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Presentation OverviewPresentation Overview

●● project origin and 2project origin and 2ndnd year statusyear status



BackgroundBackground
●● capture and concentration of COcapture and concentration of CO22 from coalfrom coal--fired fired 

power plants and coal gasification processes power plants and coal gasification processes 
imminentimminent

●● viable separations technology yet to be identifiedviable separations technology yet to be identified
●● promising results obtained during 04 IC Phase I promising results obtained during 04 IC Phase I 

Project:Project: ““Radically New Adsorption Cycles for Radically New Adsorption Cycles for 
COCO22 SequestrationSequestration””

showed possibility of pressure swing showed possibility of pressure swing 
adsorption (PSA) for COadsorption (PSA) for CO22 capture and capture and 
concentration at high temperatureconcentration at high temperature



New Project ObjectiveNew Project Objective
Three Year Continuation GrantThree Year Continuation Grant
●● continue study of new PSA cycles for COcontinue study of new PSA cycles for CO22

capture and concentration at high temperaturecapture and concentration at high temperature
two key features of these new PSA cyclestwo key features of these new PSA cycles

use of use of hydrotalcitehydrotalcite like (like (HTlcHTlc) adsorbent) adsorbent
captures COcaptures CO22 reversibly at high T reversibly at high T 
simply by changing Psimply by changing P

heavy reflux (HR) PSA conceptheavy reflux (HR) PSA concept
allows heavy component (COallows heavy component (CO22) to be ) to be 
obtained in high purityobtained in high purity



●● definitive equilibrium and kinetic properties definitive equilibrium and kinetic properties 
of the of the HTlcHTlc adsorbentadsorbent

●● type of HR PSA cycle configuration that type of HR PSA cycle configuration that 
should be usedshould be used

●● economics of resulting HR PSAeconomics of resulting HR PSA--HTlcHTlc
process process (Air Products and Chemicals, Inc.)(Air Products and Chemicals, Inc.)

Major OutcomeMajor Outcome
●● definitive analysis and viability of a HR definitive analysis and viability of a HR 

PSAPSA--HTlcHTlc process for COprocess for CO22 capture and capture and 
concentration at high Tconcentration at high T

Questions Being AddressedQuestions Being Addressed



HTlcHTlc Materials ResearchMaterials Research
•• devised mechanism to describe adsorption and devised mechanism to describe adsorption and 

desorption behavior of COdesorption behavior of CO22 on Kon K--promoted promoted HTlcHTlc
•• associated with completely reversible adsorption, associated with completely reversible adsorption, 

diffusion and reaction phenomenadiffusion and reaction phenomena
•• developed nondeveloped non--equilibrium kinetic modelequilibrium kinetic model

•• describes reversible adsorption and desorption describes reversible adsorption and desorption 
behavior of CObehavior of CO22 in a Kin a K--promoted promoted HTlcHTlc

•• five times greater mass transfer coefficients five times greater mass transfer coefficients 
validatedvalidated

•• validated nonvalidated non--equilibrium kinetic model using FTIRequilibrium kinetic model using FTIR
•• observed rapid formation and depletion of observed rapid formation and depletion of 

carbonate speciescarbonate species

AccomplishmentsAccomplishments



HR PSA Cycle ResearchHR PSA Cycle Research
•• modified stripping reflux (SR) PSA codemodified stripping reflux (SR) PSA code

•• studied nine SR PSA cycle configurations with and studied nine SR PSA cycle configurations with and 
without heavy and or light reflux stepswithout heavy and or light reflux steps

•• determined light reflux step very important to process determined light reflux step very important to process 
performanceperformance
•• made SR PSA cycle a dual reflux configurationmade SR PSA cycle a dual reflux configuration

•• determined mass transfer effects importantdetermined mass transfer effects important
•• decreased mass transfer resistance allowed decreased mass transfer resistance allowed 

performance to exceed 90% COperformance to exceed 90% CO22 purity and 98% purity and 98% 
COCO22 recovery recovery -- first timefirst time

•• including a recovery or feed plus recycle step, unequal including a recovery or feed plus recycle step, unequal 
step times, and equalization being analyzedstep times, and equalization being analyzed
•• each expected to have impact on performanceeach expected to have impact on performance

AccomplishmentsAccomplishments



●● S. P. Reynolds, A. D. Ebner, and J. A. Ritter, S. P. Reynolds, A. D. Ebner, and J. A. Ritter, ““Stripping PSA Cycles for Stripping PSA Cycles for 
COCO22 Recovery from Flue Gas at High Temperature Using a Recovery from Flue Gas at High Temperature Using a HydrotalciteHydrotalcite--
Like Adsorbent,Like Adsorbent,”” Ind. Eng. Chem. Res.Ind. Eng. Chem. Res., , 4545, 4278, 4278--4294 (2006).4294 (2006).
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Model that Describes the Reversible Adsorption and Desorption BeModel that Describes the Reversible Adsorption and Desorption Behavior havior 
of COof CO22 in a Kin a K--Promoted Promoted HTlcHTlc,,”” Ind. Eng. Chem. Res.Ind. Eng. Chem. Res., 46, 1737, 46, 1737--1744 1744 
(2007).(2007).

•• S. P. Reynolds, A. S. P. Reynolds, A. MehrotraMehrotra, A. D. Ebner and J. A. Ritter, , A. D. Ebner and J. A. Ritter, ““Heavy Reflux Heavy Reflux 
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•• S. P. Reynolds, A. S. P. Reynolds, A. MehrotraMehrotra, A. D. Ebner, and J. A. Ritter, , A. D. Ebner, and J. A. Ritter, ““Novel Heavy Novel Heavy 
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Adsorption FOA9, Adsorption FOA9, GiardiniGiardini Naxos, ItalyNaxos, Italy, May 2007., May 2007.

•• A. D. Ebner, S. P. Reynolds and J. A. Ritter, A. D. Ebner, S. P. Reynolds and J. A. Ritter, ““NonNon--Equilibrium Kinetic Equilibrium Kinetic 
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AIChEAIChE 2006 Annual Meeting, San Francisco, CA, November 2006.2006 Annual Meeting, San Francisco, CA, November 2006.

•• S. P. Reynolds, A. D. Ebner and J. A. Ritter, S. P. Reynolds, A. D. Ebner and J. A. Ritter, ““Novel Heavy reflux PSA Novel Heavy reflux PSA 
Cycles for the Recovery of Carbon Dioxide at high temperature wiCycles for the Recovery of Carbon Dioxide at high temperature with Kth K--
Promoted Promoted HTlcHTlc,,”” AIChEAIChE 2006 Annual Meeting, San Francisco, CA, 2006 Annual Meeting, San Francisco, CA, 
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•• S. P. Reynolds, A. D. Ebner, and J. A. Ritter, S. P. Reynolds, A. D. Ebner, and J. A. Ritter, ““NonNon--Equilibrium Dynamic Equilibrium Dynamic 
Adsorption and Desorption Isotherms of COAdsorption and Desorption Isotherms of CO22 on a Kon a K--Promoted Promoted HTlcHTlc,,”” 44thth
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•• Steven P. ReynoldsSteven P. Reynolds, PhD, USC.  Steven, while being supported through , PhD, USC.  Steven, while being supported through 
this grant, and a MeadWestvaco Fellowship, worked on PSA code this grant, and a MeadWestvaco Fellowship, worked on PSA code 
development, and has carried out thousands of simulations and development, and has carried out thousands of simulations and 
corresponding analyses of nine different SR PSA cycle configuratcorresponding analyses of nine different SR PSA cycle configurations. He ions. He 
graduated with his PhD in May 2007 and is currently working for graduated with his PhD in May 2007 and is currently working for Fluor.Fluor.

•• HaiHai DuDu, PhD candidate, USC.  , PhD candidate, USC.  HaiHai, as a relatively new PhD student in the , as a relatively new PhD student in the 
group and while being supported through this grant and a MeadWesgroup and while being supported through this grant and a MeadWestvaco tvaco 
Fellowship, recently began working on the synthesis and characteFellowship, recently began working on the synthesis and characterization rization 
of Kof K--promoted promoted HTlcsHTlcs for high temperature COfor high temperature CO22 capture and concentration.  capture and concentration.  
Results from his work are forthcoming.Results from his work are forthcoming.

•• AmalAmal MehrotraMehrotra, PhD candidate, USC.  , PhD candidate, USC.  AmalAmal, as a new PhD student in the , as a new PhD student in the 
group that joined in August 2006 was brought in to take Stevengroup that joined in August 2006 was brought in to take Steven’’s place. He s place. He 
is being supported through this grant and a MeadWestvaco Fellowsis being supported through this grant and a MeadWestvaco Fellowship. hip. 
AmalAmal has been coming up to speed very quickly on PSA code developmenhas been coming up to speed very quickly on PSA code development t 
and has been carrying out simulations of novel PSA cycle configuand has been carrying out simulations of novel PSA cycle configurations rations 
that include recovery and feed plus recycle steps.  He will remathat include recovery and feed plus recycle steps.  He will remain on this in on this 
project until its completion.project until its completion.

•• ShubhraShubhra J. J. BhadraBhadra, new PhD Candidate, USC. , new PhD Candidate, USC. ShubhraShubhra will join the group will join the group 
in August with an MS from Singapore in PSA.in August with an MS from Singapore in PSA.

Students SupportedStudents Supported
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●● results: adsorbent materials researchresults: adsorbent materials research



Adsorption and Desorption of COAdsorption and Desorption of CO22 at at 
High Temperature on KHigh Temperature on K--Promoted Promoted HTlcHTlc

discuss dynamic thermodiscuss dynamic thermo--gravimetric cycling  experimental gravimetric cycling  experimental 
studiesstudies
introduce nonintroduce non--equilibrium kinetic mechanism that equilibrium kinetic mechanism that 
describes the reversible uptake and release of COdescribes the reversible uptake and release of CO22 on a Kon a K--
promoted promoted HTlcHTlc at high Tsat high Ts
describe model combining adsorption, diffusion and describe model combining adsorption, diffusion and 
reaction processes consistent with a Langmuirreaction processes consistent with a Langmuir--
Hinshelwood approachHinshelwood approach
show FTIR results that validate the kinetic modelshow FTIR results that validate the kinetic model

ObjectivesObjectives
……..Based on two key sets of experiments carried out with a K..Based on two key sets of experiments carried out with a K--
promoted promoted HTlcHTlc that provided clues on the controlling mechanism that provided clues on the controlling mechanism 
for COfor CO22 uptake and release:uptake and release:



TGA: Promoted TGA: Promoted vsvs UnpromotedUnpromoted HTlcHTlc

•• TGA adsorption/desorption  TGA adsorption/desorption  
experiments at 400 experiments at 400 ooC clearly C clearly 
show the significant effect of show the significant effect of 
KK--promotion on promotion on HTlcHTlc..

•• improvement possibly due to improvement possibly due to 
opening of crystal interopening of crystal inter--
layering spacing by layering spacing by 
potassium carbonate, andpotassium carbonate, and

•• activation of a 2activation of a 2ndnd reaction reaction 
mechanism (slow kinetics) mechanism (slow kinetics) 
barely perceived in pristine barely perceived in pristine 
HTlcHTlc

•• may be explained by may be explained by 
replacement or addition of replacement or addition of 
active Kactive K22COCO33 for inactive for inactive 
MgCOMgCO33 in the crystalline in the crystalline 
HTlcHTlc structure structure 
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Adsorption and Desorption ofAdsorption and Desorption of
COCO22 on Kon K--Promoted Promoted HTlcHTlc
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What we think is going on: adsorption.What we think is going on: adsorption.
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• After activation, CO2
adsorption takes place 
through a fast MT 
limited process to form 
weakly sorbed phase A

• When adsorption slows 
down, process becomes 
controlled by reaction 
between diffusing phase 
A and empty crystal 
phase E to form 
intermediate phase B

A+E → B
E = Mg6Al2K2O10
B = Mg6Al2K2O9(CO3)

What we think is going on: adsorption.What we think is going on: adsorption.
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ADSORPTION PATH:
• After activation, CO2
adsorption takes place 
through a fast MT 
limited process to form 
weakly sorbed phase A

• When adsorption slows 
down, process becomes 
controlled by reaction 
between diffusing phase 
A and empty crystal 
phase E to form 
intermediate phase B

• Finally, the last reaction 
path is dominated by 
reaction of extra A with 
B to form CO2 saturated 
phase C 

A+B → C 
(Formation of K2CO3 )
B = Mg6Al2K2O9(CO3)
C =Mg6Al2K2O8(CO3)2

What we think is going on: adsorption.What we think is going on: adsorption.
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• After adsorption, CO2 is 
desorbed through a fast 
MT limited process from 
weakly sorbed phase A 

What we think is going on: desorption.What we think is going on: desorption.
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• When desorption slows 
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and E

B → A+E 

What we think is going on: desorption.What we think is going on: desorption.
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• When desorption slows 
down, process becomes 
controlled by conversion 
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and E

• Finally, the process is 
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What we think is going on: desorption.What we think is going on: desorption.
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NonNon--Equilibrium Kinetic Model for COEquilibrium Kinetic Model for CO22
Uptake and Release from KUptake and Release from K--Promoted Promoted HTlcHTlc

model fitted to 700 min half cycle time single cycle model fitted to 700 min half cycle time single cycle 
adsorption and desorption experimentadsorption and desorption experiment
9 out of the 12 parameters needed to be fitted; 3 known9 out of the 12 parameters needed to be fitted; 3 known

400 400 ooCC

Parameter Value 

km,a 1.218E 00 1/min 

km,d 1.397E-01 1/min 

k1,f 1.600E-04 1/min 

k1,b 1.222E-03 kg/mol/min 

k2,f 2.192E-02 1/min 

k2,b 5.793E-02 kg/mol/min 

qA,e,a 0.932 mol/kg 

qA,e,d 0.000 mol/kg 

qT 2.283 mol/kg 

qA,o 0.000 mol/kg 

qB,o 0.000 mol/kg 

qC,o 1.587 mol/kg 

Ebner et al, I&ECR (2007).Ebner et al, I&ECR (2007).
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Initial uptake and release kinetics provided new estimation Initial uptake and release kinetics provided new estimation 
of the LDF mass transfer coefficients for adsorption.of the LDF mass transfer coefficients for adsorption.

NonNon--Equilibrium Kinetic Model for COEquilibrium Kinetic Model for CO22
Uptake and Release from KUptake and Release from K--Promoted Promoted HTlcHTlc

Ebner et al, I&ECR (2007).Ebner et al, I&ECR (2007).
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Parameter Value 

km,a 1.218E 00 1/min 

km,d 1.397E-01 1/min 

k1,f 1.600E-04 1/min 

k1,b 1.222E-03 kg/mol/min 

k2,f 2.192E-02 1/min 

k2,b 5.793E-02 kg/mol/min 

qA,e,a 0.932 mol/kg 

qA,e,d 0.000 mol/kg 

qT 2.283 mol/kg 

qA,o 0.000 mol/kg 

qB,o 0.000 mol/kg 

qC,o 1.587 mol/kg 

Initial uptake and release kinetics provided new estimation Initial uptake and release kinetics provided new estimation 
of the LDF mass transfer coefficients for desorption.of the LDF mass transfer coefficients for desorption.

NonNon--Equilibrium Kinetic Model for COEquilibrium Kinetic Model for CO22
Uptake and Release from KUptake and Release from K--Promoted Promoted HTlcHTlc

Ebner et al, I&ECR (2007).Ebner et al, I&ECR (2007).
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FTIR Spectra of KFTIR Spectra of K--Promoted Promoted HTlcHTlc
Activation in He @ 1atm for 330 min Activation in He @ 1atm for 330 min 

0 0 →→ 210 min, T ramping @ 2210 min, T ramping @ 2ooC/min from 35 C/min from 35 →→ 450 450 ooCC
210 210 →→ 330 min, T soaking @ 450 330 min, T soaking @ 450 ooCC
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Process characterized by Process characterized by 
development of peak @ development of peak @ 
667 cm667 cm--11..

A few other peaks @ 620, A few other peaks @ 620, 
650, 690 and 720 cm650, 690 and 720 cm--11 also also 
appeared, displaying a max appeared, displaying a max 
@ 210 min. @ 210 min. 

Then, all peaks waned Then, all peaks waned 
during soaking phase. during soaking phase. 

A A ““bumpbump”” encompassing encompassing 
all those peaks remained.all those peaks remained.

Net effect: dehydration and Net effect: dehydration and 
COCO22 removal.removal.



FTIR Spectra of KFTIR Spectra of K--Promoted Promoted HTlcHTlc
COCO22 AdsorptionAdsorption--Desorption Cycle for 600 min Desorption Cycle for 600 min 

Adsorption: 0 Adsorption: 0 →→ 300 min, CO300 min, CO22 @ 1 @ 1 atmatm and 450 and 450 ooCC
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A strong signal became A strong signal became 
readily apparent at short readily apparent at short 
times (<2 min) into the times (<2 min) into the 
adsorption step.adsorption step.

All Peaks previously All Peaks previously 
identified along with a identified along with a 
strong strong ““bumpbump”” reappeared.reappeared.

Bump associated with a Bump associated with a 
loosely chemisorbed COloosely chemisorbed CO22
phasephase--carbonate structure.carbonate structure.

No further or apparent No further or apparent 
changes after 5 min into changes after 5 min into 
adsorption step.adsorption step.

Net effect: rapid CONet effect: rapid CO22
uptake as carbonate.uptake as carbonate.
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COCO22 AdsorptionAdsorption--Desorption Cycle for 600 min Desorption Cycle for 600 min 

Desorption: 300 min Desorption: 300 min →→ 600 min, He @ 1 600 min, He @ 1 atmatm and 450 and 450 ooCC

BaseBase

COCO22

Bending nonBending non--Planar Planar 
modemode

Bump and all other signals Bump and all other signals 
disappeared after 5 min into disappeared after 5 min into 
desorption step.desorption step.

This and previous results This and previous results 
were quite consistent with were quite consistent with 
rates of adsorption and rates of adsorption and 
desorption of TGA runs.desorption of TGA runs.

Net effect: rapid CONet effect: rapid CO22
release from carbonate.release from carbonate.



Adsorption and Desorption Rates  Adsorption and Desorption Rates  
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HTlcHTlc Materials ConclusionsMaterials Conclusions
TGA dynamic adsorption and desorption cycling TGA dynamic adsorption and desorption cycling 
experiments revealed reversible experiments revealed reversible nonnon--equilibrium equilibrium 
kinetic mechanism for adsorption of COkinetic mechanism for adsorption of CO22 on Kon K--
promoted promoted HTLcHTLc
mechanism modeled in terms of three step mass mechanism modeled in terms of three step mass 
transfer limited Langmuirtransfer limited Langmuir--Hinshelwood model Hinshelwood model 
using long 700 min HCT cycle at 400 using long 700 min HCT cycle at 400 ooCC
findings have important implications for findings have important implications for 
development of high temperature PSA process for development of high temperature PSA process for 
COCO2 2 capture from flue gascapture from flue gas
research ongoing to make the model temperature research ongoing to make the model temperature 
(300(300--500 500 ooCC) and pressure dependent for use in the ) and pressure dependent for use in the 
PSA simulatorPSA simulator



Presentation OverviewPresentation Overview

●● results: adsorption cycle researchresults: adsorption cycle research



Novel Heavy Reflux Cycles in Novel Heavy Reflux Cycles in 
Pressure Swing Adsorption ProcessesPressure Swing Adsorption Processes

●● introduce the heavy reflux conceptintroduce the heavy reflux concept
●● describe PSA cycles that include heavy refluxdescribe PSA cycles that include heavy reflux
●● present simulation results revealing performance present simulation results revealing performance 

differences of seemingly similar cyclesdifferences of seemingly similar cycles

ObjectivesObjectives
……..Based on interpreting results and evaluating ..Based on interpreting results and evaluating 
performance trends from literally thousands of simulations performance trends from literally thousands of simulations 
of nine different PSA cycle configurations so far:of nine different PSA cycle configurations so far:



Heavy Reflux PSA ConceptHeavy Reflux PSA Concept
heavy reflux or rinse step used to increase heavy component heavy reflux or rinse step used to increase heavy component 
loading in the column, e.g., COloading in the column, e.g., CO22, to increase its , to increase its 
concentration in the heavy productconcentration in the heavy product
HoweverHowever……..
Which cycle step effluent should be used as heavy reflux?Which cycle step effluent should be used as heavy reflux?

countercurrent depressurization step (typical), orcountercurrent depressurization step (typical), or
light reflux purge step (if step part of cycle), or bothlight reflux purge step (if step part of cycle), or both

What should be done with the light gas effluent coming from What should be done with the light gas effluent coming from 
the column undergoing heavy reflux?the column undergoing heavy reflux?

taken as light producttaken as light product
recycled back to the feed steprecycled back to the feed step
add a recovery step just after the feed step but prior to the add a recovery step just after the feed step but prior to the 
HR stepHR step



Stripping PSA Cycle with LRStripping PSA Cycle with LR
All All CnDCnD and LR Effluents Taken as Heavy Productand LR Effluents Taken as Heavy Product

HPHP

TT

FF

LPLP

TT

PPHH
PPLLPPLLPPHH

FF LRLR LPPLPPCnDCnD

PPLL PPHH

Basic 4-step Skarstrom-type cycle.



Stripping PSA Cycle with HRStripping PSA Cycle with HR
Fraction of Fraction of CnDCnD Effluent Used as HR with RemainingEffluent Used as HR with Remaining

CnDCnD Effluent Taken as Heavy ProductEffluent Taken as Heavy Product

HPHP

TT

FF

LPLP

TT

PPHH
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LPPLPPHRHR

Basic 4-step HR cycle, with the HR step replacing the LR step.



HPHP

TT

FF

LPLP

TT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

Stripping PSA Cycle with LR and HRStripping PSA Cycle with LR and HR
All All CnDCnD Effluent Used as HR with All LR Effluent Effluent Used as HR with All LR Effluent 

Taken as Heavy ProductTaken as Heavy Product

Simplest dual reflux (DR) cycle, with both, LR and HR steps.



HPHP

TT

FF

LPLP

TT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

Stripping PSA Cycle with LR and HRStripping PSA Cycle with LR and HR
All LR Effluent Used as HR with All All LR Effluent Used as HR with All CnDCnD Effluent Effluent 

Taken as Heavy ProductTaken as Heavy Product

Simplest dual reflux (DR) cycle, with origin of HR gas switched.



HPHP

TT

FF

LPLP

TT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

Stripping PSA Cycle with LR and HRStripping PSA Cycle with LR and HR
All All CnDCnD and Fraction of LR Effluents Used as HR with and Fraction of LR Effluents Used as HR with 

Remaining LR Effluent Taken as Heavy ProductRemaining LR Effluent Taken as Heavy Product

DR cycle, with blended HR from CnD and LR steps.



HPHP

TT

FF

LPLP

TT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

Stripping PSA Cycle with LR and HRStripping PSA Cycle with LR and HR
All LR and Fraction of All LR and Fraction of CnDCnD Effluents Used as HR with Effluents Used as HR with 

Remaining Remaining CnDCnD Effluent Taken as Heavy ProductEffluent Taken as Heavy Product

DR cycle, with blended HR from CnD and LR steps.



HPHP

TT

FF

LPLP

TT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

Stripping PSA Cycle with LR and HRStripping PSA Cycle with LR and HR
Fraction of Fraction of CnDCnD Effluent Used as HR with Remaining Effluent Used as HR with Remaining 

CnDCnD and All LR Effluents Taken as Heavy Productand All LR Effluents Taken as Heavy Product

DR cycle, with blended heavy product (HP) from CnD and LR steps.



HPHP

TT

FF

LPLP

TT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

Stripping PSA Cycle with LR and HRStripping PSA Cycle with LR and HR
Fraction of LR Effluent Used as HR with Remaining LR Fraction of LR Effluent Used as HR with Remaining LR 

and All and All CnDCnD Effluents Taken as Heavy ProductEffluents Taken as Heavy Product

DR cycle, with blended heavy product (HP) from CnD and LR steps.



HPHP

TT

FF

LPLP

TT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

Stripping PSA Cycle with LR and HRStripping PSA Cycle with LR and HR
Fractions of Fractions of CnDCnD and LR Effluents Used as HR with and LR Effluents Used as HR with 

Remaining Remaining CnDCnD and LR Effluents Taken as Heavy Productand LR Effluents Taken as Heavy Product

This can be done simultaneously. Or, …..

DR cycle, with blended HR and HP from CnD and LR steps.



HPHP

TT

FF

LPLP

TT

PPHH
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LPPLPPHRHR

TT

FF

LPLP

PPHH PPLL
PPLLPPHH

PPHH

HPHPTT

FF LRLR LPPLPPHRHR

Stripping PSA Cycle with LR and HRStripping PSA Cycle with LR and HR
Fractions of Fractions of CnDCnD and LR Effluents Used as HR with and LR Effluents Used as HR with 

Remaining Remaining CnDCnD and LR Effluents Taken as Heavy Productand LR Effluents Taken as Heavy Product

this can be done sequentially, but now with unequal step times.

DR cycle, with blended HR and HP from CnD and LR steps.



HPHP

TT

FF

LPLP

TT

PPHH PPHH
PPLLPPHH

PPHH

FF HRHR CnDCnD LPPLPPRECREC

PPHH

PPLL

Stripping PSA Cycle with HR and RECStripping PSA Cycle with HR and REC
Fraction of Fraction of CnDCnD Effluent Used as HR with Remaining Effluent Used as HR with Remaining 

CnDCnD Effluent Taken as Heavy ProductEffluent Taken as Heavy Product

Basic HR cycle, with recovery (REC) step added.



HPHP

TT

FF

LPLP

TT

PPHH
PPHH PPLLPPHH

PPLL PPHH

F+RF+R CnDCnD LPPLPPHRHR

Stripping PSA Cycle with HR and F+RStripping PSA Cycle with HR and F+R
Fraction of Fraction of CnDCnD Effluent Used as HR with Remaining Effluent Used as HR with Remaining 

CnDCnD Effluent Taken as Heavy ProductEffluent Taken as Heavy Product

Basic HR cycle, with feed plus recycle (F+R) step added.



HPHP

TT

FF

LPLP

TTTT

PPHH
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LPPLPPHRHR

HPHP

TT

FF

LPLP

TTTT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

HPHP

TT

FF

LPLP

TTTT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

Comparison of Three Basic HR CyclesComparison of Three Basic HR Cycles

5-Bed 5-Step 
with LR and 

HR from 
CnD

5-Bed 5-Step 
with LR and 
HR from LR 

Purge

4-Bed 4-Step 
with HR 

from CnD



COCO22 Adsorption Isotherms on KAdsorption Isotherms on K--Promoted Promoted HTlcHTlc
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Ding and Ding and AlpayAlpay (2000, 2001)(2000, 2001)

Mg6Al2K2O10(CO3)2 • MH2O

Simple Langmuir isotherm 
model with T dependent qmax
used to predict experimental 
results for a large range of 

temperatures.

qst = 9.29 kJ/mol

Simulations 
done at 575 K.



Base Case Bed Characteristics, Adsorbent Base Case Bed Characteristics, Adsorbent 
Properties, and Transport PropertiesProperties, and Transport Properties

LLbb (m)(m)
rrbb (m)(m)
QQFF (SLPM)(SLPM)
TTFF, T, Too (K)(K)
εεbb

ρρpp (kg/m(kg/m33))
rrpp (m)(m)
CCp,sp,s (kJ/kg/K)(kJ/kg/K)
hhbb (kW/m(kW/m22/K)/K)
kkCO2,adCO2,ad (s(s--11))
kkCO2,deCO2,de (s(s--11))

0.27240.2724
0.03870.0387
1.0 1.0 –– 5.05.0
575575
0. 480. 48
15631563
1.3751.375××1010--33

0.8500.850
0.00067 0.00067 
0.0290.029
0.0030.003

Bed Dimensions Bed Dimensions 
and Operating and Operating 

ConditionsConditions

Adsorbent Adsorbent 
PropertiesProperties

Heat and Mass Heat and Mass 
Transfer CoefficientsTransfer Coefficients

Ebner et al (2007); Liu et al. (1998)Ebner et al (2007); Liu et al. (1998)

Different Mass Different Mass 
Transfer Rate Transfer Rate 
Constants for Constants for 

Adsorption and Adsorption and 
DesorptionDesorption
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S.  P. Reynolds et alS.  P. Reynolds et al, Adsorption, Adsorption, submittedsubmitted (2007).(2007).

yyCO2,F CO2,F = 0.15; P= 0.15; PH H = 137.9 = 137.9 kPakPa; P; PHH/P/PLL = 12; T = 575 K= 12; T = 575 K

γγ
0.020.02
0.100.10
0.500.50

HPHP

TT

FF

LPLP

TTTT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR



ttss
100100
300300
500500

QQFF
0.50.5
1.01.0
3.03.0
5.05.0

20

30

40

50

60

70

80

90

100

40 50 60 70 80 90 100
CO2 Recovery (%)

C
O

2 P
ur

ity
 (%

)

γγ increasingincreasing

55--Bed 5Bed 5--Step Cycle with LR and Step Cycle with LR and 
HR from LR PurgeHR from LR Purge

γγ
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S.  P. Reynolds et alS.  P. Reynolds et al, Adsorption, Adsorption, submittedsubmitted (2007).(2007).
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yyCO2,F CO2,F = 0.15; P= 0.15; PH H = 137.9 = 137.9 kPakPa; P; PHH/P/PLL = 12; T = 575 K= 12; T = 575 K
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44--Bed 4Bed 4--Step Cycle with HR from Step Cycle with HR from CnDCnD
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yyCO2,F CO2,F = 0.15; P= 0.15; PH H = 137.9 = 137.9 kPakPa; P; PHH/P/PLL = 12; T = 575 K= 12; T = 575 K



Maximum
yCO2,HP = 99.2 vol%

RCO2 = 15.2 %
(θ = 57.6 L STP/hr/kg)
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Maximum
yCO2,HP = 98.7 vol%

RCO2 = 98.7 %
(θ = 5.8 L STP/hr/kg)

Maximum
yCO2,HP = 96.6 vol%

RCO2 = 71.1 %
(θ = 57.6 L STP/hr/kg)

Maximum Performance Based on COMaximum Performance Based on CO22 PurityPurity

5-Bed 5-Step 
with LR and 

HR from 
CnD

5-Bed 5-Step 
with LR and 
HR from LR 

Purge

4-Bed 4-Step 
with HR 

from CnD



SummarySummary
55--bed 5bed 5--step stripping PSA cycle with LR and HR from step stripping PSA cycle with LR and HR from CnDCnD

good configuration for processes that need high purity and high good configuration for processes that need high purity and high 
recovery no matter the throughputrecovery no matter the throughput
trace light reflux important; lower trace light reflux important; lower γγ tends to improve the tends to improve the 
performance considerablyperformance considerably

HPHP
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FF

LPLP

TTTT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR



55--bed 5bed 5--step stripping PSA cycle with LR and HR from LR Purgestep stripping PSA cycle with LR and HR from LR Purge
good configuration for processes that need high purity and high good configuration for processes that need high purity and high 
throughputs with intermediate recoverythroughputs with intermediate recovery
light reflux important; higher light reflux important; higher γγ tends to improve the performance tends to improve the performance 
considerablyconsiderably

HPHP
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FF

LPLP

TTTT

PPHH PPLL
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LRLR LPPLPPHRHR

SummarySummary



44--bed 4bed 4--step stripping PSA cycle with HR from step stripping PSA cycle with HR from CnDCnD
good configuration for processes that need high purity and high good configuration for processes that need high purity and high 
throughputs no matter the recoverythroughputs no matter the recovery
showed that what mattered was where the HR gas came from, not showed that what mattered was where the HR gas came from, not 
so much where the HP gas came fromso much where the HP gas came from
revealed how important the LR step was to the overall revealed how important the LR step was to the overall 
performance as it regenerates the adsorbentperformance as it regenerates the adsorbent

HPHP

TT

FF

LPLP

TTTT

PPHH
PPHH PPLLPPHH

PPLL PPHH

FF CnDCnD LPPLPPHRHR

SummarySummary



HR PSA Cycle ConclusionsHR PSA Cycle Conclusions
many cycle permutations exist when adding a many cycle permutations exist when adding a 
HR step to a cycle, especially with a LR stepHR step to a cycle, especially with a LR step
both surprising and counterintuitive effects both surprising and counterintuitive effects 
were found when changing the source of the were found when changing the source of the 
HR and HP gasesHR and HP gases
study not exhaustive; more cycle permutations study not exhaustive; more cycle permutations 
yet to be evaluated yet to be evaluated (REC, F+R, EQ, (REC, F+R, EQ, tts,unequals,unequal,,……))
economic evaluation of best PSA cycles economic evaluation of best PSA cycles 
forthcoming forthcoming (Air Products and Chemicals, Inc.)(Air Products and Chemicals, Inc.)



Presentation OverviewPresentation Overview

●● remaining work to be done in 3remaining work to be done in 3rdrd yearyear



•• PSA cycle research continuing to gain better understanding PSA cycle research continuing to gain better understanding 
of the HR PSA cycle configuration on process performanceof the HR PSA cycle configuration on process performance

•• with high COwith high CO22 purities and COpurities and CO22 recoveries now achievable, recoveries now achievable, 
focus will be tofocus will be to
•• further evaluate effects of thermodynamics (heats)further evaluate effects of thermodynamics (heats)
•• increase feed throughput by learning how to configure increase feed throughput by learning how to configure 

unequal step time cyclesunequal step time cycles
•• decrease power costs by incorporating one or more decrease power costs by incorporating one or more 

equalization steps in cycle configurationequalization steps in cycle configuration
•• HTlcHTlc materials research and modeling is continuingmaterials research and modeling is continuing

•• gain mechanistic understandinggain mechanistic understanding
•• better estimation of capacity and uptake and release better estimation of capacity and uptake and release 

rates of COrates of CO22 in Kin K--promoted promoted HTlcHTlc
•• commercial Kcommercial K--promoted HTLC finally obtainedpromoted HTLC finally obtained

•• fixed bed testing will be under way soonfixed bed testing will be under way soon

Future WorkFuture Work
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