
















LISTING OF CATM PROJECTS CATM ANNUAL REPORT 
 
 
 

 
 

Figure 2. Gaseous mercury transformation in a subbituminous coal flue gas – baseline. 
 
 
 
 

 
 

Figure 3. Gaseous mercury transformation in flue gas where subbituminous coal and chlorine 
compounds were cofired. 

 
 



 Plotted in Figure 4 are the variations of mercury species as a function of residence time in the 
350°C EFR when an EERC PA was added to the coal. Although at a much reduced addition level of 48 
ppm (coal basis) compared to chlorine addition, the produced flue gas was very reactive in terms of 
mercury oxidation and Hg(g)-to-Hg(p) conversion. Comparing to the baseline data, both Hg(g) and Hg0 in 
the cofiring flue gas were significantly reduced before the flue gas entered the EFR. The concentrations at 
the EFR inlet were 4.9 and 4.2 μg/m3 for Hg(g) and Hg0, respectively. With increasing residence time, the 
concentrations of Hg(g) and Hg(g) stabilized in the range of 3.6–3.2 μg/m3, showing somewhat moderate 
mercury transformations. An overdosed 244-ppm PA into the feed coal brought the concentration of 
Hg(g) in the flue gas down to 1.1 μg/m3 and no continued mercury transformation with time. The above 
experimental testing data indicate that the PA was much more effective than chlorine for mercury 
oxidation and/or Hg(g)-to-Hg(p) conversion, and the enhanced mercury transformation occurred at 
temperatures higher than 350°C.  
 
 Figures 5 and 6 show mercury heterogeneous transformations in both baseline tests and with 
chlorine addition for a Texas lignite. The tested lignite has a much higher mercury content than the 
western subbituminous. In the baseline test, the Hg(g) concentration at the EFR inlet was 34.5 μg/m3 at 
350°C and reduced to 26.0 μg/m3 at 150°C, indicating the same possible mercury deposition in the 
connecting tube at the high flue gas-quenching rates as observed in the western subbituminous coal test. 
However, unlike the western subbituminous coal, mercury transformations in the lignite flue gas tests 
were more active in the EFR although the lignite has a low chlorine content like the subbituminous coal. 
Hg(g) reached equilibrium in the range of 20.1–21.1 μg/m3 with increasing residence times for both the 
150° and 350°C tests. Mercury species measurements showed elemental mercury was still the dominant 
mercury species in the Texas lignite flue gas. The reason for the active mercury transformation could 
either be the stronger gas-to-solid diffusion at the higher gaseous mercury concentrations or the high 
levels of calcium or selenium in fly ash. More analyses are being conducted to further address these 
issues.  
 
 

 
 

Figure 4. Gaseous mercury transformations in a flue gas when subbituminous coal and PA are cofired 
(350°C). 
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Figure 5. Gaseous mercury transformation in a Texas lignite flue gas. 
 
 
 
 
 
 

 
 

Figure 6. Gaseous mercury transformation in a flue gas when Texas lignite is cofired with a chlorine 
compound or PA (350°C). 



 With 400 ppm chlorine addition into coal combustion, the 350°C EFR testing data  
(Figure 6) show the flue gas entering the EFR had a reduced Hg(g) concentration of 19.2 μg/m3, 
compared to 34.5 μg/m3 in the baseline test. The Hg(g) concentration continuously decreased within the 
EFR, attaining 12.3 μg/m3 at 7-s residence time with elemental mercury dominance. The 350°C EFR 
results verify the enhanced mercury oxidation and Hg(g)-to-Hg(p) conversion at high temperatures of 
>350°C as a result of the chlorine additive in coal combustion.  
 
 Also included in Figure 6 are temporal variations of Hg(g) and Hg0 within the EFR when 48 ppm 
(coal basis) of the EERC PA was added to the coal. The concentrations at the EFR inlet were 14.9/17.6 
μg/m3 of Hg0/Hg(g) for the 350°C test. The mercury transformations continued within the EFR and 
resulted in 1.2/2.0 μg/m3 of Hg0/Hg(g) at a 7-s residence time. The above experimental testing data 
proved again that PA was much more effective than chlorine for mercury oxidation and/or Hg(g)-to-
Hg(p) conversion. The possible reason is ascribed to the fact that the reactive PA species generated in 
coal combustion had an extended lifespan in wider flue gas temperatures. 
 
 In the second set of tests, homogeneous Hg transformations and kinetic constraints were studied by 
pulling a slipstream of fly ash-free flue gas derived from North Dakota lignite combustion in the PTC 
through the EFR unit at the EERC. Fly ash was removed from the high-temperature (400°C) flue gas by 
using nonisokinetic sampling combined with a bench-scale ESP (heated to approximately 400°C) prior to 
the EFR. The fly ash-free flue gas exiting the ESP was then quenched to 150° and 275°C, respectively, 
and introduced into the EFR. The North Dakota lignite showed characteristics similar to the western 
subbituminous coal used in the first series of tests, such as low sulfur and chlorine; however, the lignite 
had higher ash content. With virtually no fly ash present in the flue gas entering the EFR, the observed Hg 
transformations were solely due to homogeneous gaseous reactions between mercury and other gaseous 
constituents. 
 
 Figure 7 presents Hg kinetic transformation in a fly ash-free environment at 150° and 275°C when 
approximately 300 and 500 ppm Cl in coal was fed into the combustor, respectively. Also plotted is the 
homogeneous baseline (no chlorine addition) Hg kinetic data obtained at 150°C. Both 150° and 275°C 
testing data show that, with chlorine addition to combustion, Hg0 and Hg(g) concentrations in the flue gas 
entering the EFR had already been at significantly reduced levels, and there were virtually no continuous 
homogenous reactions occurring in the EFR. The experimental data indicate that the chlorine additive 
considerably accelerated Hg0 oxidation and Hg(g)-to-Hg(p) conversions in flue gas, and Hg–flue gas 
chemistry reached equilibrium before the flue gas entered the EFR. The slight differences between the 
150° and 275°C testing data might be caused by Hg loss in the quenching tube. Hg concentrations in the 
flue gas entering the high-temperature ESP were also measured to further clarify the experimental results. 
The measurements showed approximately 8.1 μg/m3 of Hg(g) with 6.8 μg/m3 of Hg0, indicating that 
although there were some limited Hg reactions across the 400°C ESP, most Hg transformations had taken 
place upstream of the 400°C flue gas.  
 
 In comparisons of both heterogeneous and homogenous mercury reaction results in low-acid-gas 
flue gases with chlorine addition to coal combustion, it suggests that the reactive chlorine species 
generated in high-temperature coal combustion may enhance mercury oxidation and conversion from 
gaseous mercury to particle-associated mercury, mainly through the Hg–Cl interactions on the fly ash 
surface.  
 
 Figure 8 shows testing involving 36- and 61-ppm PA additions to the coal produced concentrations 
at the EFR inlet of 3.4/3.9 and 3.8/4.2 μg/m3 of Hg0/Hg(g) for the 150° and 275°C tests, respectively, 
which are much lower than the 11.1/12.0 μg/m3 of Hg0/Hg(g) in the baseline test. In comparison with the  
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Figure 7. Homogeneous mercury transformation in the flue gas of a North Dakota lignite when cofired 
with a chlorine compound. 

 
 
 
 

 
 
Figure 8. Homogeneous mercury transformation in a flue gas when North Dakota lignite is cofired with 

PA. 



baseline tests, there was virtually no homogeneous Hg reactions with extended residence time, but for the 
PA additions, slight continuous Hg0 oxidation and/or Hg(g) condensation occurred along the EFR. The 
measured 4.3/5.1 μg/m3 of Hg0/Hg(g) at the 400°C ESP inlet indicated that most of the observed Hg 
transformations occurred upstream of the 400°C flue gas as a result of PA-promoted Hg oxidation. 

 
 Mercury Adsorption on Unburned Carbon 
 
 Fly ashes have been selected based upon criteria discussed previously. The fly ashes will be 
classified using gravity separation and froth flotation processes. The obtained carbon-enriched fly ash will 
be characterized regarding its composition, morphology, and microstructure of individual unburned 
carbon particles using SEM, EPMA, and FE–SEM. 
 
 Sulfur Species Determination and Injection for Mercury Oxidation and Stabilization 
 
 A preliminary bench-scale pyrolysis experiment has been planned that will simulate the duct 
injection of tetrasulfide. The first part of the experiment has been performed which involved the 
collection of the carbon–ash mixture from a PTC run that used an activated carbon sorbent. Since 
separation of the carbon from the ash is needed, the carbon was a larger particle size than the ash. This 
separation was performed. The tetrasulfide solution was injected into a heated inert gas stream and passed 
through a thin bed of carbon and, separately, ash. The result was to form a deposit sulfur on the tube and 
samples. The experiment will be repeated with a synthetic flue gas as soon as it can be scheduled on the 
bench-scale mercury capture equipment. Alternatively, we will inject the tetrasulfide during a PTC run 
and collect samples of ash.  
 
 Acid Gas Effects on Mercury Species in the Presence of an SCR 
 
 A series of baseline tests (no SCR catalyst, no fly ash) have been completed to establish mercury 
oxidation across the bench-scale system. Table 2 summarizes the test conditions and the results of 
mercury oxidation. The experimental data indicate that HCl is the only significant factor that causes 
mercur oxidation in baseline tests.  
 
 Having SCR catalyst installed and NH3 added to the simulated gas, 90% average NOx reduction 
was seen across the bench-scale system. Table 3 lists the percent of Hg0 in the SCR exhaust in a variety of 
flue gas conditions. In the presence of SCR catalyst and fly ash, HCl again proved to be an important 
factor for mercury oxidation, while SO2 and SO3 did not have a strong impact on oxidizing Hg0 within the  
 
 
Table 2. Baseline Testing, no Ash, no SCR 

Test 
O2,  
% 

CO2,  
% 

H2O,  
% 

NO2,  
ppm 

NO,  
ppm 

HCl, 
ppm 

SO2,  
ppm 

SO3,  
ppm 

% Elemental Mercury 
Corrected for Background

1 0.06 0.12 0.08 18.5 600 0 0 0 100 
2 0.06 0.12 0.08 18.5 600 0 0 50 97 
3 0.06 0.12 0.08 18.5 600 0 2000 50 98 
4 0.06 0.12 0.08 18.5 600 0 2000 0 99 
5 0.06 0.12 0.08 18.5 600 50 0 0 54 
6 0.06 0.12 0.08 18.5 600 50 0 50 54 
7 0.06 0.12 0.08 18.5 600 50 2000 50 55 
8 0.06 0.12 0.08 18.5 600 50 2000 0 53 
*  Based on an inlet value of 13.3 µg/m3. 
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Table 3. Mercury Test Matrix Results for Bench-Scale SCR Tests 

Run 
SO3, 
ppm 

SO2, 
ppm 

HCl, 
ppm Ash 

Set 1 
Hg0, % 

Set 2 
Hg0, % 

Set 3 
Hg0, % 

Average 
Hg0, %* 

1    Subbituminous 100 93 99 97 
2 50   Subbituminous 75 73 96 81 
3  2000  Subbituminous 98 88  93 
4 50 2000  Subbituminous 97 88 93 93 
5   50 Subbituminous 31 27 28 29 
6 50  50 Subbituminous 21 12  16 
7  2000 50 Subbituminous 38 31 40 36 
8 50 2000 50 Subbituminous 39 32 40 37 
9    Bituminous 100 100  100 
10 50   Bituminous 95 101  98 
11  2000  Bituminous 99 100  99 
12 50 2000  Bituminous 97 100  98 
13   50 Bituminous 49 45  47 
14 50  50 Bituminous 43 42  43 
15  2000 50 Bituminous 43 40  42 
16 50 2000 50 Bituminous 44 44  44 
*  Based on an inlet value of 43.0 µg/m3. 

 
 

SCR. Comparing to baseline data, a SCR catalyst may enhance mercury oxidation as a result of complex 
interactions of other acid gases in combination with HCl.  
 
 
Quality Assurance/Quality Control (QA/QC) 
 
 The EERC is committed to delivering consistent and high-quality research that are unbiased and 
scientifically sound. A quality management system is in place for all laboratories, combustion and other 
demonstration facilities, and research groups at the EERC. A fully dedicated EERC Quality Assurance 
Manager exercises oversight of this project.  
 
 For this mercury transformation study, the quality control objectives are as follows: 
 

1. Properly implemented combustion conditions. 
 
2. Appropriate sampling and procurement of mercury, other flue gas constituents, fuels, and by-

products of combustion. 
 
3. Precise measurement of mercury species as functions of time and temperature in flue gas. 
 
4. Identify the physical and chemical properties of unburned carbon particles in coal fly ashes that 

promote mercury species adsorption and Hg0 oxidation using existing fly ash samples and 
innovative analytical techniques. 

 
5. Properly characterize sulfur species in coal fly ash and unburned carbon. 
 



6. Identify sulfur species derived from tetrasulfide pyrolysis. 
 
7. Investigate specific acid gas effects on mercury speciation in the presence of SCR. 

 
 Measurement/Data Acquisition 
 
 Coals, combustion flue gases, and fly ash were sampled, prepared, and analyzed using U.S. 
Environmental Protection Agency (EPA)- and ASTM-approved methods. Coal feed rate, chemical 
additive feed rate, flue gas composition, flue gas temperature, and mercury species were monitored on a 
real-time basis. Both CMM and Ontario Hydro sampling were used. 
 
 The mercury laboratory at the EERC was responsible for conducting mercury measurement in this 
project. The mercury analyzers were calibrated on a daily basis, and the mass flow controllers for the 
simulated flue gas delivery system were periodically calibrated. 
 
 Assessment and Validation  
 
 Regular meetings between engineers and principal investigators before and after combustion 
testing and during data reduction ensured reliability of all QA/QC results. A series of checks and 
balances, especially for mercury, revealed that results were of high quality. Measured quantities of 
mercury in the coal matched calculated and measured quantities in fly ash and flue gas over at least three 
runs for each parameter being measured.  
 
 
Status 
 
 Kinetics of Mercury Transformation 
 
 Mercury kinetics studies have indicated that kinetic effects limiting the transformation of Hg0 at 
temperatures >400°C are greatly reduced by the addition of halogens in the combustion zone. Because of 
the fast reactions between gaseous mercury and halogen species in a high-temperature flue gas regime, 
the mercury–flue gas chemistry is quite different from the normal low-rank, halogen-lean coal flue gas. 
Experimental study is therefore proposed to evaluate mercury kinetic constraints in the high-temperature 
zone. The test results will be helpful to determine the optimum flue gas temperature at which the Hg0 
oxidation rate seems to be the fastest. 
 
 Mercury Adsorption on Unburned Carbon 

 
 This task is still ongoing. Researchers are trying to obtain a large quantity of appropriate bulk fly 
ashes that are classified for further carbon characterization. This task is planned to be complete by the end 
of 2006. 
 
 Sulfur Species Determination and Injection for Mercury Oxidation and Stabilization 
 
 Inexpensive halogen-based additives to the fuel have been shown to improve mercury oxidation 
and capture. Activated carbons containing halogens are also effective in downstream duct injection. 
Further tests are needed to test the hypothesis that injection of organohalogens downstream from the 
furnace will improve oxidation and capture in combination with or without the tetrasulfide injection. Note 
that this does not necessitate activated carbon injection.  
 



LISTING OF CATM PROJECTS CATM ANNUAL REPORT 
 
 
 
 A preliminary bench-scale pyrolysis experiment as described above will be performed with 
ethylene dibromide, since it is known to contain labile halogens and, therefore, has been used extensively 
to prevent lead deposition in engines burning leaded fuels by forming volatile lead salts. Evidence for the 
formation of halogen and halocarbon radicals will be obtained in the pyrolysis experiments with and 
without tetrasulfide and Hg.  
 
 Acid Gas Effects on Mercury Species in the Presence of an SCR 
 
 Additional replications should be performed to verify the experimental result so that a more fine-
tuned statistical analysis can be completed. More fundamental research is required to determine the exact 
mechanisms of HCl, SO2, and SO3 on mercury in the presence of an SCR catalyst. 
 
 
Potential Applications and Benefits 
 
 Researchers at the EERC and the externals including other EPA-funded researchers at various 
universities, EPA, and the U.S. Department of Energy (DOE), labs, utilities, state agencies, control 
technology vendors, and other private industries are benefited from the research results being generated 
by this project. Information related to mercury transformation and speciation is especially relevant to 
researchers and regulators. Several ongoing research consortia composed of these groups have ongoing 
projects with the EERC and are dedicated to mercury emission characterization and control. Researchers 
in this CATM project meet regularly with other researchers within the EERC performing research in these 
consortia, therefore; information dissemination is efficacious.  
 
 Other users of the project results are health officials, special interest groups, and environmental 
groups seeking a scientific assessment of the transformations and potential fate of air toxic metals and the 
general public by having access to unbiased information related to sources and potential emissions of air 
toxics. The pending establishment of a final mercury emission limit and possible credit-trading system 
requires that more research be done to unravel the fundamental mechanisms that govern which species 
form and how best to control them. 
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