K2CO3/PZ. 0.5 kPa CO2 lean solvent. 
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Intercooling was set up so the selected stage would reach 40°C which has been established as a 
minimum temperature using cooling water.  Initially, it was considered only for the stage in 
which the semilean stream was fed into the column.  The idea was to reduce the irreversibility 
generated by the difference in temperature between the semilean feed and the liquid at the point 
of entry.  The optimum semilean feed position changed from the upper half of the column to the 
lower third.  (See Figures 3 and 4) 

Figure 3. Change in CO2 removal due to change in intercooled semilean feed position for 
4.5 m/4.5 m K2CO3/PZ. 0.5 kPa CO2 lean solvent. 
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Figure 4. Temperature and CO2 rate profiles for absorber with semilean feed and 

intercooling at 0.70 col. height. Solvent 4.5 m/4.5 m K2CO3/PZ. 0.5 kPa CO2 lean solvent. 
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An additional intercooling stage was proposed to increase performance.  CO2 removal vs. 
position of the 2nd intercooling was plotted to determine the optimum placement.  The semilean 
feed was fixed as well as the first intercooling.  Figures 5 and 6 show the removal results and the 
final profile obtained after the optimization. 

An absorber intercooling analysis was set up with additional conditions provided for the stripper 
using a higher loading lean solvent corresponding to 0.7 kPa CO2 partial pressure.  The lean 
solvent loading was 0.4208, the semilean was 0.4743 and the split was 0.1453.  Results for each 
the various operating conditions modeled are presented in Table 6.  

 

Table 6. CO2 removal results for K2CO3/PZ absorber configurations  

CO2 Pressure in lean Solvent 0.5 kPa  0.7 kPa  
Intercooling CO2 Removal (%) 

None 81.41 71.62 

Single 91.29 82.93 

Double 92.67 84.38 

 

Figure 5. Change in CO2 removal due to change in 2nd intercooling stage with fixed 
semilean feed position for 4.5 m/4.5 m K2CO3/PZ. 0.5 kPa CO2 lean solvent. 
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Figure 6. Temperature and CO2 rate profiles for absorber with intercooled semilean feed at 
0.70 and intercooling at 0.90 column height.  Solvent 4.5 m/4.5 m K2CO3/PZ. 0.5 kPa CO2 

lean solvent. 
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The initial absorber setup presented a pinch towards the bottom of the column when no 
intercooling was used.  The intercooled semilean feed breaks that pinch, allowing the column to 
reach higher removal (around 9% more).  The addition of a second intercooling stage allowed the 
absorber to increase performance by delaying the approach to a pinch at the bottom of the 
column.  Thus, double intercooling improves removal of carbon dioxide by around 12%.  

By using double intercooling it is possible to reach more than 90% removal with the 0.5 kPa CO2 
lean 4.5/4.5 m K+/PZ.  Results for the 0.7 kPa lean loading case show that supplementary 
operating schemes are required to reach desirable performance.  It might be necessary to 
consider an additional intercooling stage and/or alternatives that provide higher liquid hold up 
thus providing higher reaction times.  

 

Effect of Intercooling on solvent capacity and rich loading 

Lean solvent loading was varied to determine the effect on solvent capacity and rich loading for 
a simple absorber system with a single feed.  Solvent capacity is defined as the kilograms of CO2 
removed per kg solvent feed.   
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Intercooling was set up in a similar matter to the previous analysis.  It was placed in the middle 
of the column and at the optimum point (minimum amount of solvent for the level of lean 
loading).  The flue gas and absorber specifications are the same as in Tables 4 and 5.  Figures 7 
and 8 show the results obtained for this analysis. 

 

Figure 7. Change in solvent capacity vs. lean loading.  Solvent 4.5 m/4.5 m K2CO3/PZ. 
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The optimum curve and the Z/ZTotal = 0.5 curve overlap along the studied range. This allows us 
to conclude that the position of the intercooling stage does not seem to have a significant effect 
on the performance of the column.   

For the proposed absorber conditions, the use of intercooling improves solvent capacity 
especially for lean loadings between 0.27 and 0.40.  As Figures 8 and 9 show, the use of 
intercooling for high loading lean feeds is not especially beneficial due to the fact that there is a 
limited temperature increase in the absorber.  The higher solvent flow due to the increased 
loading buffers any temperature increase due to reaction.  The heat is absorbed by the solvent 
thanks to its heat capacity.  Thus, mass transfer is not limited by the increase of temperature. 

On the other hand, lean loading solvent feeds (Figures 10 and 11) show a large increase in 
solvent temperature towards the top of the column.  The low CO2 content in the solvent offers an 
initial high driving force that allows for increased reaction rates at the top that cause temperature 
increase.  The lower solvent rates are not capable of absorbing all the generated heat and the 
column presents an abrupt top-of-column temperature bulge (around 70ºC).  As temperature 
increases the mass transfer becomes a limiting factor, yet most of the CO2 has already been 
absorbed so the bottom of the column does not have much reaction.  As Figure 11 shows, the use 
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of intercooling does not provide a considerable benefit in performance.  Figure 10 shows that the 
CO2 rate profile obtained without intercooling does not differ much from the former.   

Figure 8. Temperature and CO2 rate profiles for absorber. 4.5 m/4.5 m K2CO3/PZ with a 
loading of 0.44.  
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Figure 9. Temperature and CO2 rate profiles for absorber with intercooling at 0.50 column 

height.  4.5 m/4.5 m K2CO3/PZ with a loading of 0.44.  
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Figure 10. Temperature and CO2 rate profiles for absorber. Solvent 4.5 m/4.5 m K2CO3/PZ 
with a loading of 0.21. 
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Figure 11. Temperature and CO2 rate profiles for absorber with intercooling at 0.50 

column height. 4.5 m/4.5 m K2CO3 PZ with a loading of 0.21.  
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Figure 12. Change in rich loading vs. lean loading.  Solvent 4.5 m/4.5 m K2CO3/PZ. 
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Figure 12 shows the behavior of the rich loading with respect to lean loading.  Intercooling 
proves to be especially beneficial in the previously mentioned range (0.27-0.40).  The higher 
loading rich loading will allow for less energy consumption in the stripper. Thus, intercooling 
can offer an improvement in stripper performance. 

 

Conclusions 

It is possible to model different K+/PZ solvent compositions using the model developed by Chen.  
However, it is necessary to change the activity-based rate parameters introduced in the kinetics 
power law in order to account for the change in solvent composition. 

Intercooling proves to be an interesting option to improve performance of the absorber.  It is 
capable of increasing removal by as much as 10% for the double matrix system.  In this 
configuration adequate positioning of the intercooled semilean feed and the additional 
intercooling assure the best possible performance of the column. 

For a simple absorber system the use of intercooling allows for an increase in solvent capacity as 
high as 45%.  Nonetheless, this effect is not considerable for operations outside the range of 0.27 
to 0.40 loading for the lean feed.  Operation within this loading bracket will offer a benefit in 
energy consumption in the stripper thanks to the higher loading rich loading obtained from the 
absorber.   

Finally, intercooling was analyzed at fixed packing conditions.  Based on the results obtained, it 
is worth analyzing its benefits at different packing heights and types of packing. 
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Introduction 
Previous work in the area of stripper modeling developed independent stripper models which 
could be used in conjunction with absorber models to predict the behavior of the system.  
However, this modeling limited the potential of the system because inlet and outlet conditions 
for each section were specified in order to generate results.  The chosen conditions were 
reasonable to produce good results, but the performances of the individual sections were not 
taken into account to adjust the inlet/outlet conditions. 

This work focuses on the development of a system model capable of predicting the interaction 
between the individual sections.  The optimization in the stripper section takes place while 
integrating the feedback from the absorber and cross exchange sections. 

RateSepTM Stripper Model 
In order to integrate the stripper section with the absorber section, the two models had to be in 
the same software.  Therefore, a stripper was developed in Aspen Plus® since a robust absorber 
model already existed.  The stripper designed in Aspen Plus® was to have a design identical to 
the double matrix stripper in the equilibrium ACM model.  The configuration in the ACM model 
was the specified design proposed by Oyenekan.  The design incorporated two separate strippers 
with different pressures and a split feed.  The pressure in the first stripper was higher than the 
pressure in the second stripper (Oyenekan, 2006).  This configuration was advantageous because 
it realized the benefits of high pressure stripping.  Additionally, "free stripping" was 
accomplished by feeding the cool, minor feed stream to the top of the low-pressure absorber to 
contact the rising vapor stream, which had a high water mole fraction.  The cool liquid 
exchanged water in the vapor phase for CO2 from the liquid phase.  Lastly, the overall 
irreversibility of the process was reduced by utilizing two strippers to decrease the pressure from 
stripper operation to absorber operation more gradually.  This configuration is summarized in 
Figure 1.The previous equilibrium ACM model simulated 4.5m K+/4.5m PZ; however, at the 
time this model was created in Aspen Plus®, there was uncertainty in the solubility of potassium 
bicarbonate and piperazine solids to such a high concentration.  For this reason, the solvent for 
the Aspen Plus® stripper model was changed to 4m K+/4m PZ.  Similar to the ACM model, the 
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new model in Aspen Plus® used equilibrium stages for its calculations.  The first, high-pressure 
stripper was modeled with two 100% efficient equilibrium stages: a flash stage and a reboiler 
stage.  The second, low-pressure stripper contains two sections.  The top section was modeled 
with three 40% efficient equilibrium stages.  The bottom section was modeled identically to the 
first stripper: a 100% efficient flash stage and a 100% efficient reboiler stage. 

The compression section consisted of a multistage compression train with intercooling to 313K.  
The gas from the low-pressure stripper was fed to the first stage and compressed to the pressure 
in the high-pressure stripper.  After cooling, the gas from the first compressor was combined 
with the gas from the high-pressure stripper, and the mixture was compressed to the final 
pressure.  The products from this section included the compressed CO2 product and the water 
knockout to recycle back to the system. 
 

   

295  kPa 
160  kPa 

96 C 
91 C 

96 C 

. 

Lean   

Semi   -   lean   

. Rich   

CO 2     

High P 
Low P 

 
Figure 1. Double Matrix Stripper Configuration 

The stripper and compression sections were constructed with several design specifications.  The 
reboiler duties of the strippers were specified to achieve the desired lean stream loading and 
equal reboiler temperatures.  Additionally, five degree cold-side approaches were specified for 
the two cross heat exchangers.  A five degree approach for each liquid flow was accomplished in 
Aspen Plus® by varying the temperature of the respective feed stream to the stripper until the 
inlet and outlet streams had a five degree differential. Initial guesses of the steam temperatures 
were drawn from the ACM model results, and the Aspen Plus® model was evaluated using flows 
and loadings equal to those in the ACM model.  
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System model 

The Aspen Plus® double matrix stripper model was developed until it consistently converged 
and predicted system conditions as well as equivalent work estimates.  The operational stripper 
and compression sections were imported to the absorber model developed by Plaza.  The 
absorber block used rigorous rate calculations in RateSepTM to predict its performance.  The 
absorber utilized intercooling in two stages to increase the rates with lower temperatures.  The 
absorber model also included the cross exchange section. 

The only alteration to the absorber model in this work was the addition of design specifications 
which defined stage temperatures of 40°C where intercooling was present.  The new model with 
the independent absorber and stripper sections was initially sensitive to linking the appropriate 
streams in certain orders.  The successful method was determined to require connection of the 
semilean streams first because their flows were smaller and small changes due to connections 
had less impact on the system.  Following convergence of the two minor flow streams, the two 
major flow streams were connected.  The only stream which was not recycled to the absorber 
was the lean stream. 

The recycle was essentially balanced by including a design specification to replace the 
specification for the loading of the lean stream exiting the stripper.  The new specification varied 
the duty of the reboiler in the second stripper so that the total flow of CO2 in the lean stream 
returning to the absorber equaled total flow of CO2 entering the absorber in its lean stream.  This 
specification ensured a close on the CO2 mass balance, but water and solvent losses were 
neglected due to their calculated volatility in the stripper.   

A major change made to the flowsheet was the final compression pressure for the multistage 
compressor.  Initially the compressor was designed to compress to 10 MPa, but this pressure was 
above the critical pressure for CO2, and the model often crashed while attempting to perform the 
flash calculations in this region.  The compressor was specified to reach only 1 MPa, a 
subcritical CO2 pressure, which enhanced the stability of the simulation.  Another contributor to 
instability of the multistage compressor was the presence of piperazine in the vapor, so a block 
was added to remove piperazine from the overhead vapors of the strippers.  The model calculated 
that there would be some solvent volatility, but in reality there would be no piperazine in the 
vapor phase, so the block helps the gas reflect what would occur in a real plant.  Another 
stabilization technique used for the model was the replacement of cross heat exchangers.  In the 
process of converging the design specifications in the model, Aspen Plus® would often guess an 
outlet temperature for a heat exchanger which would result in a temperature crossover.  The 
program would attempt to recover, but the errors snowballed until a fatal error occurred.  
Substituting each heat exchanger for a heater and a cooler with a heat stream from the cooler to 
the heater allowed for temporary temperature crossover during convergence, thus preventing 
errors.  The new flowsheet did not produce temperature crossovers in the final results.  The 
complete flowsheet is shown in Figure 2.  
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Figure 2. CO2 Removal Configuration with Double Matrix Stripper 

Running the various simulations with the integrated flowsheet used different specifications than 
when running the independent absorber and stripper simulations.  In previous work when the 
absorber and stripper models were separate, rich and lean loadings were chosen to approximate 
90% removal in the absorber.  These loadings corresponded to CO2 equilibrium partial pressures 
of 5 kPa and 0.5 kPa at 40°C.  The specific loadings were then used as specifications for both 
models. However, the chosen loadings only approximated 90% removal since the absorber was 
neither an equilibrium process nor operating at exactly 40°C.  Since the integrated flowsheet 
simultaneously calculated the performances of the absorber, cross exchange, compression, and 
stripper sections, the loadings could be optimized to reduce the energy requirement while 
maintaining 90% removal of CO2 in the flue gas. 

In addition to the configuration with the intercooled absorber and double matrix stripper, an 
alternate flowsheet was constructed using an absorber with no intercooling and a simple stripper.  
This simplified process was to be used as a "worst-case scenario" to compare to the performance 
of the more advanced configuration. 

Design Specifications and Calculations 
The lean loading, among several other variables, was an input specification for the flowsheet.  
For any given lean loading, the absorber liquid feed flow rate was varied to achieve 90% 
removal in the absorber with the packing held constant at 15 meters.  This calculation provided a 
rich stream to the stripper section.  The CO2 content of the lean stream exiting the low-pressure 
stripper was specified to match that of the lean stream entering the absorber.  This specification 
was satisfied by varying the reboiler duty in the low-pressure stripper.  Next, the reboiler 
temperatures in the two strippers were set to be equal by varying the reboiler duty of the high-
pressure stripper.  The cold side five degree approach in the lean exchanger was satisfied by 
varying the outlet temperature feeding to the high-pressure stripper.  Finally, the cold side five 
degree approach in the semilean exchanger was satisfied by varying the outlet temperature 

 

Semilean return 

Lean return 

H2O 
return 

CO2 
product 

Absorber 
Section 

Cross Exchange 
Section 

Stripper 
Section 

Compression 
Section 

Gas out 

Gas in 

Lean in 

3501



feeding to the top of the low-pressure stripper.  After the model converged, the total equivalent 
work was calculated from the work requirements of the reboilers, pumps, and compressors: 
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Using these calculations, the equivalent work of the process was minimized by determining the 
optimal lean feed loading, split ratio, and operating pressure of the high-pressure stripper.  The 
response of the equivalent work to each of the three variables had a quadratic pattern in a range 
near the optimum.  The loading and split ratio in this work were defined as: 

2mol CO
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In addition to optimizing the equivalent work, the sensitivity of the work requirement was 
determined with respect to changes in the normalized variables, χi, defined as: 

i
i opt

i

x
x

χ =     (5) 

where xi was defined as each of the three optimization variables: loading, split ratio, and 
maximum pressure.  The sensitivities were calculated in terms of the concavities of the 
equivalent work curves with respect to the normalized variables. 

Results 

The minimum total equivalent work was found for both the double matrix case and the simple 
stripper case.  The simple stripper model was only optimized with respect to loading.  Changing 
the pressure of the simple stripper would have resulted in a meaningless comparison between the 
double matrix and simple stripper cases.  Optimizing the maximum pressure in the double matrix 
case was essentially optimizing the pressure ratio between the two strippers, but the base 
pressure of 160 kPa did not change.  Since there was no split ratio or "pressure ratio" variable in 
the simple stripper case, only the loading was optimized. 

Table 1 shows the optimal values of the variables for separation as well as the equivalent work 
for the subsequent compression to 1MPa and 10MPa.  The optimal loadings in both cases were 
relatively close to the lean loading used with the previous equilibrium ACM model to achieve 
90% removal, which was 0.401.  The savings from using a double matrix stripper section and 
intercooling in the absorber over a simple stripper and no intercooling in the absorber when 
compressing to 1MPa and 10MPa is 6.6% and 5.3%, respectively. 
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Table 1. Comparison of Equivalent Work of Double Matrix Stripper with Intercooled 
Absorber and Simple Stripper with No Intercooling in Absorber 

 Matrix Simple 
Lean Loading (mol CO2/molalk) 0.385 0.397 

Pressure (kPa) 265 - 
Split 0.305 - 

Equivalent Work (kJ/gmol CO2, to 1MPa) 31.48 33.71 
Equivalent Work (kJ/gmol CO2, to 10MPa) 39.73 41.96 

The sensitivity of the total equivalent work to each of the variables was also calculated.  Table 2 
shows the sensitivity of each variable for both cases in the form of a dimensionless second 
derivative, where χi is the variable in question normalized by the optimum value of the variable. 

Table 2. Sensitivity of Equivalent Work to Optimization Variables Expressed as 
2

2
i

d W
dχ

 

 Matrix Simple 
Lean Loading (mol CO2/molalk) 352 430 

Pressure (kPa) 7.89 - 
Split 1.96 - 

In the double matrix case, the equivalent work is much more sensitive to relative changes in 
loading compared to the pressure and split.  Split ratio has a definite optimum, but the optimum 
is very flat.  The sensitivity of the equivalent work to the variables in the double matrix case is 
expressed visually in Figure 3, plotting the equivalent work as a function of the three normalized 
optimization variables.  When the loading drifts away from the optimum, the equivalent work 
increases much more drastically than the pressure and split ratio. 
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Figure 3. Comparison of Sensitivity of Equivalent Work to the Optimized Variables (4 m 

K+/4 m PZ, intercooled absorber, double matrix stripper, compression to 1MPa) 
The benefits and practicality of a cold side temperature approach as opposed to a hot side 
temperature approach were investigated in this work.  Previous simulations which only included 
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the stripper section specified a hot side temperature approach since the heat exchangers were not 
modeled.  Since this model was fully comprehensive, the difference between using hot side and 
cold side approaches could be quantified.  The two cases for the main flow heat exchanger are 
presented in Table 3. 

Table 3. Total Equivalent Work and Exchanger Profile with Five Degree Approach 
Specified on Hot Side vs. Cold Side (compression to 1MPa, main flow exchanger) 

 Cold Side Hot Side 
Equivalent Work (kJ/gmol CO2) 31.49 27.49 

Lean out (°C) 46.0 40.4 
Rich in (°C) 41.0 41.0 
ΔT1 (°C) 5.0 -0.6 

Lean in (°C) 107.4 107.4 
Rich out (°C) 97.2 102.4 
ΔT2 (°C) 10.2 5.0 

The change in flow and composition after passing through the stripper section changes the heat 
capacity of the liquid stream.  Cross exchanging the rich stream with the lean stream, therefore, 
yields unequal temperature changes in the two streams.  The five degree cold side approach is 
feasible but it corresponds to a ten degree hot side approach.  The five degree hot side approach, 
on the other hand, is infeasible because a temperature crossover exists.  The equivalent work 
decreases with lower temperature approaches, but the size and cost of an exchanger to achieve a 
lower temperature approaches would go up dramatically. 

The base pressure of 160 kPa was suggested from previous work because non-vacuum stripping 
works better for solvents with high heats of absorption like 4 m K+/4 m PZ.  In this work, the 
base pressure in the simple stripper model was varied to determine if 160 kPa is the ideal 
condition.  This analysis is displayed in Figure 4.  

The optimum equivalent work occurred using a base pressure of 120 kPa, but the work 
requirement only decreased by 0.44%.  There was a definite decrease in equivalent work; 
however, the change was not significant compared to the previous value using 160 kPa.  If the 
base pressure we added to the list of optimization variables for the double matrix stripper 
analysis, the work requirement could potentially decrease like the simple stripper case, but this 
work suggests that the change would be small. 
 

3504



33.55

33.6

33.65

33.7

33.75

33.8

80 100 120 140 160 180

Base Pressure (kPa)

Eq
ui

va
le

nt
 W

or
k 

(k
J/

gm
ol

 C
O

2)

 
Figure 4. Effect of Base Pressure on Equivalent Work (4 m K+/4 m PZ, non-intercooled 

absorber, simple stripper, compression to 1MPa) 
Other solvents in previous work yielded lower values for equivalent work than 4m K+/4m PZ, 
but their models were not known to be accurate, and the results were merely approximations.  
The 4m K+/4m PZ solvent had the best performance of the solvents with good models.  
Additionally, the double matrix arrangement performed better than the other novel 
configurations for practically all solvents.  With the previous research at this point, the 
documented results for the 4m K+/4m PZ solvent using the intercooled absorber and double 
matrix stripper configuration are the expected best case scenario.   

Conclusions 
1. A model was constructed in Aspen Plus® to simulate a stripper section for CO2 removal.  

The model was combined with a previous absorber model to simulate the performance of 
a total absorption/stripping system. 

2. Separating CO2 with a double matrix stripper section and intercooling in the absorber  
2. instead of a simple stripper and no intercooling in the absorber when compressing to 

1MPa and 10MPa improves total equivalent work 6.6% and 5.3%, respectively. 

3. The work requirement of the system is most sensitive to the lean loading, followed by the 
maximum stripping pressure, and least affected by the split ratio. 

4. A five degree cold side approach is equivalent to a ten degree hot side approach, and a 
five degree hot side approach would result in a temperature crossover in the heat 
exchanger. 

5. The base stripping pressure could potentially be optimized, but the realized benefits 
would probably be insignificant. 
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Figure 5. Labeled Diagram of Double Matrix Configuration in Aspen Plus® 
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; 
;Input Summary created by Aspen Plus Rel. 20.0 at 15:19:58 Wed 
Aug 1, 2007 
;Directory A¬€|ÿÿÿÿ 
  Filename C:\DOCUME~1\David\LOCALS~1\Temp\~apd6.tmp 
; 
 
 
TITLE 'PZ, K2CO3, H2O and CO2 Absorber Model'  
 
IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=psi 
TEMPERATURE=C  & 
        PDROP='N/sqm'  
 
OUT-UNITS MET DENSITY='kg/cum' ENERGY=kWhr 
ENTHALPY='J/kmol'  & 
        ENTROPY='J/kmol-K' VOLUME-FLOW='cum/hr' 
ENTHALPY-FLO=kW  & 
        MOLE-HEAT-CA='J/kmol-K' HEAT-TRANS-C='kcal/hr-
sqm-K'  & 
        PRESSURE=kPa TEMPERATURE=C VOLUME=cum 
DELTA-T=C  & 
        HEAD=meter MOLE-DENSITY='kmol/cum' MASS-
DENSITY='kg/cum'  & 
        MOLE-ENTHALP='J/kmol' MASS-ENTHALP='J/kg'  & 
        MOLE-ENTROPY='J/kmol-K' MASS-ENTROPY='J/kg-K'  
& 
        MASS-HEAT-CA='J/kg-K' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP='kg/sqcm' VOL-HEAT-CAP='J/cum-K'  
 
DEF-STREAMS CONVEN ALL  
 
SIM-OPTIONS  
    IN-UNITS ENG  
    SIM-OPTIONS NPHASE=2  
 
RUN-CONTROL MAX-TIME=1000.  
 
DESCRIPTION " 
    Electrolytes Simulation with Metric Units :  
    C, bar, kg/hr, kmol/hr, MMkcal/hr, cum/hr.  
       
    Property Method: ELECNRTL  
       
    Flow basis for input: Mole  
       
    Stream report composition: Mole flow  
       
    COPYRIGHT, THE UNIVERSITY OF TEXAS, 2004  
    DEVELOPED BY ERIC CHEN (2006)  
    " 
 
DATABANKS ASPENPCD  / AQUEOUS  / SOLIDS  / 
INORGANIC  /  & 
        PURE11  
 
PROP-SOURCES ASPENPCD  / AQUEOUS  / SOLIDS  / 
INORGANIC  /  & 
        PURE11  
 
COMPONENTS  
    H2O H2O /  
    K2CO3 K2CO3 /  
    KHCO3 KHCO3 /  
    PZ C4H10N2 /  
    K+ K+ /  
    H3O+ H3O+ /  
    CO2 CO2 /  
    HCO3- HCO3- /  

    OH- OH- /  
    CO3--2 CO3-2 /  
    PZH+ /  
    PZCOO- /  
    PZCOO-2 /  
    HPZCOO /  
    N2 N2 /  
    O2 O2  
 
ADA-SETUP  
    ADA-SETUP PROCEDURE=REL9  
 
HENRY-COMPS GLOBAL CO2 N2  
 
CHEMISTRY GLOBAL  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PARAM TAPP=0.  
    DISS K2CO3 K+ 2 / CO3--2 1  
    DISS KHCO3 K+ 1 / HCO3- 1  
    STOIC 1 H2O -2 / H3O+ 1 / OH- 1  
    STOIC 2 CO2 -1 / H2O -2 / H3O+ 1 / HCO3- 1  
    STOIC 3 HCO3- -1 / H2O -1 / H3O+ 1 / CO3--2 1  
    STOIC 4 PZH+ -1. / H2O -1. / PZ 1. / H3O+ 1.  
    STOIC 5 PZ -1. / HCO3- -1. / PZCOO- 1. / H2O 1.  
    STOIC 6 PZCOO- -1. / HCO3- -1. / PZCOO-2 1. / H2O 1.  
    STOIC 7 HPZCOO -1. / PZ -1. / PZCOO- 1. / PZH+ 1.  
    K-STOIC 1 A=132.89888 B=-13445.9 C=-22.4773 D=0  
    K-STOIC 2 A=231.465439 B=-12092.1 C=-36.7816 D=0  
    K-STOIC 3 A=216.05043 B=-12431.7 C=-35.4819 D=0  
    K-STOIC 4 A=481.945 B=-33448.7 C=-69.7827 D=0.  
    K-STOIC 5 A=-609.969 B=36511.7 C=87.075  
    K-STOIC 6 A=-251.395 B=14080.2 C=36.7818  
    K-STOIC 7 A=-488.753 B=27752.8 C=69.7831  
 
FLOWSHEET  
    BLOCK ABS-1 IN=GASIN ABSLEAN SEMILEAN 
OUT=GASOUT ABSRICH  
    BLOCK P-4 IN=E1RICH OUT=P1RICH  
    BLOCK FILTER-1 IN=ABSRICHP OUT=FABSRICH  
    BLOCK E-2 IN=EABSLEAN OUT=ABSLE  
    BLOCK P-3 IN=STRLEAN OUT=ESTRLEAN  
    BLOCK E-1 IN=ABSLEAN1 OUT=SEMILEAN  
    BLOCK P-2 IN=STRSLEAN OUT=STSLEANP  
    BLOCK SP-1 IN=FABSRICH OUT=E1RICH E2RICH  
    BLOCK P-1 IN=ABSRICH OUT=ABSRICHP  
    BLOCK FLASH2 IN=LP2 STR1VAP OUT=MIX2 WKO1  
    BLOCK FLASH1 IN=LPC OUT=LPC2 WKO0  
    BLOCK MULTISTA IN=MCOMPIN OUT=PRODUCT 
WKO3 WKO4  
    BLOCK LPCOMP IN=LPC2 OUT=LP2  
    BLOCK COOLER IN=STR2VAP OUT=LPC  
    BLOCK WKOMIX IN=WKO3 WKO4 WKO1 WKO0 
OUT=WKOT  
    BLOCK LP IN=STR1LN STR2RICH OUT=STR2VAP 
STRLEAN STRSLEAN  
    BLOCK HP IN=STR1RICH OUT=STR1VAP STR1LN  
    BLOCK H2OMIX IN=ABSLE OUT=ABSLEANT  
    BLOCK EX1-H IN=STSLEANP EX1-Q OUT=ABSLEAN1  
    BLOCK EX1-C IN=E2RICH OUT=STR2RICH EX1-Q  
    BLOCK PZSEP IN=MIX2 OUT=MCOMPIN COMPPZ  
    BLOCK EX2-H IN=ESTRLEAN EX2-Q OUT=EABSLEAN  
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    BLOCK EX2-C IN=P1RICH OUT=STR1RICH EX2-Q  
 
PROPERTIES ELECNRTL HENRY-COMPS=GLOBAL 
CHEMISTRY=GLOBAL  & 
        TRUE-COMPS=YES  
    PROPERTIES BWRS / NRTL-RK  
 
PROP-DATA DATA4 
    IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=psi 
TEMPERATURE=C  & 
        MOLE-ENTHALP='kJ/kmol' MOLE-ENTROPY='cal/mol-K'  
& 
        PDROP='N/sqm'  
    PROP-LIST CHARGE / IONTYP / MW / S025E / DHAQFM  
    PVAL PZH+ 1.0 / 1.0 / 87.1469 / -104.8126015 /  & 
        -127501.9726  
    PVAL PZCOO- -1.0 / 3.0 / 129.1411 / -54.44301138 /  & 
        -516263.271  
    PVAL PZCOO-2 -2.0 / 3.0 / 172.1432 / -4.07342124 /  & 
        -948131.9438  
    PROP-LIST CHARGE / IONTYP / MW / S025E / DHFORM  
    PVAL HPZCOO 0 / 1.0 / 130.149 / -54.44301138 /  & 
        -563441.2936  
 
PROP-DATA DATA4 
    IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=bar 
TEMPERATURE=C  & 
        MOLE-VOLUME='cc/mol' PDROP='N/sqm'  
    PROP-LIST DGAQHG / DHAQHG / S25HG / OMEGHG / PC 
/ TB /  & 
        TC / ZC / VC / VB / RKTZRA / VLSTD / VCRKT  
    PVAL PZH+ -90983047 / -100550000 / -470917.11 / 
941008655 / & 
        29.6882 / 68.75 / 234.25 / 0.26 / 369.445 / 140.903 / & 
        0.25 / 0 / 250  
    PVAL PZCOO- -490608390 / -542140000 / -400779.86 /  & 
        1285873220 / 29.6882 / 68.75 / 234.25 / 0.26 /  & 
        369.445 / 140.903 / 0.25 / 0 / 250  
    PVAL PZCOO-2 -879555097 / -971930000 / -326881.53 /  & 
        1852863480 / 29.6882 / 68.75 / 234.25 / 0.26 /  & 
        369.445 / 140.903 / 0.25 / 0 / 250  
    PVAL HPZCOO -533467731 / -589500000 / -415875.14 /  & 
        772152519 / 29.6882 / 68.75 / 234.25 / 0.26 /  & 
        369.445 / 140.9030000 / 0.25 / 0.0 / 250  
 
PROP-DATA PZ 
    IN-UNITS SI MOLE-FLOW='mol/hr' PRESSURE=psi 
TEMPERATURE=C  & 
        PDROP='N/sqm'  
    PROP-LIST VB  
    PVAL PZ 0.129371  
 
PROP-DATA REVIEW-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST DHFORM / DHVLB  
    PVAL PZ 3.917072705 / 9.999355116  
 
PROP-DATA REVIEW-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 

        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' MOLE-VOLUME='cum/kmol' 
HEAT=MMkcal  & 
        MOLE-CONC='mol/l' PDROP=bar  
    PROP-LIST VB  
    PVAL PZ 0.129371  
 
PROP-DATA CPAQ0-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST CPAQ0  
    PVAL PZH+ 164.050109 0.071015035 0  
    PVAL PZCOO- 172.9708577 0.136649939 0  
    PVAL PZCOO-2 226.7359101 0.183885705 0  
 
PROP-DATA CPDIEC-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST CPDIEC  
    PVAL PZ 4.25304 1532.20 298.15  
 
PROP-DATA CPIG-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST CPIG  
    PVAL CO3--2 -1.054000669 0.0 0 0 0 0 -273.15 726.85  & 
        7.943059138 5.08E-03 1.5  
    PVAL PZH+ -1.054000669 0 0 0 0 0 -273.15 726.85  & 
        7.943059138 5.08E-03 1.5  
    PVAL PZCOO- -1.054000669 0 0 0 0 0 -273.15 726.85  & 
        7.943059138 5.08E-03 1.5  
    PVAL PZCOO-2 -1.054000669 0 0 0 0 0 -273.15 726.85  & 
        7.943059138 5.08E-03 1.5  
    PVAL HPZCOO 179.1101695 0.118250801 0 0 0 0 -273.15  & 
        726.85 7.943059138 5.08E-03 1.5  
 
PROP-DATA DHVLWT-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
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        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST DHVLWT  
    PVAL HPZCOO 0 0 0  
 
PROP-DATA PLXANT-1 
    IN-UNITS SI  
    PROP-LIST PLXANT  
    PVAL H2O 72.550 -7206.70 .0 .0 -7.13850 .0000040460 2.0  & 
        273.0 650.0  
    PVAL PZH+ -1.00E+20 0 0 0 0 0 0 0 2000  
    PVAL PZCOO- -1.00E+20 0 0 0 0 0 0 0 2000  
    PVAL PZCOO-2 -1.00E+20 0 0 0 0 0 0 0 2000  
    PVAL HPZCOO -1.00E+20 0 0 0 0 0 0 0 2000  
 
PROP-DATA VLBROC-1 
    IN-UNITS SI  
    PROP-LIST VLBROC  
    PVAL H2O .04640  
    PVAL CO2 .09390  
 
PROP-DATA HOCETA-1 
    IN-UNITS ENG  
    PROP-LIST HOCETA  
    BPVAL H2O H2O 1.700000000  
    BPVAL H2O CO2 .3000000000  
    BPVAL CO2 H2O .3000000000  
    BPVAL CO2 CO2 .1600000000  
 
PROP-DATA HENRY-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=K  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST HENRY  
    BPVAL CO2 H2O 159.1996745 -8477.711000 -21.95743000  
& 
        5.78074800E-3 273.0000000 500.0000000 0.0  
    BPVAL N2 H2O -21.86242546 -2953.500000 10.39600000  & 
        -.0540060000 273.1500000 345.6500000 0.0  
 
PROP-DATA NRTL-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=K  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST NRTL  
    BPVAL H2O CO2 10.06400000 -3268.135000 .2000000000 0.0 
0.0  & 
        0.0 273.1500000 473.1500000  
    BPVAL CO2 H2O 10.06400000 -3268.135000 .2000000000 0.0 
0.0  & 
        0.0 273.1500000 473.1500000  
    BPVAL H2O PZ 3.25045564 0.0 0.2 0 0 0 0 400  

    BPVAL PZ H2O 6.64592945 -2789.4791 0.2 0 0 0 0 400  
    BPVAL H2O HPZCOO -2.0805496 0.0 .2000000 0.0 0.0 0.0 
0.0  & 
        1000.000  
    BPVAL HPZCOO H2O 7.14839988 0.0 .2000000 0.0 0.0 0.0 
0.0  & 
        1000.000  
    BPVAL PZ CO2 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 1000.000  
    BPVAL CO2 PZ 0.0 0.0 .2000000 0.0 0.0 0.0 0.0 1000.000  
    BPVAL PZ HPZCOO 0.0 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
    BPVAL HPZCOO PZ 0.0 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
    BPVAL CO2 HPZCOO 0.0 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
    BPVAL HPZCOO CO2 0.0 0.0 .2000000 0.0 0.0 0.0 0.0  & 
        1000.000  
 
PROP-DATA VLCLK-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST VLCLK  
    BPVAL K+ OH- 1.373720000 52.13633000  
    BPVAL K+ HCO3- 35.23311000 21.81205000  
    BPVAL K+ CO3--2 19.73097000 74.55601000  
 
PROP-DATA GMELCC-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCC  
    PPVAL H2O ( H3O+ OH- ) 8.045000000  
    PPVAL ( H3O+ OH- ) H2O -4.072000000  
    PPVAL H2O ( H3O+ HCO3- ) 8.045000000  
    PPVAL ( H3O+ HCO3- ) H2O -4.072000000  
    PPVAL H2O ( H3O+ CO3--2 ) 8.045000000  
    PPVAL ( H3O+ CO3--2 ) H2O -4.072000000  
    PPVAL H2O ( H3O+ PZCOO- ) 8  
    PPVAL ( H3O+ PZCOO- ) H2O -4  
    PPVAL H2O ( H3O+ PZCOO-2 ) 8  
    PPVAL ( H3O+ PZCOO-2 ) H2O -4  
    PPVAL H2O ( K+ OH- ) 7.840673000  
    PPVAL ( K+ OH- ) H2O -4.258696000  
    PPVAL H2O ( K+ HCO3- ) 7.72747879  
    PPVAL ( K+ HCO3- ) H2O -3.12841315  
    PPVAL H2O ( K+ CO3--2 ) 9.21361281  
    PPVAL ( K+ CO3--2 ) H2O -4.27485273  
    PPVAL H2O ( K+ PZCOO- ) 8  
    PPVAL ( K+ PZCOO- ) H2O -4  
    PPVAL H2O ( K+ PZCOO-2 ) 7.01168545  
    PPVAL ( K+ PZCOO-2 ) H2O -4  
    PPVAL H2O ( PZH+ OH- ) 8  
    PPVAL ( PZH+ OH- ) H2O -4  
    PPVAL H2O ( PZH+ HCO3- ) 9.08099491  
    PPVAL ( PZH+ HCO3- ) H2O -3.5427758  
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    PPVAL H2O ( PZH+ CO3--2 ) 8  
    PPVAL ( PZH+ CO3--2 ) H2O -4  
    PPVAL H2O ( PZH+ PZCOO- ) 6.81507229  
    PPVAL ( PZH+ PZCOO- ) H2O -4  
    PPVAL H2O ( PZH+ PZCOO-2 ) 8  
    PPVAL ( PZH+ PZCOO-2 ) H2O -4  
    PPVAL CO2 ( H3O+ OH- ) 15.00000000  
    PPVAL ( H3O+ OH- ) CO2 -8.000000000  
    PPVAL CO2 ( H3O+ HCO3- ) 15.00000000  
    PPVAL ( H3O+ HCO3- ) CO2 -8.000000000  
    PPVAL CO2 ( H3O+ CO3--2 ) 15.00000000  
    PPVAL ( H3O+ CO3--2 ) CO2 -8.000000000  
    PPVAL CO2 ( H3O+ PZCOO- ) 10  
    PPVAL ( H3O+ PZCOO- ) CO2 -2  
    PPVAL CO2 ( H3O+ PZCOO-2 ) 10  
    PPVAL ( H3O+ PZCOO-2 ) CO2 -2  
    PPVAL CO2 ( K+ OH- ) 10  
    PPVAL ( K+ OH- ) CO2 -2  
    PPVAL CO2 ( K+ HCO3- ) 10  
    PPVAL ( K+ HCO3- ) CO2 -2  
    PPVAL CO2 ( K+ CO3--2 ) 10  
    PPVAL ( K+ CO3--2 ) CO2 -2  
    PPVAL CO2 ( K+ PZCOO- ) 10  
    PPVAL ( K+ PZCOO- ) CO2 -2  
    PPVAL CO2 ( K+ PZCOO-2 ) 10  
    PPVAL ( K+ PZCOO-2 ) CO2 -2  
    PPVAL CO2 ( PZH+ OH- ) 10  
    PPVAL ( PZH+ OH- ) CO2 -2  
    PPVAL CO2 ( PZH+ HCO3- ) 10  
    PPVAL ( PZH+ HCO3- ) CO2 -2  
    PPVAL CO2 ( PZH+ CO3--2 ) 10  
    PPVAL ( PZH+ CO3--2 ) CO2 -2  
    PPVAL CO2 ( PZH+ PZCOO- ) 10  
    PPVAL ( PZH+ PZCOO- ) CO2 -2  
    PPVAL CO2 ( PZH+ PZCOO-2 ) 10  
    PPVAL ( PZH+ PZCOO-2 ) CO2 -2  
    PPVAL PZ ( H3O+ OH- ) 10  
    PPVAL ( H3O+ OH- ) PZ -2  
    PPVAL PZ ( H3O+ HCO3- ) 10  
    PPVAL ( H3O+ HCO3- ) PZ -2  
    PPVAL PZ ( H3O+ CO3--2 ) 10  
    PPVAL ( H3O+ CO3--2 ) PZ -2  
    PPVAL PZ ( H3O+ PZCOO- ) 10  
    PPVAL ( H3O+ PZCOO- ) PZ -2  
    PPVAL PZ ( H3O+ PZCOO-2 ) 10  
    PPVAL ( H3O+ PZCOO-2 ) PZ -2  
    PPVAL PZ ( K+ OH- ) 10  
    PPVAL ( K+ OH- ) PZ -2  
    PPVAL PZ ( K+ HCO3- ) 10  
    PPVAL ( K+ HCO3- ) PZ -2  
    PPVAL PZ ( K+ CO3--2 ) 4.79556769  
    PPVAL ( K+ CO3--2 ) PZ -2  
    PPVAL PZ ( K+ PZCOO- ) 10  
    PPVAL ( K+ PZCOO- ) PZ -7.2514659  
    PPVAL PZ ( K+ PZCOO-2 ) 10  
    PPVAL ( K+ PZCOO-2 ) PZ -2  
    PPVAL PZ ( PZH+ OH- ) 10  
    PPVAL ( PZH+ OH- ) PZ -2  
    PPVAL PZ ( PZH+ HCO3- ) 10  
    PPVAL ( PZH+ HCO3- ) PZ -2  
    PPVAL PZ ( PZH+ CO3--2 ) 10  
    PPVAL ( PZH+ CO3--2 ) PZ -2  
    PPVAL PZ ( PZH+ PZCOO- ) 10  
    PPVAL ( PZH+ PZCOO- ) PZ -2  
    PPVAL PZ ( PZH+ PZCOO-2 ) 10  
    PPVAL ( PZH+ PZCOO-2 ) PZ -2  
    PPVAL HPZCOO ( H3O+ OH- ) 10  
    PPVAL ( H3O+ OH- ) HPZCOO -2  
    PPVAL HPZCOO ( H3O+ HCO3- ) 10  
    PPVAL ( H3O+ HCO3- ) HPZCOO -2  

    PPVAL HPZCOO ( H3O+ CO3--2 ) 10  
    PPVAL ( H3O+ CO3--2 ) HPZCOO -2  
    PPVAL HPZCOO ( H3O+ PZCOO- ) 10  
    PPVAL ( H3O+ PZCOO- ) HPZCOO -2  
    PPVAL HPZCOO ( H3O+ PZCOO-2 ) 10  
    PPVAL ( H3O+ PZCOO-2 ) HPZCOO -2  
    PPVAL HPZCOO ( K+ OH- ) 10  
    PPVAL ( K+ OH- ) HPZCOO -2  
    PPVAL HPZCOO ( K+ HCO3- ) 10  
    PPVAL ( K+ HCO3- ) HPZCOO -2  
    PPVAL HPZCOO ( K+ CO3--2 ) 10  
    PPVAL ( K+ CO3--2 ) HPZCOO -2  
    PPVAL HPZCOO ( K+ PZCOO- ) 10  
    PPVAL ( K+ PZCOO- ) HPZCOO -2  
    PPVAL HPZCOO ( K+ PZCOO-2 ) 3.80551713  
    PPVAL ( K+ PZCOO-2 ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ OH- ) 10  
    PPVAL ( PZH+ OH- ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ HCO3- ) 10  
    PPVAL ( PZH+ HCO3- ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ CO3--2 ) 10  
    PPVAL ( PZH+ CO3--2 ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ PZCOO- ) 10  
    PPVAL ( PZH+ PZCOO- ) HPZCOO -2  
    PPVAL HPZCOO ( PZH+ PZCOO-2 ) 10  
    PPVAL ( PZH+ PZCOO-2 ) HPZCOO -2  
 
PROP-DATA GMELCD-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCD  
    PPVAL H2O ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) H2O 0.0  
    PPVAL H2O ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) H2O 0.0  
    PPVAL H2O ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) H2O 0.0  
    PPVAL H2O ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) H2O 0.0  
    PPVAL H2O ( K+ OH- ) 773.3601000  
    PPVAL ( K+ OH- ) H2O -305.6509000  
    PPVAL H2O ( K+ HCO3- ) 0  
    PPVAL ( K+ HCO3- ) H2O -129.141168  
    PPVAL H2O ( K+ CO3--2 ) 0  
    PPVAL ( K+ CO3--2 ) H2O -96.3329422  
    PPVAL H2O ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) H2O 0.0  
    PPVAL H2O ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) H2O 0.0  
    PPVAL H2O ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) H2O 0.0  
    PPVAL H2O ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) H2O 0.0  
    PPVAL H2O ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) H2O 0.0  
    PPVAL CO2 ( H3O+ OH- ) 0.0  
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    PPVAL ( H3O+ OH- ) CO2 0.0  
    PPVAL CO2 ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) CO2 0.0  
    PPVAL CO2 ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) CO2 0.0  
    PPVAL CO2 ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) CO2 0.0  
    PPVAL CO2 ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) CO2 0.0  
    PPVAL CO2 ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) CO2 0.0  
    PPVAL PZ ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) PZ 0.0  
    PPVAL PZ ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) PZ 0.0  
    PPVAL PZ ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) PZ 0.0  
    PPVAL PZ ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) PZ 0.0  
    PPVAL PZ ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) PZ 0.0  
    PPVAL PZ ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) PZ 0.0  
    PPVAL PZ ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) PZ 0.0  
    PPVAL PZ ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) PZ 0.0  
    PPVAL PZ ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) PZ 0.0  
    PPVAL HPZCOO ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ OH- ) 0.0  

    PPVAL ( K+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) HPZCOO 0.0  
 
PROP-DATA GMELCE-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCE  
    PPVAL H2O ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) H2O 0.0  
    PPVAL H2O ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) H2O 0.0  
    PPVAL H2O ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) H2O 0.0  
    PPVAL H2O ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) H2O 0.0  
    PPVAL H2O ( K+ OH- ) -5.852382000  
    PPVAL ( K+ OH- ) H2O 4.754130000  
    PPVAL H2O ( K+ HCO3- ) 0  
    PPVAL ( K+ HCO3- ) H2O -2.78779375  
    PPVAL H2O ( K+ CO3--2 ) 6.43696916  
    PPVAL ( K+ CO3--2 ) H2O -0.142243146  
    PPVAL H2O ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) H2O 0.0  
    PPVAL H2O ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) H2O 0.0  
    PPVAL H2O ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) H2O 0.0  
    PPVAL H2O ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) H2O 0.0  
    PPVAL H2O ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) H2O 0.0  
    PPVAL H2O ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) H2O 0.0  
    PPVAL CO2 ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) CO2 0.0  
    PPVAL CO2 ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) CO2 0.0  
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    PPVAL CO2 ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) CO2 0.0  
    PPVAL CO2 ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) CO2 0.0  
    PPVAL CO2 ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) CO2 0.0  
    PPVAL CO2 ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) CO2 0.0  
    PPVAL CO2 ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) CO2 0.0  
    PPVAL CO2 ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) CO2 0.0  
    PPVAL CO2 ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) CO2 0.0  
    PPVAL CO2 ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) CO2 0.0  
    PPVAL PZ ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) PZ 0.0  
    PPVAL PZ ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) PZ 0.0  
    PPVAL PZ ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) PZ 0.0  
    PPVAL PZ ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) PZ 0.0  
    PPVAL PZ ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) PZ 0.0  
    PPVAL PZ ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) PZ 0.0  
    PPVAL PZ ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) PZ 0.0  
    PPVAL PZ ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) PZ 0.0  
    PPVAL PZ ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) PZ 0.0  
    PPVAL PZ ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) PZ 0.0  
    PPVAL HPZCOO ( H3O+ OH- ) 0.0  
    PPVAL ( H3O+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ HCO3- ) 0.0  
    PPVAL ( H3O+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ CO3--2 ) 0.0  
    PPVAL ( H3O+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ PZCOO- ) 0.0  
    PPVAL ( H3O+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( H3O+ PZCOO-2 ) 0.0  
    PPVAL ( H3O+ PZCOO-2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ OH- ) 0.0  
    PPVAL ( K+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ HCO3- ) 0.0  
    PPVAL ( K+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ CO3--2 ) 0.0  
    PPVAL ( K+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( K+ PZCOO- ) 0.0  
    PPVAL ( K+ PZCOO- ) HPZCOO 0.0  

    PPVAL HPZCOO ( K+ PZCOO-2 ) 0.0  
    PPVAL ( K+ PZCOO-2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ OH- ) 0.0  
    PPVAL ( PZH+ OH- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ HCO3- ) 0.0  
    PPVAL ( PZH+ HCO3- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ CO3--2 ) 0.0  
    PPVAL ( PZH+ CO3--2 ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ PZCOO- ) 0.0  
    PPVAL ( PZH+ PZCOO- ) HPZCOO 0.0  
    PPVAL HPZCOO ( PZH+ PZCOO-2 ) 0.0  
    PPVAL ( PZH+ PZCOO-2 ) HPZCOO 0.0  
 
PROP-DATA GMELCN-1 
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROP-LIST GMELCN  
    PPVAL H2O ( H3O+ OH- ) 0.2  
    PPVAL H2O ( H3O+ HCO3- ) 0.2  
    PPVAL H2O ( H3O+ CO3--2 ) 0.2  
    PPVAL H2O ( H3O+ PZCOO- ) 0.2  
    PPVAL H2O ( H3O+ PZCOO-2 ) 0.2  
    PPVAL H2O ( K+ OH- ) 0.2  
    PPVAL H2O ( K+ HCO3- ) 0.2  
    PPVAL H2O ( K+ CO3--2 ) 0.2  
    PPVAL H2O ( K+ PZCOO- ) 0.2  
    PPVAL H2O ( K+ PZCOO-2 ) 0.2  
    PPVAL H2O ( PZH+ OH- ) 0.2  
    PPVAL H2O ( PZH+ HCO3- ) 0.2  
    PPVAL H2O ( PZH+ CO3--2 ) 0.2  
    PPVAL H2O ( PZH+ PZCOO- ) 0.2  
    PPVAL H2O ( PZH+ PZCOO-2 ) 0.2  
    PPVAL CO2 ( H3O+ OH- ) .1000000000  
    PPVAL CO2 ( H3O+ HCO3- ) .1000000000  
    PPVAL CO2 ( H3O+ CO3--2 ) .1000000000  
    PPVAL CO2 ( H3O+ PZCOO- ) 0.2  
    PPVAL CO2 ( H3O+ PZCOO-2 ) 0.2  
    PPVAL CO2 ( K+ OH- ) 0.2  
    PPVAL CO2 ( K+ HCO3- ) 0.2  
    PPVAL CO2 ( K+ CO3--2 ) 0.2  
    PPVAL CO2 ( K+ PZCOO- ) 0.2  
    PPVAL CO2 ( K+ PZCOO-2 ) 0.2  
    PPVAL CO2 ( PZH+ OH- ) 0.2  
    PPVAL CO2 ( PZH+ HCO3- ) 0.2  
    PPVAL CO2 ( PZH+ CO3--2 ) 0.2  
    PPVAL CO2 ( PZH+ PZCOO- ) 0.2  
    PPVAL CO2 ( PZH+ PZCOO-2 ) 0.2  
    PPVAL PZ ( H3O+ OH- ) 0.2  
    PPVAL PZ ( H3O+ HCO3- ) 0.2  
    PPVAL PZ ( H3O+ CO3--2 ) 0.2  
    PPVAL PZ ( H3O+ PZCOO- ) 0.2  
    PPVAL PZ ( H3O+ PZCOO-2 ) 0.2  
    PPVAL PZ ( K+ OH- ) 0.2  
    PPVAL PZ ( K+ HCO3- ) 0.2  
    PPVAL PZ ( K+ CO3--2 ) 0.2  
    PPVAL PZ ( K+ PZCOO- ) 0.2  
    PPVAL PZ ( K+ PZCOO-2 ) 0.2  
    PPVAL PZ ( PZH+ OH- ) 0.2  
    PPVAL PZ ( PZH+ HCO3- ) 0.2  
    PPVAL PZ ( PZH+ CO3--2 ) 0.2  
    PPVAL PZ ( PZH+ PZCOO- ) 0.2  
    PPVAL PZ ( PZH+ PZCOO-2 ) 0.2  
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    PPVAL HPZCOO ( H3O+ OH- ) 0.2  
    PPVAL HPZCOO ( H3O+ HCO3- ) 0.2  
    PPVAL HPZCOO ( H3O+ CO3--2 ) 0.2  
    PPVAL HPZCOO ( H3O+ PZCOO- ) 0.2  
    PPVAL HPZCOO ( H3O+ PZCOO-2 ) 0.2  
    PPVAL HPZCOO ( K+ OH- ) 0.2  
    PPVAL HPZCOO ( K+ HCO3- ) 0.2  
    PPVAL HPZCOO ( K+ CO3--2 ) 0.2  
    PPVAL HPZCOO ( K+ PZCOO- ) 0.2  
    PPVAL HPZCOO ( K+ PZCOO-2 ) 0.2  
    PPVAL HPZCOO ( PZH+ OH- ) 0.2  
    PPVAL HPZCOO ( PZH+ HCO3- ) 0.2  
    PPVAL HPZCOO ( PZH+ CO3--2 ) 0.2  
    PPVAL HPZCOO ( PZH+ PZCOO- ) 0.2  
    PPVAL HPZCOO ( PZH+ PZCOO-2 ) 0.2  
 
PROP-SET CP-MIX CPMX UNITS='kJ/kmol-K' 
SUBSTREAM=MIXED PHASE=T  
 
PROP-SET D-HPZCOO DMX SUBSTREAM=MIXED 
COMPS=HPZCOO PHASE=L  
 
PROP-SET G-CO2 GAMUS SUBSTREAM=MIXED 
COMPS=CO2 PHASE=L  
 
PROP-SET G-CO3 GAMMA SUBSTREAM=MIXED 
COMPS=CO3--2 PHASE=L  
 
PROP-SET G-H2O  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROPNAME-LIS GAMMA SUBSTREAM=MIXED 
COMPS=H2O PHASE=L  
 
PROP-SET G-HCO3 GAMMA SUBSTREAM=MIXED 
COMPS=HCO3- PHASE=L  
 
PROP-SET G-HPZCOO GAMMA SUBSTREAM=MIXED 
COMPS=HPZCOO PHASE=L  
 
PROP-SET G-K+ GAMMA SUBSTREAM=MIXED COMPS=K+ 
PHASE=L  
 
PROP-SET G-OH GAMMA SUBSTREAM=MIXED 
COMPS=OH- PHASE=L  
 
PROP-SET G-PZ GAMMA SUBSTREAM=MIXED COMPS=PZ 
PHASE=L  
 
PROP-SET G-PZCOO GAMMA SUBSTREAM=MIXED 
COMPS=PZCOO- PHASE=L  
 
PROP-SET G-PZCOO2 GAMMA SUBSTREAM=MIXED 
COMPS=PZCOO-2 PHASE=L  
 
PROP-SET G-PZH+ GAMMA SUBSTREAM=MIXED 
COMPS=PZH+ PHASE=L  
 
PROP-SET IONSTR IONSM SUBSTREAM=MIXED PHASE=L  
 
PROP-SET MASSCONC  

    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROPNAME-LIS MASSCONC SUBSTREAM=MIXED 
PHASE=L  
;  "Mass concentration (component mass/liquid volume)"  
     
 
PROP-SET MOLECONC  
    IN-UNITS MET VOLUME-FLOW='cum/hr' ENTHALPY-
FLO='MMkcal/hr'  & 
        HEAT-TRANS-C='kcal/hr-sqm-K' PRESSURE=bar 
TEMPERATURE=C  & 
        VOLUME=cum DELTA-T=C HEAD=meter MOLE-
DENSITY='kmol/cum'  & 
        MASS-DENSITY='kg/cum' MOLE-ENTHALP='kcal/mol'  & 
        MASS-ENTHALP='kcal/kg' HEAT=MMkcal MOLE-
CONC='mol/l'  & 
        PDROP=bar  
    PROPNAME-LIS MOLECONC UNITS='mol/l' 
SUBSTREAM=MIXED PHASE=L  
;  "Mole concentration (component mole/liquid volume)"  
     
 
PROP-SET PPCO2 PPMX UNITS='Pa' SUBSTREAM=MIXED 
COMPS=CO2  & 
        PHASE=V  
 
PROP-SET PPH2O PPMX UNITS='Pa' SUBSTREAM=MIXED 
COMPS=H2O  & 
        PHASE=V  
 
PROP-SET PPPZ PPMX UNITS='Pa' SUBSTREAM=MIXED 
COMPS=PZ PHASE=V  
 
STREAM ABSLE  
    SUBSTREAM MIXED TEMP=40. PRES=100.3 <kPa>  & 
        MOLE-FLOW=31.99 <kmol/hr>  
    MOLE-FRAC H2O 0.556 / PZ 0.045 / K+ 0.045 / CO2  & 
        0.031658 / CO3--2 0.0225  
 
STREAM ABSLEAN  
    SUBSTREAM MIXED TEMP=40. PRES=-5.2 <in-water-g>  & 
        MOLE-FLOW=100500. <kmol/hr> FREE-WATER=NO 
NPHASE=1  & 
        PHASE=L  
    MOLE-FRAC H2O 0.556 / PZ 0.04 / K+ 0.04 / CO2  & 
        0.026235 / CO3--2 0.02  
 
STREAM GASIN  
    SUBSTREAM MIXED TEMP=40. PRES=111.325 <kPa>  & 
        MOLE-FLOW=5.4879 <kmol/sec> FREE-WATER=NO 
NPHASE=1  & 
        PHASE=V  
    MOLE-FRAC H2O 0.067 / CO2 0.127 / N2 0.7569 / O2  & 
        0.0491  
 
STREAM STR1LN  
    SUBSTREAM MIXED TEMP=371.943 <K> PRES=230. 
<kPa>  
 
STREAM STRLEAN  
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    SUBSTREAM MIXED TEMP=371.943 <K> PRES=160. 
<kPa>  
 
DEF-STREAMS HEAT EX1-Q 
 
DEF-STREAMS HEAT EX2-Q 
 
BLOCK H2OMIX MIXER  
    PARAM PRES=100.03 <kPa>  
 
BLOCK WKOMIX MIXER  
    IN-UNITS ENG  
    PARAM PRES=1. <atm>  
 
BLOCK SP-1 FSPLIT  
    PARAM MAXIT=100  
    FRAC E2RICH 0.233  
 
BLOCK PZSEP SEP2  
    FRAC STREAM=COMPPZ SUBSTREAM=MIXED 
COMPS=H2O K2CO3 KHCO3  & 
        PZ K+ H3O+ CO2 HCO3- OH- CO3--2 PZH+ PZCOO- 
PZCOO-2  & 
        HPZCOO N2 O2 FRACS=0. 0. 0. 1. 0. 0. 0. 0. 0. 0.  & 
        0. 0. 0. 0. 0. 0.  
 
BLOCK COOLER HEATER  
    IN-UNITS ENG  
    PARAM TEMP=40. <C> PRES=160. <kPa> MAXIT=100  
 
BLOCK E-1 HEATER  
    PARAM TEMP=40. PRES=100.03 <kPa> MAXIT=100  
 
BLOCK E-2 HEATER  
    PARAM TEMP=40. PRES=100.03 <kPa> MAXIT=100  
 
BLOCK EX1-C HEATER  
    PARAM TEMP=85. PRES=719.96 <kPa> MAXIT=100  
 
BLOCK EX1-H HEATER  
    PARAM PRES=849. <kPa> MAXIT=100  
 
BLOCK EX2-C HEATER  
    PARAM TEMP=103. PRES=834.96 <kPa> MAXIT=100  
 
BLOCK EX2-H HEATER  
    PARAM PRES=849. <kPa> MAXIT=100  
 
BLOCK FLASH1 FLASH2  
    PARAM TEMP=40. PRES=160. <kPa> MAXIT=100  
 
BLOCK FLASH2 FLASH2  
    PARAM TEMP=40. PRES=260. <kPa> MAXIT=100  
     
;===============================================
====== 
;      RateFrac To RateSep (RadFrac) Conversion 
;                   (Version 2004.1) 
;  
;  Conversion time: Mon Sep 11 11:03:30 2006 
;  
;===============================================
====== 
 
BLOCK ABS-1 RADFRAC  
    PARAM NSTAGE=30 EFF=MURPHREE HYDRAULIC=YES 
MAXOL=40  & 
        TOLOL=0.001  
    COL-CONFIG CONDENSER=NONE REBOILER=NONE  
    RATESEP-ENAB CALC-MODE=RIG-RATE  

    RATESEP-PARA RS-TOL=0.0001 RS-STABLE-IT=40 RS-
MAXIT=161  & 
        RS-STABLE-ME=DOGLEG CC-AVG-PARAM=1000.  
    FEEDS GASIN 30 ON-STAGE / ABSLEAN 1 ON-STAGE / 
SEMILEAN  & 
        21 ON-STAGE  
    PRODUCTS GASOUT 1 V / ABSRICH 30 L  
    P-SPEC 1 -5.9 <in-water-g>  
    COL-SPECS DP-COL=0.2 <in-water>  
    HEATERS 21 -13000000.  
    HEATERS 10 -21000000.  
    COMP-EFF 1 CO2 0.06132717 / 2 CO2 0.05532569  
    REAC-STAGES 1 30 K011907  
    T-EST 1 41.1671639 / 2 42.26634 / 3 43.2812092  
    SPEC 1 TEMP 40. STAGE=10  
    SPEC 2 TEMP 40. STAGE=21  
    VARY 1 DUTY -300000000. 0. 0.01 STAGE=10  
    VARY 2 DUTY -300000000. 0. 0.01 STAGE=21  
    TRAY-REPORT TRAY-OPTION=ALL-TRAYS 
PROPERTIES=G-CO2 G-CO3  & 
        G-H2O G-HCO3 G-HPZCOO G-K+ G-OH G-PZ G-PZCOO 
G-PZCOO2  & 
        G-PZH+ PPCO2 PPH2O PPPZ D-HPZCOO MOLECONC  
    TRAY-REPORT2 COMP-EFF=YES  
    PACK-RATE 1 1 30 CMR VENDOR=MTL PACK-
MAT=METAL  & 
        PACK-SIZE="NO-2P" PACK-FAC=72.17848 
SPAREA=144.0000  & 
        VOIDFR=0.97 STICH1=-2. STICH2=-2. STICH3=2. 
HETP=0.5  & 
        DIAM=9.8 P-UPDATE=NO  
    PACK-RATE2 1 RATE-BASED=YES LIQ-FILM=DISCRXN  
& 
        MTRFC-CORR=ONDA-68 INTFA-CORR=ONDA-68  & 
        HOLDUP-CORR=PERCENT-DATA FLOW-
MODEL=VPLUG-PAVG  & 
        AREA-FACTOR=1.5 PERCENT-LHLD=5. LHLDP-
FACTOR=1.  & 
        NLPOINTS=5 LDISCPT=0.0001 0.001 0.01 0.1 0.4  & 
        PACKING-SIZE=5.1 <cm>  
    REPORT STDVPROF INT-PROFILE INT-AREA BULKRXN 
DIFF-COEFF  & 
        MT-RATE MT-COEFF HT-RATE HT-COEFF FILMRXN 
S-DIMLESS  & 
        V-DIMLESS  
 
BLOCK HP RADFRAC  
    PARAM NSTAGE=2 EFF=MURPHREE HYDRAULIC=YES 
MAXOL=40  & 
        TOLOL=0.001  
    COL-CONFIG CONDENSER=NONE  
    RATESEP-ENAB CALC-MODE=EQUILIBRIUM  
    FEEDS STR1RICH 1  
    PRODUCTS STR1VAP 1 V / STR1LN 2 L  
    P-SPEC 1 260. <kPa>  
    COL-SPECS QN=10713945.4 <cal/sec> DP-COND=0.  
    STAGE-EFF 1 1. / 2 1.  
    REAC-STAGES 1 2 EQUIL  
    T-EST 1 363.987 <K> / 2 371.943 <K>  
    REPORT STDVPROF  
 
BLOCK LP RADFRAC  
    PARAM NSTAGE=5 EFF=MURPHREE HYDRAULIC=YES 
MAXOL=40  & 
        TOLOL=0.001  
    COL-CONFIG CONDENSER=NONE  
    FEEDS STR1LN 4 ON-STAGE / STR2RICH 1  
    PRODUCTS STRLEAN 5 L / STR2VAP 1 V / STRSLEAN 3 
TL  
    P-SPEC 1 160. <kPa>  

3515



    COL-SPECS QN=8850000. <cal/sec> DP-COL=0. DP-
COND=0.  
    STAGE-EFF 1 0.4 / 2 0.4 / 3 0.4 / 4 1. / 5 1.  
    REAC-STAGES 1 5 EQUIL  
    T-EST 1 358.778 <K> / 2 357.854 <K> / 3 360.215 <K> /  & 
        4 368.241 <K> / 5 371.943 <K>  
    REPORT STDVPROF  
 
BLOCK P-1 PUMP  
    PARAM DELP=689. <kPa> EFF=0.65 MAXIT=100  
 
BLOCK P-2 PUMP  
    PARAM DELP=689. <kPa> EFF=0.65 MAXIT=200  
 
BLOCK P-3 PUMP  
    PARAM DELP=689. <kPa> EFF=0.62 MAXIT=100  
 
BLOCK P-4 PUMP  
    PARAM DELP=115. <kPa> EFF=0.65 MAXIT=100  
 
BLOCK LPCOMP COMPR  
    IN-UNITS ENG  
    PARAM TYPE=ISENTROPIC PRES=260. <kPa> SEFF=0.75 
MEFF=0.98  & 
        MAXIT=100 PS-FLASH=ITERATIVE MODEL-
TYPE=COMPRESSOR  
 
BLOCK MULTISTA MCOMPR  
    IN-UNITS ENG  
    PARAM NSTAGE=3 TYPE=ISENTROPIC PRES=1000. 
<kPa>  & 
        COMPR-NPHASE=2 MAXIT=31  
    FEEDS MCOMPIN 1  
    PRODUCTS PRODUCT 3 / WKO3 1 L / WKO4 2 L  
    COMPR-SPECS 1 MEFF=0.98 / 2 MEFF=0.98 / 3 MEFF=0.98  
    COOLER-SPECS 1 TEMP=40. <C> PDROP=5. / 2 TEMP=40. 
<C>  & 
        PDROP=5. / 3 TEMP=40. <C> PDROP=5.  
    PROPERTIES BWRS  
    BLOCK-OPTION FREE-WATER=NO  
 
BLOCK FILTER-1 VALVE  
    PARAM P-DROP=10. <psi> NPHASE=1 PHASE=L  
    BLOCK-OPTION FREE-WATER=NO  
 
DESIGN-SPEC 5DEG-APP  
    DEFINE TIN STREAM-VAR STREAM=P1RICH 
SUBSTREAM=MIXED  & 
        VARIABLE=TEMP  
    DEFINE TOUT STREAM-VAR STREAM=EABSLEAN 
SUBSTREAM=MIXED  & 
        VARIABLE=TEMP  
    DEFINE TDIFF PARAMETER 4  
F     TDIFF=TIN-TOUT  
    SPEC "TDIFF" TO "-5"  
    TOL-SPEC ".01"  
    VARY BLOCK-VAR BLOCK=EX2-C VARIABLE=TEMP 
SENTENCE=PARAM  
    LIMITS "85" "110"  
 
DESIGN-SPEC 5DEGAPPS  
    DEFINE STIN STREAM-VAR STREAM=E2RICH 
SUBSTREAM=MIXED  & 
        VARIABLE=TEMP  
    DEFINE STOUT STREAM-VAR STREAM=ABSLEAN1 
SUBSTREAM=MIXED  & 
        VARIABLE=TEMP  
    DEFINE STDIFF PARAMETER 3  
F     STDIFF=STIN-STOUT  
    SPEC "STDIFF" TO "-5"  

    TOL-SPEC ".01"  
    VARY BLOCK-VAR BLOCK=EX1-C VARIABLE=TEMP 
SENTENCE=PARAM  
    LIMITS "75" "105" MAX-STEP-SIZ=0.066667  
 
DESIGN-SPEC 40DEG1  
    DEFINE TEMP10 BLOCK-VAR BLOCK=ABS-1 
VARIABLE=TEMP  & 
        SENTENCE=PROFILE ID1=10  
    SPEC "TEMP10" TO "40"  
    TOL-SPEC "0.05"  
    VARY BLOCK-VAR BLOCK=ABS-1 VARIABLE=DUTY 
SENTENCE=HEATERS  & 
        ID1=10  
    LIMITS "-3E8" "0" MAX-STEP-SIZ=0.01  
 
DESIGN-SPEC 40DEG2  
    DEFINE TEMP21 BLOCK-VAR BLOCK=ABS-1 
VARIABLE=TEMP  & 
        SENTENCE=PROFILE ID1=21  
    SPEC "TEMP21" TO "40"  
    TOL-SPEC "0.05"  
    VARY BLOCK-VAR BLOCK=ABS-1 VARIABLE=DUTY 
SENTENCE=HEATERS  & 
        ID1=21  
    LIMITS "-3E7" "0" MAX-STEP-SIZ=0.05  
 
DESIGN-SPEC 90REMOVE  
    DEFINE CO2IN MOLE-FLOW STREAM=GASIN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE CO2OUT MOLE-FLOW STREAM=GASOUT 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE REMOVE PARAMETER 50  
F     REMOVE=(CO2IN-CO2OUT)/CO2IN  
    SPEC "REMOVE" TO "0.9"  
    TOL-SPEC "0.001"  
    VARY STREAM-VAR STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        VARIABLE=MOLE-FLOW  
    LIMITS "5E3" "2E8" MAX-STEP-SIZ=0.05  
 
DESIGN-SPEC LEAN-LDG  
    DEFINE CO2 MOLE-FLOW STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE HCO3 MOLE-FLOW STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE CO3 MOLE-FLOW STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE PZCOO MOLE-FLOW STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE PZCOO2 MOLE-FLOW STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE HPZCOO MOLE-FLOW STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE ACO2 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE AHCO3 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE ACO3 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
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        COMPONENT=CO3--2  
    DEFINE APZCOO MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE APZCO2 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE AHPZCO MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE CO2S PARAMETER 31  
    DEFINE CO2A PARAMETER 32  
    DEFINE DCO2 PARAMETER 33  
F     
CO2A=ACO2+ACO3+AHCO3+AHPZCO+2*APZCO2+APZCO
O  
F     CO2S=CO2+CO3+HCO3+HPZCOO+PZCOO+2*PZCOO2  
F     DCO2=CO2A-CO2S  
    SPEC "DCO2" TO "0"  
    TOL-SPEC "4E3"  
    VARY BLOCK-VAR BLOCK=LP VARIABLE=QN 
SENTENCE=COL-SPECS  
    LIMITS "1E5" "1E10"  
 
DESIGN-SPEC LEANLDG  
    DEFINE CO2 MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE HCO3 MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE K MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE PZ MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE HPZ MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
    DEFINE PZCOO MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE PZCOO2 MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE HPZCOO MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE CO3 MOLE-FRAC STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE LNLDG PARAMETER 5  
F     
LNLDG=(CO2+HPZCOO+2*PZCOO2+PZCOO+CO3+HCO3)/  
F     (2*(PZ+HPZ+PZCOO+PZCOO2+HPZCOO)+K)  
F     WRITE(NTERM,*)LNLDG  
    SPEC "LNLDG" TO "0.4166667"  
    TOL-SPEC ".0001"  
    VARY BLOCK-VAR BLOCK=LP VARIABLE=QN 
SENTENCE=COL-SPECS  
    LIMITS "10000" "100000000000"  
 
DESIGN-SPEC REB-TEMP  
    DEFINE REBT1 STREAM-VAR STREAM=STR1LN 
SUBSTREAM=MIXED  & 
        VARIABLE=TEMP  
    DEFINE REBT2 STREAM-VAR STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        VARIABLE=TEMP  

    DEFINE DIFF PARAMETER 10  
F     DIFF=REBT1-REBT2  
    SPEC "DIFF" TO "0"  
    TOL-SPEC ".1"  
    VARY BLOCK-VAR BLOCK=HP VARIABLE=QN 
SENTENCE=COL-SPECS  
    LIMITS "1E4" "1E10"  
 
EO-CONV-OPTI  
 
CALCULATOR ABSCO2  
    DEFINE CO2 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE HCO3 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE CO3 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE PZCOO MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE PZCOO2 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE HPZCOO MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE ACO2 PARAMETER 34  
F     ACO2=CO2+CO3+HCO3+HPZCOO+PZCOO+2*PZCOO2  
F     WRITE(NTERM,*)ACO2  
    READ-VARS PZCOO PZCOO2 HPZCOO CO2 HCO3 CO3  
    WRITE-VARS ACO2  
 
CALCULATOR ABSLNLDG  
    DEFINE LCO2 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE LPZ MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE LNLDG PARAMETER 11  
    DEFINE LHPZCO MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE LPZCO2 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE LPZCOO MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE LCO3 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE LHCO3 MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE LK MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE LPZH MOLE-FLOW STREAM=ABSLEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
F     
LNLDG=(LCO2+LHPZCO+2*LPZCO2+LPZCOO+LCO3+LHC
O3)/  
F     (2*(LPZ+LPZH+LPZCOO+LPZCO2+LHPZCO)+LK)  
F     WRITE(NTERM,*)LNLDG  
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    READ-VARS LCO2 LPZ LHPZCO LPZCO2 LPZCOO LCO3 
LHCO3 LK  & 
        LPZH  
    WRITE-VARS LNLDG  
    EXECUTE BEFORE CALCULATOR EQWORK  
    FLASH-SPECS ABSLEAN TP TEMP=40. PRES=1. <atm> 
NPHASE=1  & 
        FREE-WATER=NO PHASE=L  
 
CALCULATOR ABSRHLDG  
    DEFINE RCO2 MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE RPZ MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE RHLDG PARAMETER 12  
    DEFINE RHPZCO MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE RPZCO2 MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE RPZCOO MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE RCO3 MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE RHCO3 MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE RK MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE RPZH MOLE-FLOW STREAM=ABSRICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
F     
RHLDG=(RCO2+RHPZCO+2*RPZCO2+RPZCOO+RCO3+RHC
O3)/  
F     (2*(RPZ+RPZH+RPZCOO+RPZCO2+RHPZCO)+RK)  
F     WRITE(NTERM,*)RHLDG  
    READ-VARS RCO2 RPZ RHPZCO RPZCO2 RPZCOO RCO3 
RHCO3 RK  & 
        RPZH  
    WRITE-VARS RHLDG  
    EXECUTE LAST  
 
CALCULATOR ASLELDG  
    DEFINE ECO2 MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE EPZ MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE LELDG PARAMETER 21  
    DEFINE EHPZCO MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE EPZCO2 MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE EPZCOO MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE ECO3 MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  

    DEFINE EHCO3 MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE EK MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE EPZH MOLE-FLOW STREAM=ABSLE 
SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
F     
LELDG=(ECO2+EHPZCO+2*EPZCO2+EPZCOO+ECO3+EHC
O3)/  
F     (2*(EPZ+EPZH+EPZCOO+EPZCO2+EHPZCO)+EK)  
F     WRITE(NTERM,*)LELDG  
    READ-VARS ECO2 EPZ EHPZCO EPZCO2 EPZCOO ECO3 
EHCO3 EK  & 
        EPZH  
    WRITE-VARS LELDG  
    EXECUTE LAST  
 
CALCULATOR EQWORK  
    DEFINE WORKT PARAMETER 40  
    DEFINE QWORK PARAMETER 41  
    DEFINE EQUIVW PARAMETER 42  
    DEFINE HPQ BLOCK-VAR BLOCK=HP VARIABLE=REB-
DUTY  & 
        SENTENCE=RESULTS  
    DEFINE LPQ BLOCK-VAR BLOCK=LP VARIABLE=REB-
DUTY  & 
        SENTENCE=RESULTS  
    DEFINE COMPW BLOCK-VAR BLOCK=LPCOMP 
VARIABLE=NET-WORK  & 
        SENTENCE=RESULTS  
    DEFINE MCOMPW BLOCK-VAR BLOCK=MULTISTA 
VARIABLE=NET-WORK  & 
        SENTENCE=RESULTS  
    DEFINE NCO2 MOLE-FLOW STREAM=PRODUCT 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE TREBHP STREAM-VAR STREAM=STR1LN 
SUBSTREAM=MIXED  & 
        VARIABLE=TEMP  
    DEFINE TREBLP STREAM-VAR STREAM=STRLEAN 
SUBSTREAM=MIXED  & 
        VARIABLE=TEMP  
    DEFINE QWORK1 PARAMETER 43  
    DEFINE QWORK2 PARAMETER 44  
    DEFINE P1 BLOCK-VAR BLOCK=P-1 VARIABLE=NET-
WORK  & 
        SENTENCE=RESULTS  
    DEFINE P2 BLOCK-VAR BLOCK=P-2 VARIABLE=NET-
WORK  & 
        SENTENCE=RESULTS  
    DEFINE P3 BLOCK-VAR BLOCK=P-3 VARIABLE=NET-
WORK  & 
        SENTENCE=RESULTS  
    DEFINE P4 BLOCK-VAR BLOCK=P-4 VARIABLE=NET-
WORK  & 
        SENTENCE=RESULTS  
F     QWORK1=0.75*(HPQ*(TREBHP-
30)/(TREBHP+273.15+10))  
F     QWORK2=0.75*(LPQ*(TREBLP-
30)/(TREBHP+273.15+10))  
F     QWORK=QWORK1+QWORK2  
F     WORKT=(COMPW+MCOMPW+P1+P2+P3+P4+QWORK)  
F     EQUIVW=WORKT/NCO2*3600/1000  
F     WRITE(NTERM,*)EQUIVW  
    READ-VARS HPQ LPQ COMPW MCOMPW NCO2 
TREBHP TREBLP P1 P2  & 
        P3 P4  
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    WRITE-VARS EQUIVW  
 
CALCULATOR REMOVAL  
    DEFINE CO2IN MOLE-FLOW STREAM=GASIN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE CO2OUT MOLE-FLOW STREAM=GASOUT 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE REMOVE PARAMETER 8  
F     REMOVE=(CO2IN-CO2OUT)/CO2IN  
F     WRITE(NTERM,*)REMOVE  
    READ-VARS CO2OUT CO2IN  
    WRITE-VARS REMOVE  
    EXECUTE AFTER CALCULATOR EQWORK  
 
CALCULATOR SLEANLDG  
    DEFINE SLCO2 MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE SLPZ MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE SLPZCO MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE SLPCO2 MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE SLPCOO MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE SLCO3 MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE SLK MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE SLPZH MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
    DEFINE SLLDG PARAMETER 13  
    DEFINE SLHCO3 MOLE-FLOW STREAM=SEMILEAN 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
F     
SLLDG=(SLCO2+SLHPZCO+2*SLPCO2+SLPCOO+SLCO3+S
LHCO3)/  
F     (2*(SLPZ+SLPZH+SLPCOO+SLPCO2+SLHPZCO)+SLK)  
F     WRITE(NTERM,*)SLLDG  
    READ-VARS SLCO2 SLPZ SLPZCO SLPCO2 SLPCOO 
SLCO3 SLK SLPZH  & 
        SLHCO3  
    WRITE-VARS SLLDG  
 
CALCULATOR ST1RHLDG  
    DEFINE UCO2 MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE UPZ MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE UHLDG PARAMETER 22  
    DEFINE UHPZCO MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE UPZCO2 MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  

    DEFINE UPZCOO MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE UCO3 MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE UHCO3 MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE UK MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE UPZH MOLE-FLOW STREAM=STR1RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
F     
UHLDG=(UCO2+UHPZCO+2*UPZCO2+UPZCOO+UCO3+UH
CO3)/  
F     (2*(UPZ+UPZH+UPZCOO+UPZCO2+UHPZCO)+UK)  
F     WRITE(NTERM,*)UHLDG  
    READ-VARS UCO2 UPZ UHPZCO UPZCO2 UPZCOO 
UCO3 UHCO3 UK  & 
        UPZH  
    WRITE-VARS UHLDG  
    EXECUTE LAST  
 
CALCULATOR ST2RHLDG  
    DEFINE DCO2 MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
    DEFINE DPZ MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZ  
    DEFINE DHLDG PARAMETER 23  
    DEFINE DHPZCO MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE DPZCO2 MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE DPZCOO MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE DCO3 MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE DHCO3 MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE DK MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=K+  
    DEFINE DPZH MOLE-FLOW STREAM=STR2RICH 
SUBSTREAM=MIXED  & 
        COMPONENT=PZH+  
F     
DHLDG=(DCO2+DHPZCO+2*DPZCO2+DPZCOO+DCO3+DH
CO3)/  
F     (2*(DPZ+DPZH+DPZCOO+DPZCO2+DHPZCO)+DK)  
F     WRITE(NTERM,*)DHLDG  
    READ-VARS DCO2 DPZ DHPZCO DPZCO2 DPZCOO 
DCO3 DHCO3 DK  & 
        DPZH  
    WRITE-VARS DHLDG  
    EXECUTE LAST  
 
CALCULATOR STRCO2  
    DEFINE CO2 MOLE-FLOW STREAM=ABSLEANT 
SUBSTREAM=MIXED  & 
        COMPONENT=CO2  
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    DEFINE HCO3 MOLE-FLOW STREAM=ABSLEANT 
SUBSTREAM=MIXED  & 
        COMPONENT=HCO3-  
    DEFINE CO3 MOLE-FLOW STREAM=ABSLEANT 
SUBSTREAM=MIXED  & 
        COMPONENT=CO3--2  
    DEFINE PZCOO MOLE-FLOW STREAM=ABSLEANT 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-  
    DEFINE PZCOO2 MOLE-FLOW STREAM=ABSLEANT 
SUBSTREAM=MIXED  & 
        COMPONENT=PZCOO-2  
    DEFINE HPZCOO MOLE-FLOW STREAM=ABSLEANT 
SUBSTREAM=MIXED  & 
        COMPONENT=HPZCOO  
    DEFINE SCO2 PARAMETER 35  
F     SCO2=CO2+CO3+HCO3+HPZCOO+PZCOO+2*PZCOO2  
F     WRITE(NTERM,*)SCO2  
    READ-VARS CO2 HCO3 CO3 PZCOO PZCOO2 HPZCOO  
    WRITE-VARS SCO2  
 
CONV-OPTIONS  
    PARAM CHECKSEQ=YES  
 
REPORT INPUT NOINSERT NOADA NOSENSITIVIT 
NOPROPERTIES  
 
BLOCK-REPORT NOTOTBAL EXCL-BLOCKS=ABS-1  
 
STREAM-REPOR NARROW MOLEFLOW MASSFLOW 
MOLEFRAC MASSFRAC  & 
        PROPERTIES=G-H2O PPPZ G-PZ G-CO2 G-CO3 G-HCO3 
G-HPZCOO  & 
        G-K+ G-PZCOO G-PZCOO2 G-PZH+ IONSTR 
MOLECONC MASSCONC  & 
        CP-MIX  
 
PROPERTY-REP PARAMS PCES PROP-DATA DFMS  
 
REACTIONS EQUIL REAC-DIST  
    REAC-DATA 1  
    REAC-DATA 2  
    REAC-DATA 3  
    REAC-DATA 4  
    REAC-DATA 5  
    REAC-DATA 6  
    REAC-DATA 7  
    K-STOIC 1 A=132.89888 B=-13445.9 C=-22.4773  
    K-STOIC 2 A=231.465439 B=-12092.1 C=-36.7816  
    K-STOIC 3 A=216.05043 B=-12431.7 C=-35.4819  
    K-STOIC 4 A=481.945 B=-33448.7 C=-69.7827  
    K-STOIC 5 A=-609.969 B=36511.7 C=87.075  
    K-STOIC 6 A=-251.395 B=14080.2 C=36.7818  
    K-STOIC 7 A=-488.753 B=27752.8 C=69.7831  
    STOIC 1 H2O -2. / H3O+ 1. / OH- 1.  
    STOIC 2 CO2 -1. / H2O -2. / H3O+ 1. / HCO3- 1.  
    STOIC 3 HCO3- -1. / H2O -1. / H3O+ 1. / CO3--2 1.  
    STOIC 4 PZH+ -1. / H2O -1. / PZ 1. / H3O+ 1.  
    STOIC 5 PZ -1. / HCO3- -1. / PZCOO- 1. / H2O 1.  
    STOIC 6 PZCOO- -1. / HCO3- -1. / PZCOO-2 1. / H2O 1.  
    STOIC 7 HPZCOO -1. / PZ -1. / PZCOO- 1. / PZH+ 1.  
 
REACTIONS K011907 REAC-DIST  
    REAC-DATA 7 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 8 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 9 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 10 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 11 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 12 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 13 KINETIC CBASIS=MOLE-GAMMA  

    REAC-DATA 14 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 15 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 16 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 17 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 18 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 19 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 20 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 21 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 22 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 23 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 24 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 1 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 2 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 4 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 5 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 3 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 6 KINETIC CBASIS=MOLE-GAMMA  
    REAC-DATA 25 KBASIS=MOLE-GAMMA  
    REAC-DATA 27 KBASIS=MOLE-GAMMA  
    REAC-DATA 28  
    REAC-DATA 29 KBASIS=MOLE-GAMMA  
    K-STOIC 25 A=132.89888 B=-13445.9 C=-22.4773  
    K-STOIC 27 A=481.945 B=-33448.7 C=-69.7827  
    K-STOIC 28 A=-488.753 B=27752.8 C=69.7831  
    K-STOIC 29 A=216.05043 B=-12431.7 C=-35.4819  
    RATE-CON 7 PRE-EXP=155760000.  & 
        ACT-ENERGY=-54413.37202 <kJ/kmol> TEMP-
EXPONEN=27.17692967  & 
        T-REF=298.15 <K>  
    RATE-CON 8 PRE-EXP=3600700000000.  & 
        ACT-ENERGY=148611.1824 <kJ/kmol> TEMP-
EXPONEN=-23.11647033  & 
        T-REF=298.15 <K>  
    RATE-CON 9 PRE-EXP=13251000000.  & 
        ACT-ENERGY=-63552.21877 <kJ/kmol> TEMP-
EXPONEN=32.25326115  & 
        T-REF=298.15 <K>  
    RATE-CON 10 PRE-EXP=1712.7 ACT-
ENERGY=186828.0482 <kJ/kmol>  & 
        TEMP-EXPONEN=-18.03973885 T-REF=298.15 <K>  
    RATE-CON 11 PRE-EXP=40573000000.  & 
        ACT-ENERGY=-175750.1575 <kJ/kmol> TEMP-
EXPONEN=59.95749269  & 
        T-REF=298.15 <K>  
    RATE-CON 12 PRE-EXP=763.96 ACT-
ENERGY=305366.8887 <kJ/kmol>  & 
        TEMP-EXPONEN=-60.11860731 T-REF=298.15 <K>  
    RATE-CON 13 PRE-EXP=237860000000.  & 
        ACT-ENERGY=-113185.3354 <kJ/kmol> TEMP-
EXPONEN=55.01911808  & 
        T-REF=298.15 <K>  
    RATE-CON 14 PRE-EXP=4610.1 ACT-
ENERGY=193196.3728 <kJ/kmol>  & 
        TEMP-EXPONEN=-30.75618192 T-REF=298.15 <K>  
    RATE-CON 15 PRE-EXP=383890000000.  & 
        ACT-ENERGY=-77127.36934 <kJ/kmol> TEMP-
EXPONEN=37.32258362  & 
        T-REF=298.15 <K>  
    RATE-CON 16 PRE-EXP=0.028911 ACT-
ENERGY=237686.3977 <kJ/kmol>  & 
        TEMP-EXPONEN=-35.44811638 T-REF=298.15 <K>  
    RATE-CON 17 PRE-EXP=48617000. ACT-
ENERGY=57784.56673 <kJ/kmol>  & 
        TEMP-EXPONEN=-0.527301874 T-REF=298.15 <K>  
    RATE-CON 18 PRE-EXP=2.7904E+013  & 
        ACT-ENERGY=74313.63013 <kJ/kmol> TEMP-
EXPONEN=-0.527501874  & 
        T-REF=298.15 <K>  
    RATE-CON 19 PRE-EXP=25771000000.  & 
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        ACT-ENERGY=-63552.21877 <kJ/kmol> TEMP-
EXPONEN=32.25326115  & 
        T-REF=298.15 <K>  
    RATE-CON 20 PRE-EXP=12048. ACT-
ENERGY=231069.3364 <kJ/kmol>  & 
        TEMP-EXPONEN=-37.52963885 T-REF=298.15 <K>  
    RATE-CON 21 PRE-EXP=74216000000.  & 
        ACT-ENERGY=-987.3966063 <kJ/kmol> TEMP-
EXPONEN=27.31488654  & 
        T-REF=298.15 <K>  
    RATE-CON 22 PRE-EXP=35714. ACT-
ENERGY=118898.8206 <kJ/kmol>  & 
        TEMP-EXPONEN=-8.167213459 T-REF=298.15 <K>  
    RATE-CON 23 PRE-EXP=8411600000.  & 
        ACT-ENERGY=48645.71999 <kJ/kmol> TEMP-
EXPONEN=4.549029608  & 
        T-REF=298.15 <K>  
    RATE-CON 24 PRE-EXP=26993. ACT-ENERGY=112530.496 
<kJ/kmol>  & 
        TEMP-EXPONEN=4.549229608 T-REF=298.15 <K>  
    RATE-CON 1 PRE-EXP=5284500. ACT-
ENERGY=54758.09969 <kJ/kmol>  & 
        TEMP-EXPONEN=5.238172112 T-REF=298.15 <K>  
    RATE-CON 2 PRE-EXP=0.0021836 ACT-
ENERGY=66013.59289 <kJ/kmol>  & 
        TEMP-EXPONEN=19.54247211 T-REF=298.15 <K>  
    RATE-CON 4 PRE-EXP=2.3502 ACT-ENERGY=146702.3984 
<kJ/kmol>  & 
        TEMP-EXPONEN=-8.853927113 T-REF=298.15 <K>  
    RATE-CON 5 PRE-EXP=10428. ACT-ENERGY=73163.70149 
<kJ/kmol>  & 
        TEMP-EXPONEN=-0.792946021 T-REF=298.15 <K>  
    RATE-CON 3 PRE-EXP=22749. ACT-ENERGY=-
30856.37399 <kJ/kmol>  & 
        TEMP-EXPONEN=24.14717289 T-REF=298.15 <K>  
    RATE-CON 6 PRE-EXP=7.3949 ACT-ENERGY=19985.69469 
<kJ/kmol>  & 
        TEMP-EXPONEN=35.98905398 T-REF=298.15 <K>  
    STOIC 7 PZ -1. / CO2 -1. / H2O -1. / PZCOO- 1. /  & 
        H3O+ 1.  
    STOIC 8 PZCOO- -1. / H3O+ -1. / PZ 1. / CO2 1. /  & 
        H2O 1.  
    STOIC 9 PZ -1. / CO2 -1. / PZCOO- 0. / HPZCOO 1.  
    STOIC 10 HPZCOO -1. / PZCOO- 0. / PZ 1. / CO2 1.  
    STOIC 11 PZ -2. / CO2 -1. / PZCOO- 1. / PZH+ 1.  
    STOIC 12 PZCOO- -1. / PZH+ -1. / PZ 2. / CO2 1.  
    STOIC 13 PZ -1. / CO2 -1. / CO3--2 -1. / PZCOO- 1. /  & 
        HCO3- 1.  
    STOIC 14 PZCOO- -1. / HCO3- -1. / PZ 1. / CO2 1. /  & 
        CO3--2 1.  
    STOIC 15 PZ -1. / CO2 -1. / OH- -1. / PZCOO- 1. /  & 
        H2O 1.  
    STOIC 16 PZCOO- -1. / H2O -1. / PZ 1. / CO2 1. /  & 
        OH- 1.  
    STOIC 17 PZCOO- -1. / CO2 -1. / H2O -1. / PZCOO-2 1. / & 
        H3O+ 1.  
    STOIC 18 PZCOO-2 -1. / H3O+ -1. / PZCOO- 1. / CO2 1. / & 
        H2O 1.  

    STOIC 19 PZCOO- -1. / CO2 -1. / PZ -1. / PZCOO-2 1. /  & 
        PZH+ 1.  
    STOIC 20 PZCOO-2 -1. / PZH+ -1. / PZCOO- 1. / CO2 1. / & 
        PZ 1.  
    STOIC 21 PZCOO- -1. / CO2 -1. / CO3--2 -1. / PZCOO-2  & 
        1. / HCO3- 1.  
    STOIC 22 PZCOO-2 -1. / HCO3- -1. / PZCOO- 1. / CO2 1. / & 
        CO3--2 1.  
    STOIC 23 PZCOO- -2. / CO2 -1. / PZCOO-2 1. / HPZCOO  & 
        1.  
    STOIC 24 PZCOO-2 -1. / HPZCOO -1. / PZCOO- 2. / CO2  & 
        1.  
    STOIC 1 CO2 -1. / OH- -1. / HCO3- 1.  
    STOIC 2 HCO3- -1. / CO2 1. / OH- 1.  
    STOIC 4 PZH+ -1. / HCO3- -1. / PZ 1. / CO2 1. / H2O  & 
        1.  
    STOIC 5 PZCOO- -1. / CO2 -1. / H2O -1. / HPZCOO 1. /  & 
        HCO3- 1.  
    STOIC 3 PZ -1. / CO2 -1. / H2O -1. / PZH+ 1. /  & 
        HCO3- 1.  
    STOIC 6 HPZCOO -1. / HCO3- -1. / PZCOO- 1. / CO2 1. /  & 
        H2O 1.  
    STOIC 25 H2O -2. / H3O+ 1. / OH- 1.  
    STOIC 27 PZH+ -1. / H2O -1. / PZ 1. / H3O+ 1.  
    STOIC 28 HPZCOO -1. / PZ -1. / PZCOO- 1. / PZH+ 1.  
    STOIC 29 HCO3- -1. / H2O -1. / H3O+ 1. / CO3--2 1.  
    POWLAW-EXP 7 PZ 1. / CO2 1. / H2O 1.  
    POWLAW-EXP 8 PZCOO- 1. / H3O+ 1.  
    POWLAW-EXP 9 PZ 1. / CO2 1. / PZCOO- 1.  
    POWLAW-EXP 10 HPZCOO 1. / PZCOO- 1.  
    POWLAW-EXP 11 PZ 2. / CO2 1.  
    POWLAW-EXP 12 PZCOO- 1. / PZH+ 1.  
    POWLAW-EXP 13 PZ 1. / CO2 1. / CO3--2 1.  
    POWLAW-EXP 14 PZCOO- 1. / HCO3- 1.  
    POWLAW-EXP 15 PZ 1. / CO2 1. / OH- 1.  
    POWLAW-EXP 16 PZCOO- 1. / H2O 1.  
    POWLAW-EXP 17 PZCOO- 1. / CO2 1. / H2O 1.  
    POWLAW-EXP 18 PZCOO-2 1. / H3O+ 1.  
    POWLAW-EXP 19 PZCOO- 1. / CO2 1. / PZ 1.  
    POWLAW-EXP 20 PZCOO-2 1. / PZH+ 1.  
    POWLAW-EXP 21 PZCOO- 1. / CO2 1. / CO3--2 1.  
    POWLAW-EXP 22 PZCOO-2 1. / HCO3- 1.  
    POWLAW-EXP 23 PZCOO- 2. / CO2 1.  
    POWLAW-EXP 24 PZCOO-2 1. / HPZCOO 1.  
    POWLAW-EXP 1 CO2 1. / OH- 1.  
    POWLAW-EXP 2 HCO3- 1.  
    POWLAW-EXP 4 PZH+ 1. / HCO3- 1.  
    POWLAW-EXP 5 PZCOO- 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 3 PZ 1. / CO2 1. / H2O 0.  
    POWLAW-EXP 6 HPZCOO 1. / HCO3- 1.  
 
DISABLE  
    DESIGN-SPEC 40DEG1 40DEG2 LEANLDG  
; 
; 
; 
; 
;
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System Stream Results And Block Results 
 ABSLE ABSLEAN ABSLEAN1 ABSLEANT ABSRICH ABSRICHP COMPPZ E1RICH E2RICH 
Temperature C 40 40 46 40 41.4 41 40 41 41 
Pressure kPa 100.03 100.03 849 100.03 99.91 788.91 260 719.96 719.96 
Vapor Frac 0 0 0 0 0 0 0 0 0 
Solid Frac 0 0 0 0 0 0 0 0 0 
Mole Flow kmol/hr 94017.092 95547.035 30007.358 94017.092 125713.403 125712.689    < 0.001 96421.633 29291.057 
Mass Flow kg/hr 2.50E+06 2.53E+06 803989.1 2.50E+06 3.44E+06 3.44E+06 0.001 2.64E+06 801010.759 
Volume Flow cum/hr 2171.972 2200.308 690.195 2171.977 2923.505 2921.4    < 0.001 2240.764 680.702 
Enthalpy    MMBtu/hr -26794.98 -27205.017 -8672.588 -26794.923 -36924.834 -36921.924   > -0.001 -28319.128 -8602.812 
Mass Flow kg/hr                   
  H2O 1.47E+06 1.50E+06 470020.354 1.47E+06 1.96E+06 1.95E+06            1.50E+06 454724.703 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 87925.943 88616.318 7972.555 87927.075 4881.157 6409.892 0.001 4917.251 1493.767 
  K+ 227784.854 227784.854 69196.703 227784.854 296981.556 296981.556            227784.854 69196.703 
  H3O+    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001               < 0.001    < 0.001 
  CO2 2.789 2.815 5.892 2.79 106.789 75.361            57.829 17.567 
  HCO3- 31480.734 31600.44 18051.257 31483.295 99912.51 120033.765            92078.48 27971.689 
  OH- 2.065 2.139 0.318 2.065 0.418 0.476            0.365 0.111 
  CO3--2 21777.607 22142.601 4127.744 21778.293 8734.392 11928.703            9149.272 2779.375 
  PZH+ 41995.67 42626.453 22704.124 42000.216 71754.109 91041.035            69846.135 21217.926 
  PZCOO- 255555.321 255823.018 45059.497 255550.616 90126.53 99362.545            76209.101 23150.874 
  PZCOO-2 265723.09 264948.629 107420.426 265725.135 498598.782 473945.565            363517.383 110429.661 
  HPZCOO 103166.469 102562.833 59430.308 103161.166 407896.942 386114.136            296122.989 89956.527 
  N2                            trace            12.682 12.682            9.727 2.955 
  O2 0.001            0.021 0.001 295.707 295.707            226.807 68.9 
Mass Frac                   
  H2O 0.586 0.591 0.585 0.586 0.57 0.568            0.568 0.568 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 0.035 0.035 0.01 0.035 0.001 0.002 1 0.002 0.002 
  K+ 0.091 0.09 0.086 0.091 0.086 0.086            0.086 0.086 
  H3O+      trace      trace      trace      trace      trace      trace                 trace      trace 
  CO2      1 PPM      1 PPM      7 PPM      1 PPM     31 PPM     22 PPM                22 PPM     22 PPM 
  HCO3- 0.013 0.012 0.022 0.013 0.029 0.035            0.035 0.035 
  OH-    825 PPB    845 PPB    396 PPB    825 PPB    122 PPB    138 PPB               138 PPB    138 PPB 
  CO3--2 0.009 0.009 0.005 0.009 0.003 0.003            0.003 0.003 
  PZH+ 0.017 0.017 0.028 0.017 0.021 0.026            0.026 0.026 
  PZCOO- 0.102 0.101 0.056 0.102 0.026 0.029            0.029 0.029 
  PZCOO-2 0.106 0.105 0.134 0.106 0.145 0.138            0.138 0.138 
  HPZCOO 0.041 0.041 0.074 0.041 0.119 0.112            0.112 0.112 
  N2                            trace                 4 PPM      4 PPM                 4 PPM      4 PPM 
  O2      trace                26 PPB      trace     86 PPM     86 PPM                86 PPM     86 PPM 
Mole Flow kmol/hr                   
  H2O 81494.2 83007.906 26090.094 81494.147 108713.977 108330.983            83089.659 25241.057 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 1020.77 1028.785 92.557 1020.783 56.667 74.415    < 0.001 57.086 17.342 
  K+ 5826.035 5826.035 1769.838 5826.035 7595.873 7595.873            5826.035 1769.838 
  H3O+      trace      trace      trace      trace      trace      trace                 trace      trace 
  CO2 0.063 0.064 0.134 0.063 2.426 1.712            1.314 0.399 
  HCO3- 515.928 517.89 295.836 515.97 1637.435 1967.196            1509.046 458.419 
  OH- 0.121 0.126 0.019 0.121 0.025 0.028            0.021 0.007 
  CO3--2 362.898 368.98 68.784 362.909 145.548 198.778            152.462 46.315 
  PZH+ 481.895 489.133 260.527 481.947 823.37 1044.685            801.476 243.473 
  PZCOO- 1978.884 1980.957 348.917 1978.848 697.892 769.411            590.123 179.268 
  PZCOO-2 1543.617 1539.118 624.018 1543.628 2896.419 2753.205            2111.715 641.499 
  HPZCOO 792.68 788.042 456.633 792.639 3134.077 2966.708            2275.261 691.181 
  N2                            trace            0.453 0.453            0.347 0.105 
  O2    < 0.001            0.001    < 0.001 9.241 9.241            7.088 2.153 
Mole Frac                   
  H2O 0.867 0.869 0.869 0.867 0.865 0.862            0.862 0.862 
  K2CO3                                                                                                    
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  KHCO3                                                                                                    
  PZ 0.011 0.011 0.003 0.011    451 PPM    592 PPM 1    592 PPM    592 PPM 
  K+ 0.062 0.061 0.059 0.062 0.06 0.06            0.06 0.06 
  H3O+      trace      trace      trace      trace      trace      trace                 trace      trace 
  CO2    674 PPB    669 PPB      4 PPM    674 PPB     19 PPM     14 PPM                14 PPM     14 PPM 
  HCO3- 0.005 0.005 0.01 0.005 0.013 0.016            0.016 0.016 
  OH-      1 PPM      1 PPM    623 PPB      1 PPM    195 PPB    222 PPB               222 PPB    222 PPB 
  CO3--2 0.004 0.004 0.002 0.004 0.001 0.002            0.002 0.002 
  PZH+ 0.005 0.005 0.009 0.005 0.007 0.008            0.008 0.008 
  PZCOO- 0.021 0.021 0.012 0.021 0.006 0.006            0.006 0.006 
  PZCOO-2 0.016 0.016 0.021 0.016 0.023 0.022            0.022 0.022 
  HPZCOO 0.008 0.008 0.015 0.008 0.025 0.024            0.024 0.024 
  N2                            trace                 4 PPM      4 PPM                 4 PPM      4 PPM 
  O2      trace                22 PPB      trace     74 PPM     74 PPM                74 PPM     74 PPM 
CPMX kJ/kmol-K 116.085 115.453 117.48 116.085 119.182 118.316 198.445 118.319 118.319 
PPMX Pa                   
  PZ                   
*** LIQUID PHASE ***                   
Mass Conc gm/l                   
  H2O 675.948 679.637 680.997 675.946 669.919 668.04            668.024 668.024 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 40.482 40.274 11.551 40.483 1.67 2.194 705.957 2.194 2.194 
  K+ 104.875 103.524 100.257 104.874 101.584 101.657            101.655 101.655 
  H3O+    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001               < 0.001    < 0.001 
  CO2 0.001 0.001 0.009 0.001 0.037 0.026            0.026 0.026 
  HCO3- 14.494 14.362 26.154 14.495 34.176 41.088            41.092 41.092 
  OH- 0.001 0.001    < 0.001 0.001    < 0.001    < 0.001               < 0.001    < 0.001 
  CO3--2 10.027 10.063 5.981 10.027 2.988 4.083            4.083 4.083 
  PZH+ 19.335 19.373 32.895 19.337 24.544 31.163            31.171 31.171 
  PZCOO- 117.661 116.267 65.285 117.658 30.828 34.012            34.01 34.01 
  PZCOO-2 122.342 120.414 155.638 122.343 170.548 162.232            162.229 162.229 
  HPZCOO 47.499 46.613 86.107 47.496 139.523 132.167            132.153 132.153 
  N2                            trace            0.004 0.004            0.004 0.004 
  O2    < 0.001               < 0.001    < 0.001 0.101 0.101            0.101 0.101 
Mole Conc mol/l                   
  H2O 37.521 37.726 37.801 37.521 37.186 37.082            37.081 37.081 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 0.47 0.468 0.134 0.47 0.019 0.025 8.196 0.025 0.025 
  K+ 2.682 2.648 2.564 2.682 2.598 2.6            2.6 2.6 
  H3O+      trace      trace    < 0.001      trace    < 0.001    < 0.001               < 0.001    < 0.001 
  CO2    < 0.001    < 0.001    < 0.001    < 0.001 0.001 0.001            0.001 0.001 
  HCO3- 0.238 0.235 0.429 0.238 0.56 0.673            0.673 0.673 
  OH-    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001               < 0.001    < 0.001 
  CO3--2 0.167 0.168 0.1 0.167 0.05 0.068            0.068 0.068 
  PZH+ 0.222 0.222 0.377 0.222 0.282 0.358            0.358 0.358 
  PZCOO- 0.911 0.9 0.506 0.911 0.239 0.263            0.263 0.263 
  PZCOO-2 0.711 0.7 0.904 0.711 0.991 0.942            0.942 0.942 
  HPZCOO 0.365 0.358 0.662 0.365 1.072 1.016            1.015 1.015 
  N2                            trace               < 0.001    < 0.001               < 0.001    < 0.001 
  O2    < 0.001               < 0.001    < 0.001 0.003 0.003            0.003 0.003 
Act Coef                   
  H2O 0.996 0.996 0.994 0.996 0.993 0.996   0.996 0.996 
  PZ 0.334 0.336 0.85 0.334 1.042 1.003 1 1.003 1.003 
  CO3--2 0.105 0.104 0.084 0.105 0.096 0.09   0.09 0.09 
  HCO3- 0.423 0.423 0.377 0.423 0.406 0.381   0.381 0.381 
  HPZCOO 0.577 0.577 0.555 0.577 0.539 0.557   0.557 0.557 
  K+ 0.76 0.754 0.791 0.76 0.821 0.773   0.773 0.773 
  PZCOO- 0.518 0.516 0.632 0.518 0.702 0.688   0.688 0.688 
  PZCOO-2 0.25 0.246 0.184 0.25 0.194 0.182   0.182 0.182 
  PZH+ 0.771 0.767 0.603 0.771 0.554 0.515   0.514 0.514 
Ionic S(M) 5.595 5.499 5.794 5.595 5.852 5.94   5.94 5.94 
GAMUS                   
  CO2 2.745489 2.717026 2.333928 2.745185 2.525504 2.59022   2.589913 2.589913 

3523



 
 EABSLEAN ESTRLEAN FABSRICH GASIN GASOUT LP2 LPC LPC2 MCOMPIN 
Temperature C 46 107.4 41 40 41 86.2 40 40 40 
Pressure kPa 849 849 719.96 111.33 99.86 260 160 160 260 
Vapor Frac 0 0 0 1 1 1 0.553 1 1 
Solid Frac 0 0 0 0 0 0 0 0 0 
Mole Flow kmol/hr 94017.144 94026.426 125712.69 19756.44 17342.647 1570.298 2840.061 1570.298 2322.435 
Mass Flow kg/hr 2.50E+06 2.50E+06 3.44E+06 584213.977 482015.238 67174.46 90838.441 67174.46 100334.627 
Volume Flow cum/hr 2179.76 2278.011 2921.469 461504.641 453306.517 17902.117 25391.704 25367.985 22989.371 
Enthalpy    MMBtu/hr -26729.023 -26076.327 -36921.926 -1231.696 -356.212 -571.276 -918.462 -573.902 -852.403 
Mass Flow kg/hr                   
  H2O 1.47E+06 1.46E+06 1.95E+06 23846.492 21161.743 1320.739 23988.842 1320.739 1217.868 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 93192.046 129315.236 6411.735            81.196 0.004 0.51 0.004            
  K+ 227784.854 227784.854 296981.556                                                                   
  H3O+    < 0.001    < 0.001    < 0.001                                     < 0.001                       
  CO2 5.106 413.581 75.409 110423.575 11136.757 65779.804 65814.41 65779.804 98809.016 
  HCO3- 37734.12 83885.428 120049.529                                  233.609                       
  OH- 2.168 4.194 0.476                                     < 0.001                       
  CO3--2 20929.68 9494.066 11928.087                                  0.212                       
  PZH+ 43929.334 64861.423 91060.165                                  337.222                       
  PZCOO- 250147.226 210871.664 99362.316                                  1.7                       
  PZCOO-2 264848.129 279391.247 473944.141                                  1.791                       
  HPZCOO 98433.621 41178.945 386084.09                 trace            385.97                       
  N2                       12.682 418903.756 418891.073 2.955 2.955 2.955 12.682 
  O2 0.001 0.001 295.707 31040.154 30744.468 70.958 71.237 70.958 295.061 
Mass Frac                   
  H2O 0.586 0.582 0.568 0.041 0.044 0.02 0.264 0.02 0.012 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 0.037 0.052 0.002               168 PPM     58 PPB      6 PPM     58 PPB            
  K+ 0.091 0.091 0.086                                                                   
  H3O+      trace      trace      trace                                       1 PPB                       
  CO2      2 PPM    165 PPM     22 PPM 0.189 0.023 0.979 0.725 0.979 0.985 
  HCO3- 0.015 0.034 0.035                                  0.003                       
  OH-    866 PPB      2 PPM    138 PPB                                       1 PPB                       
  CO3--2 0.008 0.004 0.003                                       2 PPM                       
  PZH+ 0.018 0.026 0.026                                  0.004                       
  PZCOO- 0.1 0.084 0.029                                      19 PPM                       
  PZCOO-2 0.106 0.112 0.138                                      20 PPM                       
  HPZCOO 0.039 0.016 0.112                 trace            0.004                       
  N2                            4 PPM 0.717 0.869     44 PPM     33 PPM     44 PPM    126 PPM 
  O2      trace      trace     86 PPM 0.053 0.064 0.001    784 PPM 0.001 0.003 
Mole Flow kmol/hr                   
  H2O 81405.839 80839.921 108330.735 1323.681 1174.655 73.312 1331.583 73.312 67.602 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 1081.906 1501.276 74.437            0.943    < 0.001 0.006    < 0.001            
  K+ 5826.035 5826.035 7595.873                                                                   
  H3O+      trace    < 0.001      trace                                       trace                       
  CO2 0.116 9.397 1.713 2509.068 253.052 1494.663 1495.449 1494.663 2245.159 
  HCO3- 618.413 1374.772 1967.455                                  3.829                       
  OH- 0.127 0.247 0.028                                       trace                       
  CO3--2 348.768 158.207 198.767                                  0.004                       
  PZH+ 504.084 744.277 1044.904                                  3.87                       
  PZCOO- 1937.007 1632.878 769.409                                  0.013                       
  PZCOO-2 1538.534 1623.016 2753.197                                  0.01                       
  HPZCOO 756.315 316.398 2966.478                 trace            2.966                       
  N2                       0.453 14953.649 14953.197 0.105 0.105 0.105 0.453 
  O2    < 0.001    < 0.001 9.241 970.041 960.801 2.218 2.226 2.218 9.221 
Mole Frac                   
  H2O 0.866 0.86 0.862 0.067 0.068 0.047 0.469 0.047 0.029 
  K2CO3                                                                                                    
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  KHCO3                                                                                                    
  PZ 0.012 0.016    592 PPM                54 PPM     29 PPB      2 PPM     29 PPB            
  K+ 0.062 0.062 0.06                                                                   
  H3O+      trace      trace      trace                                       2 PPB                       
  CO2      1 PPM    100 PPM     14 PPM 0.127 0.015 0.952 0.527 0.952 0.967 
  HCO3- 0.007 0.015 0.016                                  0.001                       
  OH-      1 PPM      3 PPM    222 PPB                                       2 PPB                       
  CO3--2 0.004 0.002 0.002                                       1 PPM                       
  PZH+ 0.005 0.008 0.008                                  0.001                       
  PZCOO- 0.021 0.017 0.006                                       5 PPM                       
  PZCOO-2 0.016 0.017 0.022                                       4 PPM                       
  HPZCOO 0.008 0.003 0.024                 trace            0.001                       
  N2                            4 PPM 0.757 0.862     67 PPM     37 PPM     67 PPM    195 PPM 
  O2      trace      trace     74 PPM 0.049 0.055 0.001    784 PPM 0.001 0.004 
CPMX kJ/kmol-K 115.791 116.168 118.319 30.665 29.685 39.794 56.114 37.908 38.132 
PPMX Pa                   
  PZ         5.428 0.008 0.005 0.005   
*** LIQUID PHASE ***                   
Mass Conc gm/l                   
  H2O 672.803 639.309 668.023       955.707     
  K2CO3                                                       
  KHCO3                                                       
  PZ 42.753 56.767 2.195       0.021     
  K+ 104.5 99.993 101.655                      
  H3O+    < 0.001    < 0.001    < 0.001          < 0.001     
  CO2 0.002 0.182 0.026       1.459     
  HCO3- 17.311 36.824 41.092       9.849     
  OH- 0.001 0.002    < 0.001          < 0.001     
  CO3--2 9.602 4.168 4.083       0.009     
  PZH+ 20.153 28.473 31.169       14.218     
  PZCOO- 114.759 92.568 34.011       0.072     
  PZCOO-2 121.503 122.647 162.228       0.075     
  HPZCOO 45.158 18.077 132.154       16.273     
  N2                       0.004          < 0.001     
  O2    < 0.001    < 0.001 0.101       0.012     
Mole Conc mol/l                   
  H2O 37.346 35.487 37.081       53.05     
  K2CO3                                                       
  KHCO3                                                       
  PZ 0.496 0.659 0.025          < 0.001     
  K+ 2.673 2.558 2.6                      
  H3O+      trace    < 0.001    < 0.001          < 0.001     
  CO2    < 0.001 0.004 0.001       0.033     
  HCO3- 0.284 0.603 0.673       0.161     
  OH-    < 0.001    < 0.001    < 0.001          < 0.001     
  CO3--2 0.16 0.069 0.068          < 0.001     
  PZH+ 0.231 0.327 0.358       0.163     
  PZCOO- 0.889 0.717 0.263       0.001     
  PZCOO-2 0.706 0.712 0.942          < 0.001     
  HPZCOO 0.347 0.139 1.015       0.125     
  N2                          < 0.001          < 0.001     
  O2    < 0.001    < 0.001 0.003          < 0.001     
Act Coef                   
  H2O 0.998 1.022 0.996       1.001     
  PZ 0.437 2.542 1.003       0.745     
  CO3--2 0.095 0.03 0.09       0.231     
  HCO3- 0.411 0.317 0.381       0.617     
  HPZCOO 0.577 0.571 0.557       0.691     
  K+ 0.735 0.559 0.773             
  PZCOO- 0.498 0.349 0.688       0.696     
  PZCOO-2 0.237 0.117 0.182       0.231     
  PZH+ 0.738 0.49 0.514       0.618     
Ionic S(M) 5.603 5.735 5.94       0.171     
GAMUS                   
  CO2 2.423927 0.9034086 2.589846       1.045842     
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 EABSLEAN ESTRLEAN FABSRICH GASIN GASOUT LP2 LPC LPC2 MCOMPIN 
Temperature C 46 107.4 41 40 41 86.2 40 40 40 
Pressure kPa 849 849 719.96 111.33 99.86 260 160 160 260 
Vapor Frac 0 0 0 1 1 1 0.553 1 1 
Solid Frac 0 0 0 0 0 0 0 0 0 
Mole Flow kmol/hr 94017.144 94026.426 125712.69 19756.44 17342.647 1570.298 2840.061 1570.298 2322.435 
Mass Flow kg/hr 2.50E+06 2.50E+06 3.44E+06 584213.977 482015.238 67174.46 90838.441 67174.46 100334.627 
Volume Flow cum/hr 2179.76 2278.011 2921.469 461504.641 453306.517 17902.117 25391.704 25367.985 22989.371 
Enthalpy    MMBtu/hr -26729.023 -26076.327 -36921.926 -1231.696 -356.212 -571.276 -918.462 -573.902 -852.403 
Mass Flow kg/hr                   
  H2O 1.47E+06 1.46E+06 1.95E+06 23846.492 21161.743 1320.739 23988.842 1320.739 1217.868 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 93192.046 129315.236 6411.735            81.196 0.004 0.51 0.004            
  K+ 227784.854 227784.854 296981.556                                                                   
  H3O+    < 0.001    < 0.001    < 0.001                                     < 0.001                       
  CO2 5.106 413.581 75.409 110423.575 11136.757 65779.804 65814.41 65779.804 98809.016 
  HCO3- 37734.12 83885.428 120049.529                                  233.609                       
  OH- 2.168 4.194 0.476                                     < 0.001                       
  CO3--2 20929.68 9494.066 11928.087                                  0.212                       
  PZH+ 43929.334 64861.423 91060.165                                  337.222                       
  PZCOO- 250147.226 210871.664 99362.316                                  1.7                       
  PZCOO-2 264848.129 279391.247 473944.141                                  1.791                       
  HPZCOO 98433.621 41178.945 386084.09                 trace            385.97                       
  N2                       12.682 418903.756 418891.073 2.955 2.955 2.955 12.682 
  O2 0.001 0.001 295.707 31040.154 30744.468 70.958 71.237 70.958 295.061 
Mass Frac                   
  H2O 0.586 0.582 0.568 0.041 0.044 0.02 0.264 0.02 0.012 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 0.037 0.052 0.002               168 PPM     58 PPB      6 PPM     58 PPB            
  K+ 0.091 0.091 0.086                                                                   
  H3O+      trace      trace      trace                                       1 PPB                       
  CO2      2 PPM    165 PPM     22 PPM 0.189 0.023 0.979 0.725 0.979 0.985 
  HCO3- 0.015 0.034 0.035                                  0.003                       
  OH-    866 PPB      2 PPM    138 PPB                                       1 PPB                       
  CO3--2 0.008 0.004 0.003                                       2 PPM                       
  PZH+ 0.018 0.026 0.026                                  0.004                       
  PZCOO- 0.1 0.084 0.029                                      19 PPM                       
  PZCOO-2 0.106 0.112 0.138                                      20 PPM                       
  HPZCOO 0.039 0.016 0.112                 trace            0.004                       
  N2                            4 PPM 0.717 0.869     44 PPM     33 PPM     44 PPM    126 PPM 
  O2      trace      trace     86 PPM 0.053 0.064 0.001    784 PPM 0.001 0.003 
Mole Flow kmol/hr                   
  H2O 81405.839 80839.921 108330.735 1323.681 1174.655 73.312 1331.583 73.312 67.602 
  K2CO3                                                                                                    
  KHCO3                                                                                                    
  PZ 1081.906 1501.276 74.437            0.943    < 0.001 0.006    < 0.001            
  K+ 5826.035 5826.035 7595.873                                                                   
  H3O+      trace    < 0.001      trace                                       trace                       
  CO2 0.116 9.397 1.713 2509.068 253.052 1494.663 1495.449 1494.663 2245.159 
  HCO3- 618.413 1374.772 1967.455                                  3.829                       
  OH- 0.127 0.247 0.028                                       trace                       
  CO3--2 348.768 158.207 198.767                                  0.004                       
  PZH+ 504.084 744.277 1044.904                                  3.87                       
  PZCOO- 1937.007 1632.878 769.409                                  0.013                       
  PZCOO-2 1538.534 1623.016 2753.197                                  0.01                       
  HPZCOO 756.315 316.398 2966.478                 trace            2.966                       
  N2                       0.453 14953.649 14953.197 0.105 0.105 0.105 0.453 
  O2    < 0.001    < 0.001 9.241 970.041 960.801 2.218 2.226 2.218 9.221 
Mole Frac                   
  H2O 0.866 0.86 0.862 0.067 0.068 0.047 0.469 0.047 0.029 
  K2CO3                                                                                                    
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  KHCO3                                                                                                    
  PZ 0.012 0.016    592 PPM                54 PPM     29 PPB      2 PPM     29 PPB            
  K+ 0.062 0.062 0.06                                                                   
  H3O+      trace      trace      trace                                       2 PPB                       
  CO2      1 PPM    100 PPM     14 PPM 0.127 0.015 0.952 0.527 0.952 0.967 
  HCO3- 0.007 0.015 0.016                                  0.001                       
  OH-      1 PPM      3 PPM    222 PPB                                       2 PPB                       
  CO3--2 0.004 0.002 0.002                                       1 PPM                       
  PZH+ 0.005 0.008 0.008                                  0.001                       
  PZCOO- 0.021 0.017 0.006                                       5 PPM                       
  PZCOO-2 0.016 0.017 0.022                                       4 PPM                       
  HPZCOO 0.008 0.003 0.024                 trace            0.001                       
  N2                            4 PPM 0.757 0.862     67 PPM     37 PPM     67 PPM    195 PPM 
  O2      trace      trace     74 PPM 0.049 0.055 0.001    784 PPM 0.001 0.004 
CPMX kJ/kmol-K 115.791 116.168 118.319 30.665 29.685 39.794 56.114 37.908 38.132 
PPMX Pa                   
  PZ         5.428 0.008 0.005 0.005   
*** LIQUID PHASE ***                   
Mass Conc gm/l                   
  H2O 672.803 639.309 668.023       955.707     
  K2CO3                                                       
  KHCO3                                                       
  PZ 42.753 56.767 2.195       0.021     
  K+ 104.5 99.993 101.655                      
  H3O+    < 0.001    < 0.001    < 0.001          < 0.001     
  CO2 0.002 0.182 0.026       1.459     
  HCO3- 17.311 36.824 41.092       9.849     
  OH- 0.001 0.002    < 0.001          < 0.001     
  CO3--2 9.602 4.168 4.083       0.009     
  PZH+ 20.153 28.473 31.169       14.218     
  PZCOO- 114.759 92.568 34.011       0.072     
  PZCOO-2 121.503 122.647 162.228       0.075     
  HPZCOO 45.158 18.077 132.154       16.273     
  N2                       0.004          < 0.001     
  O2    < 0.001    < 0.001 0.101       0.012     
Mole Conc mol/l                   
  H2O 37.346 35.487 37.081       53.05     
  K2CO3                                                       
  KHCO3                                                       
  PZ 0.496 0.659 0.025          < 0.001     
  K+ 2.673 2.558 2.6                      
  H3O+      trace    < 0.001    < 0.001          < 0.001     
  CO2    < 0.001 0.004 0.001       0.033     
  HCO3- 0.284 0.603 0.673       0.161     
  OH-    < 0.001    < 0.001    < 0.001          < 0.001     
  CO3--2 0.16 0.069 0.068          < 0.001     
  PZH+ 0.231 0.327 0.358       0.163     
  PZCOO- 0.889 0.717 0.263       0.001     
  PZCOO-2 0.706 0.712 0.942          < 0.001     
  HPZCOO 0.347 0.139 1.015       0.125     
  N2                          < 0.001          < 0.001     
  O2    < 0.001    < 0.001 0.003          < 0.001     
Act Coef                   
  H2O 0.998 1.022 0.996       1.001     
  PZ 0.437 2.542 1.003       0.745     
  CO3--2 0.095 0.03 0.09       0.231     
  HCO3- 0.411 0.317 0.381       0.617     
  HPZCOO 0.577 0.571 0.557       0.691     
  K+ 0.735 0.559 0.773             
  PZCOO- 0.498 0.349 0.688       0.696     
  PZCOO-2 0.237 0.117 0.182       0.231     
  PZH+ 0.738 0.49 0.514       0.618     
Ionic S(M) 5.603 5.735 5.94       0.171     
GAMUS                   
  CO2 2.423927 0.9034086 2.589846       1.045842     
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 STRLEAN STRSLEAN STSLEANP WKO0 WKO1 WKO3 WKO4 WKOT 
Temperature C 107.2 96.9 97.1 40 40 40 40 39.8147362 
Pressure kPa 160 160 849 160 260 372.889825 603.776643 101.325 
Vapor Frac 0 0 0 0 0 0 0 0.0029292 
Solid Frac 0 0 0 0 0 0 0 0 
Mole Flow kmol/hr 94026.333 30012.188 30012.234 1269.763 340.824 31.5221711 16.7447672 1658.87182 
Mass Flow kg/hr 2.50E+06 803989.1 803989.1 23663.997 6268.394 631.017168 341.934153 30905.343 
Volume Flow cum/hr 2278.256 712.799 712.713 23.719 6.298 17.2277535 6.78548955 154.979547 
Enthalpy    MMBtu/hr -26078.728 -8493.76 -8493.027 -344.56 -92.315 -8.7593429 -4.6796641 -450.31387 
Mass Flow kg/hr                 
  H2O 1.46E+06 465356.896 465350.023 22668.103 6102.505 524.08287 273.72733 29568.2561 
  K2CO3                                                        0 0 0 
  KHCO3                                                        0 0 0 
  PZ 129266.679 14519.33 14535.878 0.506 0.042 0 0 0.90195321 
  K+ 227784.854 69196.703 69196.703                       0 0 0 
  H3O+    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001 0 0 9.62E-05 
  CO2 409.491 218.448 220.512 34.606 15.479 106.778977 68.1177339 225.786641 
  HCO3- 83835.818 35914.118 35945.322 233.608 40.163 0 0 274.185359 
  OH- 4.188 0.582 0.583    < 0.001    < 0.001 0 0 0.00018161 
  CO3--2 9533.005 2093.208 2085.411 0.212 0.014 0 0 0.35945604 
  PZH+ 64866.38 39860.356 39880.062 337.222 57.522 0 0 397.141055 
  PZCOO- 210880.959 39056.831 39056.158 1.7 0.093 0 0 2.77368179 
  PZCOO-2 279348.257 109003.191 109001.447 1.791 0.058 0 0 2.59443795 
  HPZCOO 41268.045 28769.418 28716.981 385.971 52.174 0 0 432.476168 
  N2      trace      trace      trace    < 0.001    < 0.001 0.00959994 0.00489079 0.01457335 
  O2 0.001 0.021 0.021 0.279 0.345 0.14571994 0.0841982 0.85329078 
Mass Frac                 
  H2O 0.582 0.579 0.579 0.958 0.974 0.83053663 0.80052644 0.95673606 
  K2CO3                                                        0 0 0 
  KHCO3                                                        0 0 0 
  PZ 0.052 0.018 0.018     21 PPM      7 PPM 0 0 2.92E-05 
  K+ 0.091 0.086 0.086                       0 0 0 
  H3O+      trace      trace      trace      5 PPB     10 PPB 0 0 3.11E-09 
  CO2    164 PPM    272 PPM    274 PPM 0.001 0.002 0.16921723 0.19921302 0.00730574 
  HCO3- 0.033 0.045 0.045 0.01 0.006 0 0 0.00887177 
  OH-      2 PPM    724 PPB    725 PPB      4 PPB      2 PPB 0 0 5.88E-09 
  CO3--2 0.004 0.003 0.003      9 PPM      2 PPM 0 0 1.16E-05 
  PZH+ 0.026 0.05 0.05 0.014 0.009 0 0 0.01285023 
  PZCOO- 0.084 0.049 0.049     72 PPM     15 PPM 0 0 8.97E-05 
  PZCOO-2 0.112 0.136 0.136     76 PPM      9 PPM 0 0 8.39E-05 
  HPZCOO 0.016 0.036 0.036 0.016 0.008 0 0 0.01399357 
  N2      trace      trace      trace      2 PPB      7 PPB 1.52E-05 1.43E-05 4.72E-07 
  O2      trace     26 PPB     26 PPB     12 PPM     55 PPM 0.00023092 0.00024624 2.76E-05 
Mole Flow kmol/hr                 
  H2O 80840.086 25831.233 25830.852 1258.271 338.741 29.09102 15.1941757 1641.28762 
  K2CO3                                                        0 0 0 
  KHCO3                                                        0 0 0 
  PZ 1500.712 168.561 168.753 0.006    < 0.001 0 0 0.01047116 
  K+ 5826.035 1769.838 1769.838                       0 0 0 
  H3O+    < 0.001      trace      trace      trace      trace 0 0 5.06E-06 
  CO2 9.305 4.964 5.011 0.786 0.352 2.42625455 1.54778558 5.13037189 
  HCO3- 1373.959 588.585 589.097 3.829 0.658 0 0 4.49353882 
  OH- 0.246 0.034 0.034      trace      trace 0 0 1.07E-05 
  CO3--2 158.856 34.881 34.751 0.004    < 0.001 0 0 0.0059899 
  PZH+ 744.334 457.393 457.619 3.87 0.66 0 0 4.55714495 
  PZCOO- 1632.95 302.435 302.43 0.013 0.001 0 0 0.02147791 
  PZCOO-2 1622.767 633.212 633.202 0.01    < 0.001 0 0 0.01507139 
  HPZCOO 317.083 221.05 220.647 2.966 0.401 0 0 3.32293117 
  N2      trace      trace      trace      trace      trace 0.00034269 0.00017458 0.00052022 
  O2    < 0.001 0.001 0.001 0.009 0.011 0.00455391 0.00263129 0.02666633 
Mole Frac                 
  H2O 0.86 0.861 0.861 0.991 0.994 0.92287488 0.90739845 0.9893999 
  K2CO3                                                        0 0 0 
  KHCO3                                                        0 0 0 
  PZ 0.016 0.006 0.006      5 PPM      1 PPM 0 0 6.31E-06 
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  K+ 0.062 0.059 0.059                       0 0 0 
  H3O+      trace      trace      trace      5 PPB     10 PPB 0 0 3.05E-09 
  CO2     99 PPM    165 PPM    167 PPM    619 PPM 0.001 0.07696977 0.09243398 0.00309268 
  HCO3- 0.015 0.02 0.02 0.003 0.002 0 0 0.00270879 
  OH-      3 PPM      1 PPM      1 PPM      4 PPB      2 PPB 0 0 6.44E-09 
  CO3--2 0.002 0.001 0.001      3 PPM    667 PPB 0 0 3.61E-06 
  PZH+ 0.008 0.015 0.015 0.003 0.002 0 0 0.00274713 
  PZCOO- 0.017 0.01 0.01     10 PPM      2 PPM 0 0 1.29E-05 
  PZCOO-2 0.017 0.021 0.021      8 PPM    983 PPB 0 0 9.09E-06 
  HPZCOO 0.003 0.007 0.007 0.002 0.001 0 0 0.00200312 
  N2      trace      trace      trace      1 PPB      5 PPB 1.09E-05 1.04E-05 3.14E-07 
  O2      trace     22 PPB     22 PPB      7 PPM     32 PPM 0.00014446 0.00015714 1.61E-05 
CPMX kJ/kmol-K 116.197 118.761 118.73 78.629 77.21 72.4465655 71.9376619 78.1116683 
PPMX Pa                 
  PZ               0.00611765 
*** LIQUID PHASE ***                 
Mass Conc gm/l                 
  H2O 639.242 652.858 652.928 955.707 968.971 30.420848 40.3401004 960.336785 
  K2CO3                                                        0 0 0 
  KHCO3                                                        0 0 0 
  PZ 56.739 20.369 20.395 0.021 0.007 0 0 0.02929969 
  K+ 99.982 97.077 97.089                       0 0 0 
  H3O+    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001 0 0 3.13E-06 
  CO2 0.18 0.306 0.309 1.459 2.458 6.19807901 10.0387354 0.91150284 
  HCO3- 36.798 50.385 50.435 9.849 6.377 0 0 8.90708294 
  OH- 0.002 0.001 0.001    < 0.001    < 0.001 0 0 5.90E-06 
  CO3--2 4.184 2.937 2.926 0.009 0.002 0 0 0.01167715 
  PZH+ 28.472 55.921 55.955 14.218 9.133 0 0 12.9013757 
  PZCOO- 92.562 54.794 54.799 0.072 0.015 0 0 0.09010478 
  PZCOO-2 122.615 152.923 152.939 0.075 0.009 0 0 0.08428194 
  HPZCOO 18.114 40.361 40.292 16.273 8.284 0 0 14.0492589 
  N2      trace      trace      trace    < 0.001    < 0.001 0.00055723 0.00072077 1.55E-06 
  O2    < 0.001    < 0.001    < 0.001 0.012 0.055 0.00845844 0.01240856 0.01423491 
Mole Conc mol/l                 
  H2O 35.483 36.239 36.243 53.05 53.786 1.68861366 2.23921584 53.3067921 
  K2CO3                                                        0 0 0 
  KHCO3                                                        0 0 0 
  PZ 0.659 0.236 0.237    < 0.001    < 0.001 0 0 0.00034015 
  K+ 2.557 2.483 2.483                       0 0 0 
  H3O+    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001 0 0 1.64E-07 
  CO2 0.004 0.007 0.007 0.033 0.056 0.14083407 0.22810227 0.02071136 
  HCO3- 0.603 0.826 0.827 0.161 0.105 0 0 0.14597542 
  OH-    < 0.001    < 0.001    < 0.001    < 0.001    < 0.001 0 0 3.47E-07 
  CO3--2 0.07 0.049 0.049    < 0.001    < 0.001 0 0 0.00019458 
  PZH+ 0.327 0.642 0.642 0.163 0.105 0 0 0.14804171 
  PZCOO- 0.717 0.424 0.424 0.001    < 0.001 0 0 0.00069772 
  PZCOO-2 0.712 0.888 0.888    < 0.001    < 0.001 0 0 0.0004896 
  HPZCOO 0.139 0.31 0.31 0.125 0.064 0 0 0.1079475 
  N2      trace      trace      trace    < 0.001    < 0.001 1.99E-05 2.57E-05 5.54E-08 
  O2    < 0.001    < 0.001    < 0.001    < 0.001 0.002 0.00026433 0.00038778 0.00044485 
Act Coef                 
  H2O 1.022 1.012 1.012 1.001 1 0.9249569 0.90024825 1.0008591 
  PZ 2.535 3.886 3.896 0.745 0.743     0.73639593 
  CO3--2 0.03 0.031 0.031 0.231 0.299     0.24448802 
  HCO3- 0.317 0.275 0.275 0.617 0.687     0.63241356 
  HPZCOO 0.572 0.573 0.573 0.691 0.691     0.69115534 
  K+ 0.559 0.609 0.609           
  PZCOO- 0.349 0.504 0.503 0.696 0.744     0.70516243 
  PZCOO-2 0.117 0.096 0.096 0.231 0.299     0.24448802 
  PZH+ 0.49 0.403 0.403 0.618 0.687     0.63316479 
Ionic S(M) 5.735 6.222 6.222 0.171 0.108 0 0 0.15486865 
GAMUS                 
  CO2 0.9054383 0.9663744 0.9641554 1.045842 1.029758 0.73103215 0.73103215 1.04132659 
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Stage Liquid Vapor     Absorber Section    
  C C             

1 40.67 41.00             
2 41.51 41.90             
3 42.53 42.97             
4 43.72 44.19             
5 45.03 45.47             
6 46.32 46.63             
7 47.37 47.37             
8 47.82 47.25             
9 47.07 45.46             

10 40.00 40.60             
11 41.59 42.05             
12 42.82 43.15             
13 43.69 43.91             
14 44.27 44.40             
15 44.62 44.69             
16 44.82 44.83             
17 44.89 44.82             
18 44.80 44.60             
19 44.48 44.03             
20 43.69 42.77             
21 40.00 40.20             
22 40.55 40.69             
23 40.93 41.02             
24 41.19 41.25             
25 41.36 41.40             
26 41.47 41.49             
27 41.54 41.54             
28 41.57 41.54             
29 41.55 41.44             
30 41.44 41.08             

Stage H2O PZ K+ H3O+ CO2 HCO3- OH- CO3--2 PZH+ PZCOO- PZCOO-2 HPZCOO N2 O2 
1 0.0677 5.44E-05 0 0 0.0146 0 0 0 0 0 0 1.03E-21 0.8622 0.0554 
2 0.0709 5.86E-05 0 0 0.0175 0 0 0 0 0 0 5.09E-18 0.8561 0.0554 
3 0.0749 6.33E-05 0 0 0.0211 0 0 0 0 0 0 2.65E-18 0.8489 0.0550 
4 0.0798 6.80E-05 0 0 0.0254 0 0 0 0 0 0 7.84E-19 0.8403 0.0544 
5 0.0852 7.16E-05 0 0 0.0305 0 0 0 0 0 0 2.79E-18 0.8305 0.0538 
6 0.0905 7.24E-05 0 0 0.0364 0 0 0 0 0 0 3.83E-18 0.8199 0.0531 
7 0.0945 6.85E-05 0 0 0.0430 0 0 0 0 0 0 5.14E-18 0.8100 0.0524 
8 0.0947 5.80E-05 0 0 0.0502 0 0 0 0 0 0 9.14E-18 0.8030 0.0519 
9 0.0876 4.09E-05 0 0 0.0583 0 0 0 0 0 0 4.13E-17 0.8022 0.0519 

10 0.0656 2.05E-05 0 0 0.0677 0 0 0 0 0 0 9.63E-17 0.8141 0.0527 
11 0.0709 1.93E-05 0 0 0.0766 0 0 0 0 0 0 1.91E-16 0.8006 0.0518 
12 0.0753 1.82E-05 0 0 0.0842 0 0 0 0 0 0 3.70E-16 0.7894 0.0511 
13 0.0784 1.73E-05 0 0 0.0903 0 0 0 0 0 0 7.55E-16 0.7808 0.0505 
14 0.0806 1.66E-05 0 0 0.0946 0 0 0 0 0 0 1.32E-15 0.7747 0.0501 
15 0.0819 1.61E-05 0 0 0.0977 0 0 0 0 0 0 2.34E-15 0.7706 0.0499 
16 0.0825 1.56E-05 0 0 0.0999 0 0 0 0 0 0 3.46E-15 0.7679 0.0497 
17 0.0826 1.50E-05 0 0 0.1014 0 0 0 0 0 0 8.77E-32 0.7664 0.0496 
18 0.0819 1.40E-05 0 0 0.1028 0 0 0 0 0 0 1.57E-31 0.7658 0.0495 
19 0.0799 1.25E-05 0 0 0.1040 0 0 0 0 0 0 3.09E-31 0.7665 0.0496 
20 0.0751 1.04E-05 0 0 0.1056 0 0 0 0 0 0 4.36E-26 0.7694 0.0498 
21 0.0646 8.12E-06 0 0 0.1082 0 0 0 0 0 0 3.07E-15 0.7770 0.0503 
22 0.0663 7.64E-06 0 0 0.1133 0 0 0 0 0 0 1.91E-18 0.7704 0.0500 
23 0.0676 7.32E-06 0 0 0.1170 0 0 0 0 0 0 1.03E-15 0.7657 0.0497 
24 0.0684 7.10E-06 0 0 0.1196 0 0 0 0 0 0 6.89E-17 0.7625 0.0495 
25 0.0690 6.94E-06 0 0 0.1215 0 0 0 0 0 0 6.60E-17 0.7601 0.0493 
26 0.0694 6.78E-06 0 0 0.1229 0 0 0 0 0 0 4.62E-17 0.7585 0.0492 
27 0.0696 6.55E-06 0 0 0.1239 0 0 0 0 0 0 8.37E-17 0.7573 0.0491 
28 0.0696 6.14E-06 0 0 0.1248 0 0 0 0 0 0 1.89E-16 0.7565 0.0491 
29 0.0695 5.31E-06 0 0 0.1255 0 0 0 0 0 0 4.81E-16 0.7560 0.0490 
30 0.0688 3.58E-06 0 0 0.1262 0 0 0 0 0 0 2.04E-16 0.7560 0.0490 
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Stage Temperature  Low-Pressure Stripper   
  C       

1 96.86       
2 107.26       

        
        
Stage H2O PZ K+ H3O+ CO2 HCO3- OH- 

1 0.3050 0.0010 0 0 0.6873 0 0 
2 0.4396 0.0029 0 0 0.5567 0 0 

        
Stage CO3--2 PZH+ PZCOO- PZCOO-2 HPZCOO N2 O2 

1 0 0 0 0 3.29E-35 0.0003 0.0064 
2 0 0 0 0 2.25E-35 0.0000 0.0007 

        

        
Stage Temperature  High-Pressure Stripper   
  C       

1 91.64       
2 94.13       
3 96.92       
4 102.95       
5 107.23       

        
        
Stage H2O PZ K+ H3O+ CO2 HCO3- OH- 

1 0.4691 0.0024 5.78E-35 3.06E-35 0.5277 1.99E-35 1.04E-35 
2 0.5194 0.0032 5.99E-35 2.94E-35 0.4773 1.92E-35 1.28E-35 
3 0.5677 0.0041 6.01E-35 2.67E-35 0.4282 1.78E-35 1.50E-35 
4 0.6152 0.0050 6.09E-35 2.38E-35 0.3798 1.66E-35 1.74E-35 
5 0.7176 0.0072 6.20E-35 1.74E-35 0.2752 1.46E-35 2.62E-35 

        
Stage CO3--2 PZH+ PZCOO- PZCOO-2 HPZCOO N2 O2 

1 1.13E-35 1.49E-35 9.58E-35 2.05E-35 7.70E-35 3.71E-05 0.0008 
2 1.21E-35 1.44E-35 1.10E-35 2.09E-35 7.03E-35 2.69E-09 3.43E-05 
3 1.27E-35 1.32E-35 1.23E-35 2.04E-35 6.11E-35 9.42E-11 2.41E-05 
4 1.34E-35 1.19E-35 1.37E-35 1.99E-35 5.27E-35 8.68E-11 2.22E-05 
5 1.69E-35 7.92E-35 1.74E-35 1.73E-35 3.37E-35 2.35E-14 6.80E-07 

        

        
Pumps (MW)  Heat Exchangers (MW)  Compressors (MW) 

P1 0.86  E1 6.29  LPCOMP 0.79 
P2 0.21  E2 19.32  MULTISTA 8.95 
P3 0.70  COOLER 17.00    
P4 0.11  EX1 52.62    
   EX2 191.29    
   MULTISTA 12.92    
   HP 47.89    
   LP 40.59    
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