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Presentation Outline
• Introduction
• Experimental equipment

– Mercury oxidation reactor
– Mercury analysis equipment

• Experimental and Modeling Results
– Quench rate
– SO2 interactions
– Surface interactions

• Summary
• Future Work
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Research Goals
• Understand the importance of and 

contribution of gas-phase and solid-phase 
constituents in mercury oxidation
– Chlorine, NOx, sulfur dioxide, ash particle 

constituents
• Develop mechanisms which predict the 

oxidation in realistic coal environments
• Incorporate reactions into existing codes to 

improve the gas-phase oxidation predictions 
and develop heterogeneous rates
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Project Methodology
• Perform key small-scale experiments under 

well-controlled conditions
• Systematic and independent variation of flue 

gas and ash compositions
• Validation and further development of 

models 
• Recommendations for effective control 

strategies for utilities



REACTION
ENGINEERING

INTERNATIONAL

Speciation & Removal
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FGD
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Elemental Form

~ 380 C
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Oxidation 
Occurs

~ 130 C
Heterogeneous 

Oxidation 
Occurs

Particulate Bound 
Mercury Removed

Oxidized 
Mercury

Removed

Concentrations
0 – 30 mg/m3

Predominantly
Elemental 

Mercury

•Speciation of mercury impacts removal 
techniques
•Three important forms of mercury

•Hg0 – Elemental 
•Hg+ and Hg++ – Oxidized
•HgP – Particulate Bound

Accepted oxidation pathway

•Hg + Cl + M = HgCl + M (rate limiting step)

•HgCl + Cl2 = HgCl2 + Cl
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Experimental Systems
• Mercury Reactor

– Natural gas flame
– Use “doped” gas for homogeneous model validation

• Chlorine from 0 to 1000 ppmv
• Sulfur dioxide from 0 to 1000 ppmv
• Nitrogen oxide from 100 to 500 ppmv

– Fixed bed studies of heterogeneous reactions
• Entrained Flow Reactor

– Natural gas, flat flame
– Flow studies of heterogeneous reactions

• U-Furnace
– Coal (bituminous and a sub bituminous, PRB)
– Iron oxide (catalyst for oxidation?)
– Calcium oxide (transition to particle phase for Hg, reaction 

with chlorine)
– Variation of gas-phase composition (SO2, NOx, HCl)
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Bench-Scale Experiment
Considerations

• Material selection:  Quartz and Teflon
• All reactants introduced through a flame 

– To generate a representative radical pool
– To provide initial conditions for modeling

• Approximate industrial time-temperature 
profiles 

• Study homogeneous and heterogeneous 
reactions separately
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Mercury Reactor Configuration
Quartz Reaction Chamber and 1000 Btu/hr Natural Gas Burner

High Temperature Section 
~ 1100°C

Reaction Chamber
5.1 cm Inside Diameter
1.4 meters long (Total)

UV Detector ThreadsReactant Nozzles

6 SLPM Combustion
Gas Nominal

Air Cooling Nozzles

Quartz Washer
Isolates reaction chamber
from stainless support structure.
Slides up burner in the event of blow off. 

Quench Region
~ 1000°C - 400°C

Sample Section
~350°C
Two ¼ inch sample nozzles
Packed bed support
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Mercury Reactor Configuration
Support, Heating and Safety Structure

Tee Purge Nozzle

Stainless Tee
Seals Burner and 
Reaction Chamber

Emergency Blow 
Off Nozzle

Thermcraft Heater

Quench Section Temperature 
Controlled with Heat Tape and
Insulation
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Mercury Reactor Configuration
Base Experiment

Hg Cal Gas
Generator

Syringe
Pump

UV
Detector

Supplies mercury in air
of known concentration
at a known flow rate

Detects flame at the burner face
and operates a solenoid valve on
the natural gas supply lineInjects methylene chloride

at the burner face
through a 1/16 inch
Teflon tube

Conditioning system is connected directly
to the sample nozzle through 1/8 inch
Teflon tubing

Conditioning
System

4 Port 
Sampler

Tekran
Analyzer

Supplies a known flow of 
air and gas to the burner
and to the purge nozzle 
on the tee

Mass Flow
Controllers
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Conditioner & Analyzer Schematic

Tekran 2537A
Mercury Analyzer

PS Analytical
Mercury Cal 

Gas Generator

4 Port Sampler

Peristaltic Pump

Chiller

HgT Hg0

Fresh
Reagents

Waste
Reagents

Vacuum
Pump

SnCl2

SnCl2

SnCl2

KCl

KCl

KCl

NaOH

NaOH

NaOH

NaOH

NaOHNaOH

To NOx, CO2,
CO and O2
Analyzers

Intermittent
Hg0 and HgT

Hg0

Reactor

HgT
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Analyzer Performance Test
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Increase
Burn Rate
@ 10:00 AM  ?
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M ercury Spike
@ 11:35 AM
15.17 µg/m3

Discontinued M ercury 
Spike @12:02 AM

Change of
Coal Type
@ 1:55 PM  ?

Outlier.  Probably due to  
impinger condensation

Introduced
M ercury Spike
@ 3:00 PM
15.58 µg/m3

Discontinued M ercury 
Spike @ 3:23 PM

Discontinued 
Sampling

Apparent
M ercury Oxide 
Condensation ???? 

•Spikes are recovered

•Response to variation in 
reactor operation is very 
rapid

Mercury analysis performed on a coal-fired reactor
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Mercury Reactor Mass Balance
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•Performed using Buck 
400A mercury analyzer 
(for high concentration 
analysis)

•Error in mercury 
recovery less than 5% at 
operating concentration 
of 23 µg/m3

Mercury mass balance performed on bench-scale reactor
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Drop-Tube Temperature Profiles
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Low Quench ~ -210 K/s

High Quench ~ -440 K/s

•Similar to industrial 
profiles

•Produced by 
changing the set 
point temperature of 
quench section heat 
tape

•Measurements 
taken at the radial 
center of the 
reaction chamber at 
5-cm axial intervals

Profiles with differing quench rates will elucidate the effects 
on chlorine and mercury speciation
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High Quench ~ -440 K/s, ~ 8s Residence Time

Low Quench ~ -210 K/s, ~ 7s Residence Time

Experiment Gas Analysis

Hg:  23 µg/m3 (dry, Standard)
Cl:   0-700 ppmv (wet)
H2O:   18.1% 
CO2:   8.2 % (dry)
O2:   4.4 % (dry)
NO:   46 ppmv (dry)
CO:   42 ppmv (dry)

Quench Rate Experiments

High quench temperature profile exhibits higher mercury
oxidation, probably due to high concentrations of Cl radical

in the quench section of the reactor 
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Modeling
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High Quench Model
High Quench Experiement
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Mercury 
mechanism by 
Niksa, Qiu and 
Widmer

Chlorine chemistry 
by Bozzelli

Chemkin 4 used as 
computing platform
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Modeling
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•Chlorine radical 
concentrations are 
greatest in the first 10 
cm of the quench 
section

•Partitioning between 
Cl and Cl2 is greatly 
effected by quench 
rate as discussed by 
Bozzelli

Quench sectionFurnace
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Modeling
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•Mercury reactions are 
only important in the 
quench section of the 
reactor

•HgCl concentrations 
are near zero, indicating 
that the rate limiting 
step is the reaction 
between elemental 
mercury and chlorine 
radical

Axial profiles of mercury species from modeling results
can be used to identify the rate limiting reactions and 

position within the reactor where mercury oxidation occurs
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SO2 Experiments

SO2

SO2 calibration gas
Mass flow controller
Safety cabinet

Hg Cal Gas
Generator

Syringe
Pump

UV
Detector

Supplies mercury in air
of known concentration
at a known flow rate

Detects flame at the burner face
and operates a solenoid valve on
the natural gas supply lineInjects methylene chloride

at the burner face
through a 1/16 inch
Teflon tube

Supplies a known flow of 
air and gas to the burner
and to the purge nozzle 
on the tee

Mass Flow
Controllers

Conditioning system is connected directly
to the sample nozzle through 1/8 inch
Teflon tubing

Conditioning
System

4 Port
Sampler

Tekran
Analyzer
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SO2 Experiments
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High Quench
High Quench with 300 ppm SO2

Experiment Gas Analysis

Hg:  23 µg/m3 (dry, Standard)
Cl:   0-700 ppmv (wet)
H2O:   16.8% 
CO2:   7.3 % (dry)
O2:   4.18 % (dry)
NO:   44 ppmv (dry)
CO:   34 ppmv (dry)

SO2 inhibits mercury oxidation due to its reactions 
with Cl radical and Cl2
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SO2 Modeling
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SO2 Model
SO2 Experiment

•S – Cl mechanism rate 
parameters from 
quantum chemistry 
calculations
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Surface Area Experiments

Hg Cal Gas
Generator

Syringe
Pump

UV
Detector

Supplies mercury in air
of known concentration
at a known flow rate

Detects flame at the burner face
and operates a solenoid valve on
the natural gas supply lineInjects methylene chloride

at the burner face
through a 1/16 inch
Teflon tube

Supplies a known flow of 
air and gas to the burner
and to the purge nozzle 
on the tee

Mass Flow
Controllers

Conditioning system is connected directly
to the sample nozzle through 1/8 inch
Teflon tubingThin-Walled Quartz Tube Bundle

Inserted Into Quench Section
Increases Surface Area
From 1000 cm2 to 3000 cm2

Conditioning
System

4 Port
Sampler

Tekran
Analyzer
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Surface Area Experiments

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700 800

Reactor Chlorine Atom Concentration [ppmv]

%
 H

g 
O

xi
da

tio
n

1000 cm^2 Quench Surface Area

3000 cm^2 Quench Surface Area

Experiment Gas Analysis

Hg:  23 µg/m3 (dry, Standard)
Cl:   0-700 ppmv (wet)
H2O:   18.1% 
CO2:   8.2 % (dry)
O2:   4.4 % (dry)
NO:   46 ppmv (dry)
CO:   42 ppmv (dry)

70% Reduction
@ 300 ppmv

•Thin walled tube 
bundle reduced 
residence time by only 
14% through the 
quench section 

•Reduction in oxidation 
is 70% at 300 ppmv Cl

•Quartz surfaces are 
possibly scavenging Cl 
radicals from the 
reaction gas matrix

Increased quartz surface area through the quench section
reduces mercury oxidation
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Surface Area Experiments
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•Extrapolation is 
performed using only 
two surface data points 
for each chlorine 
concentration

•Linear assumption 
should be investigated 
with more data

Linear extrapolation is used to infer oxidation data with 
no quartz surface interaction
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Surface Area Modeling
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•Further experiments 
must be done to 
evaluate the accuracy 
of experimental data 
before pursuing model 
mechanism changes
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Surface Area Conclusions
• Quartz surfaces are possibly scavenging 

chlorine radicals from reaction
• Varying the quartz surface area for identical 

oxidation conditions allows extrapolation of 
no quartz surface oxidation curve

• Model over predicts oxidation even for no 
surface extrapolation of data

• Likely area for radical scavenging is from 60 
to 80 cm from burner in the quench section
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Summary
• As a start, homogeneous mercury oxidation 

reactions are being investigated and 
compared with experimental data

• Quench rate effects mercury oxidation 
• Model over predicts quench oxidation data

– Investigating the role of surface area scavenging 
chlorine radicals

• SO2 drastically reduces mercury oxidation 
and model predictions are high
– Role of surface area scavenging versus SO2 

scavenging



REACTION
ENGINEERING

INTERNATIONAL

Future Work
• Experimentation to determine the position of radical 

scavenging and the role of surface area
– Cl2 calibration gas injection
– different surface areas

• Experimental investigation of the effects of NOx, SO2
on gas-phase mercury reactions 

• Comparison of data and results from REI Mercury 
oxidation model.
– Modifications to homogeneous mechanism and rate 

parameters as needed
• Development of mechanisms for surface reactions

– Carbon, other solids of importance (iron, calcium)
– Perform coal experiments to validate heterogeneous model
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