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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. 
 
 This report is available to the public from the National Technical Information Service, U.S. 
Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders accepted at 
(703) 487-4650. 
 
 
EERC DISCLAIMER 
 
 LEGAL NOTICE This research report was prepared by the Energy & Environmental 
Research Center (EERC), an agency of the University of North Dakota, as an account of work 
sponsored by the U.S. Department of Energy. Because of the research nature of the work performed, 
neither the EERC nor any of its 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 or 
recommendation by the EERC. 
 



 

 

SUBTASK 2.8 – CONTROL OF TRACE ELEMENTS IN GASIFICATION SYSTEMS 
 
 
ABSTRACT 
 
 Detailed investigations were carried out to investigate the removal of mercury using a variety 
of substrates at elevated temperature under reducing conditions. Sorbents tested mainly comprised 
6A, 7A, 1B, 2B, and metals from the periodic table. The new high-surface halogen-treated carbon 
sorbents performed exceptionally well on the bench scale at relatively high temperatures (400°C). 
The new sorbents could be incorporated into a gas cleanup technology for fuel gas, where the gas is 
cooled to medium temperatures. Other work in this task focused on halogen-containing sorbents 
prepared on a carbon support. Similar sorbents had been previously found to be superior for mercury 
in flue gas.  
 
 All granular sorbents were conducted in fixed beds heated at 350° and 400°C with 10 vol% 
hydrogen in a nitrogen stream containing 34.8 μg/m3 of Hg0.  
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SUBTASK 2.8 – CONTROL OF TRACE ELEMENTS IN GASIFICATION SYSTEMS 
 
 
EXECUTIVE SUMMARY 
 
 Detailed investigations were carried out to investigate the removal of mercury using a variety 
of substrates at elevated temperature under reducing conditions. Sorbents tested mainly comprised 
6A, 7A, 1B, 2B, and metals from the periodic table. The new high-surface halogen-treated carbon 
sorbents performed exceptionally well on the bench scale at relatively high temperatures (400°C). 
The new sorbents could be incorporated into a gas cleanup technology for fuel gas, where the gas is 
cooled to medium temperatures. Other work in this task focused on halogen-containing sorbents 
prepared on a carbon support. Similar sorbents had been previously found to be superior for mercury 
in flue gas.  
 
 All granular sorbents were conducted in fixed beds heated at 350° and 400°C with 10 vol% 
hydrogen in a nitrogen stream containing 34.8 μg/m3 of Hg0.  
  



 

1 
 

SUBTASK 2.8 – CONTROL OF TRACE ELEMENTS IN GASIFICATION SYSTEMS 
 
 
INTRODUCTION 
 
 Most of the work on trace elements in coal utilization has focused on emissions from 
pulverized and cyclone-fired combustion systems. Recent overall reviews were compiled as a special 
issue of Fuel Processing Technology of the state of the art on trace element transformations in coal-
fired power systems (Benson et al., 1994) and on air quality: mercury, trace elements, and particulate 
(Benson and Brown, 2000). However, research conducted on the fate and control of trace elements 
in gasification systems is limited. Work focused on gasification systems (Erickson et al., 1998) 
found that, in general, the transformations of trace elements in gasification systems parallel that of 
combustion initially, but upon gas cooling, reduced phases such as sulfides, chlorides, fluorides, and 
other oxygen-deficient species dominate. Some species will be reduced and end up in the metallic 
form.  
 
 The volatility of the elements is largely based on experimental evidence concerning the fate of 
the elements in combustion and gasification systems. Figure 1 illustrates the classes of volatility 
exhibited by elements in combustion systems (Clarke and Sloss, 1992). The Class II a and II b 
elements volatilize and condense at the temperatures, pressures, and gas compositions found within 
that part of the gasifier. (Volatility of elements: Class I – do not vaporize upon combustion, Class II– 
vaporize during combustion but condense within the system [a – most volatile, b – intermediate 
volatility, c – least volatile], Class III – vaporize upon combustion and remain in vapor phase 
throughout the system [Clarke and Sloss, 1992; Meij, 1994]). 
 
 

 
 

Figure 1. Categorization of elements based on volatility (Clarke and Sloss, 1992). 
 Erickson et al. (1998) have investigated the volatility and fate of elements under gasification 



 

2 
 

systems. Arsenic, lead, and cadmium were found to volatilize and become concentrated in the finer-
sized fractions. A portion of the cadmium and lead was found to react with the silicate phases and 
was distributed between the larger- and smaller-sized fractions.  
 
 Equilibrium thermodynamic calculations were performed on these elements to determine their 
equilibrium distribution as a function of temperature under gasification conditions (Erickson et al., 
1998; Frandsen et al., 1994; Kalfadelis and Magee, 1977). The results indicated the following trends 
for gasification systems: 
 

•    Arsenic – under reducing conditions (O/C = 0.6), As2S2(crystal [cr], liquid [l]) is stable up to 
550 K (277EC or 498°F). Between 550 and 700 K (427°C or 800°F), As4(g) is the major 
stable form of arsenic. Above 700 K, the most abundant stable form of As is AsO(g). 
Between 550 and 950 K (677°C or 1250°F), minor amounts of As2(g) and AsH3(g) are 
formed.  

 
•    Antimony – under reducing conditions, only SbS(g) was found.  

 
•    Cadmium – under reducing conditions (O/C=0.6), CdS(cr) is stable up to 650 K (377°C or 

710°F). Above 650 K, only Cd(g) is formed. 
 

•    Germanium – under reducing conditions (O/C = 0.6), GeO2(cr, l) is stable up to 700 K 
(427°C or 800°F). At about 800 K (527°C or 980°F), the form of Ge changes to GeS(g) and 
is gradually converted to GeO(g) up to 2000 K (1727°C or 3140°F). 

 
•    Lead – under reducing conditions (O/C=0.6), PbS(cr, l) is stable up to 860°K (587°C or 

1088°F). Above 860 K, PbS(g) and Pb(g) are stable with increasing temperature. If Cl is 
present, PbCl2(cr, l) is stable up to 400 K. 

 
•    Mercury – under reducing conditions, only elemental gaseous Hg is formed. 

 
•    Selenium – under reducing conditions, H2Se(g) and possibly COSe(g), Se(g), Se H(g) are 

formed. 
 

•    Zinc – under reducing conditions, ZnS(cr) is stable up to 850 K (577°C or 1070°F). Above 
850 K, Zn(g) begins to form. 

 
 Many of the elements of intermediate volatility, Class II a and II b, will condense in the region 
of temperature in a gasifier where hot-gas cleanup takes place. Many of these elements form metallic 
and other reducing phases and accumulate in these regions of the boiler. These phases may have the 
potential to react with and form stable phases with mercury. The consistent characteristic of Class II 
b is that the elements all appear to condense to form liquid or solid phases at about 700 K (427°C or 
800°F).  
 
 The sorption of mercury onto sorbents in a gasification atmosphere is very difficult owing to 
the reducing gases present. Previous Energy & Environmental Research Center (EERC) projects 
involving mercury sorbents for trapping mercury in an oxidizing atmosphere showed that as a 
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reducing gas at 120°C flows through a sorbent that has trapped some mercury, all of the oxidized 
mercury present on the sorbent is immediately released from the sorbent into the gas phase as 
elemental mercury. The reaction of mercury oxide with hydrogen and with carbon monoxide at 
125°C is documented in the literature, and sorbent regeneration with reducing gases is described in 
the patent literature. A previous project showed that a sorbent that was capturing mercury 
successfully in air became completely ineffective when hydrogen was added to the stream. 
 
 All gasification systems will utilize either hot- or cold-gas cleanup systems to remove 
contaminants such as sulfur and particulate. While hot-gas cleanup provides significant advantages 
in process efficiency, cold-gas cleanup technologies will still be utilized, especially in systems 
which provide syngas for chemicals or fuel production.  
 

A past information collection request (ICR) for mercury required sampling of operating 
integrated gasification combined-cycle systems in the United States. Two plants were sampled, and 
the following results were obtained. The Polk Power Plant (Texaco gasifier in Florida) reported 
nearly all the mercury emissions from the plant to be in an elemental form and had less than 40% 
collection efficiency (U.S. Environmental Protection Agency, 2004b). The Wabash River facility 
(Global gasification technology) showed almost all of the mercury emissions to be in the elemental 
form, and the level of control was found to be about 50% based on the level of mercury in the coal 
(U.S. Environmental Protection Agency, 2004b). This indicates some capture is taking place in the 
gasification system; however, the exact location is not known but probably could be occurring in the 
amine-based cold-gas cleanup equipment utilized on both systems. Tests with presulfided activated 
carbon at room temperature at Tennessee Eastman=s plant in Kingsport, Tennessee, have shown 95% 
removal of Hg is possible under cold-gas cleanup conditions (Denton, 2002). 
 
 
PREVIOUS ACCOMPLISHMENTS 
 
• Previous EERC projects investigating mercury sorbents for trapping mercury in an oxidizing 

atmosphere showed that introduction of hydrogen to the gas stream results in prevention of 
sorption and release of previously bound mercury species. 

 
– A high-capacity sorbent that was capturing mercury successfully in air became completely  

ineffective when hydrogen was added to the stream. 
 

– In the sorbent regeneration step, a reducing gas at 120°C passing through a spent sorbent 
immediately released all the oxidized mercury present on the sorbent into the gas phase as 
elemental mercury. 

 
• The EERC project on mercury in gasification systems in the previous year determined Hg0 

emission rates for a large set of compounds in inert (N2) and reducing atmospheres (5% and 25% 
H2) over a wide temperature range (ambient to 300°C) using a flow system with continuous 
emission monitoring (CEM). 

 
 – Some decomposition to Hg0 occurred at 25°C. The emission rates increased with temperature 

in both N2 and H2–N2 streams and were dependent on the surface areas of the powders and, 
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probably, the mass-transfer rates to the surface. At 200°C, the emission rates ranged from  
11 μg Hg0/g/min for HgSe to >800 μg Hg0/g/min for a Hg–Pb amalgam. 

 
– With all compounds at all temperatures above 75°C, the decomposition increased substantially 

with addition of H2 to the stream. 
 
– The rate of decomposition of mercuric sulfate to elemental mercury was similar to that    

observed earlier for mercuric oxide. The rate increased dramatically at 275°C, especially when 
 hydrogen was present. 

 
– The set of mercuric nitrate compounds behaved somewhat differently compared to the sulfate, 

in that mercuric nitrate was emitted to the gas phase in various proportions along with 
elemental mercury depending on the nature of the compound. The rates were roughly similar. 

 
– Mercuric chloride devolatilized without decomposition to Hg0 at these temperatures.  

 
• The same EERC project on mercury in gasification systems determined weight losses for various 

Hg(II) compounds at higher temperatures in various gas compositions. These data clearly 
demonstrate that to capture mercury in a reducing atmosphere, the temperature must be dropped 
below 300°C. 

 
 – The HgS and HgSe exhibited stability up to 300°C in an inert or 5% H2 atmosphere, where 

0.4% converted to Hg0, but in 25% hydrogen, 4.5% of HgSe and 9.3% of HgS were lost. 
 

 – Above 300°C in all three streams, the two compounds rapidly reduced to Hg0, the selenide 
exhibiting a somewhat greater stability.  

 
• The same EERC project on mercury in gasification systems determined that reconstitution of 

mercury chalconides occurred downstream of the furnace-heated tube used for decomposing the 
chalconide compound. 

 
 –  Reaction of Hg0 with S, Se, H2S, or H2Se vapors to form solid HgS and HgSe occurred in the 

effluent stream at a temperature of about 300EC. 
 
 
GOALS AND OBJECTIVES 
 

To effectively adsorb mercury from a reducing atmosphere, mercury must be reacted with a 
material such as metal, sulfide, or amide to form a compound that is stable at some temperature that 
allows the removal of the mercury compound from the system. Further work was proposed to 
determine the stability of MoS2, possibly Ir (if process economics make any sense), with Hg as a 
function of temperature and process gas composition. A focus on other metal sulfide-based 
compounds was recommended since sulfur-enhanced sorbents have been shown to be more effective 
at removing mercury. 
 

Work in the previous years on this project has shown that mercury compounds such as HgS 
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and HgSe are relatively stable up to 300°C even under reducing conditions. If the mercury released 
from coal can be made to form HgS or HgSe, which are solids, the mercury could potentially be 
taken out with a hot-gas filter or some other solid particulate removal device. Continuation of the 
tests to determine the operating conditions necessary for converting the mercury to these species 
must be devised, using reagents that are also stable in the reducing atmosphere. 

 
All gasification systems will utilize either hot- or cold-gas cleanup systems to remove 

contaminants such as sulfur and particulate. While hot-gas cleanup provides significant advantages 
in process efficiency, cold-gas cleanup technologies will still be utilized, especially in systems that 
provide syngas for chemicals or fuel production.   
 
 
RESULTS AND DISCUSSION 
 
 Detailed investigations were carried out to investigate removal of mercury using a variety of 
substrates at elevated temperature under reducing conditions. Sorbents tested mainly comprised 6A, 
7A, 1B, 2B, and metals from the periodic table.  

 
 Description of Test Procedure 

 
 The runs were carried out in a gas chromatography oven at temperatures ranging from 100° to 
500°C according to the desired test plan. The desired amount of sorbent (usually 0.5 g) was placed 
in a 1-cm-i.d. glass tube fitted with a medium frit and tested at ambient pressure. The U-tube was 
equilibrated in nitrogen flow for 5 minutes at ambient temperature so that the initial surge has 
subsided, and the Semtech mercury analyzer shows a zero reading again. At this stage, the U-tube 
was placed in a furnace maintained at desired temperature. The start-up gas (usually 450 cm3/min of 
nitrogen) was passed through the U-tube containing the sorbent heated to the desired temperature 
and then through the Semtech. The data collection was started and continued until the Semtech 
showed constant readings for 5 minutes. At this time, the desired flow of hydrogen (usually 50 
cm3/min) was added to the gas stream, and Semtech readings were recorded until constant value was 
obtained. At this point, feed gas was passed through a mercury source, gas containing mercury 
vapors was passed through the sorbent, and mercury data were recorded to generate a breakthough 
curve. Previous work with an EPM versus a Semtech mercury analyzer showed the Semtech to be 
much less sensitive to hydrogen and hydrogen sulfide, so the Semtech was utilized for all testing.  
 
 Sorbent-Testing Results  
 
 The tests were carried out at temperatures between 100° and 400°C. The results for the 
different sorbents tested are given in Tables 1 through 4. Tables 1 and 2 summarize the data on 
sulfided sorbents. Table 2 shows that the commercially available catalyst worked better than the  
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        Table 1. Effect of Sorbent Temperature on the Mercury Sorption (nitrogen flow = 
        900 cm3/min, hydrogen = 100 cm3/min, oven temperature = 100°–500°C) 

Sorbent (wt)  
Oven Temp., 

°C 
Hg Conc., 

µg/m3 
Elemental Hg 
Removed, % 

None 100 22.7 – 
1388S-80-1 (0.5 g) 100 18.3 19.4 
1388S-76-1 (0.5 g) 200 19.6 13.6 
1388S-75-1 (0.5 g) 300 22.6 0.05 
1388S-72-1 (0.5 g) 400 29.6 – 
None 400 23.2 – 
1388S-68-1 (0.5 g) 400 28.6 – 
1388S-68-2 (0.5 g) 300 23.4 – 
1388S-69-1 (0.5 g) 200 22.9 1.3 
1388S-69-2 (0.5 g) 100 19.4 16.5 

 
 
       Table 2. Results with Commercially Available Catalyst (nitrogen flow =  
       450 cm3/min, hydrogen = 50 cm3/min, oven temperature = 250°C) 

Sorbent (g)  
Oven Temp., 

°C 
Hg Conc., 

µg/m3 
Elemental Hg 
Removed, % 

None 250 34.5 – 
1388S-181-3 (2.5 g) 250 28.7 17 
1388S-82-2 (2.5 g) 250 18.4 46.7 
1388S-84-1 (2.5 g) 250 21.5 37.7 

 
 
sulfided sorbent and that sulfiding the commercially available catalyst improved its performance; 
however, using spent catalyst did decrease performance somewhat. These results suggest that 
mercury sorption improved at lower operating temperatures but were still not considered adequate 
for further consideration. 
 
 Several other promising sorbents were tested, and their results are given in Tables 3 and 4. 
Table 3 is focused on the remaining sorbents tested, and Table 4 is focused on the halogen-treated 
carbons. Figures 2 and 3 show the breakthrough curves generated for all of the sorbents tested and 
for the best sorbents tested, respectively.  
 
 Temperature-programmed desorption of the brominated carbon was carried out using 
thermogravimetric analyses (TGA). A small amount of sample (30 mg) was slowly heated to 600°C  
in a gentle flow of hydrogen. The effluent gas was analyzed by online infrared spectroscopy. Weight 
loss data indicated loss of water (moisture) up to 200°C as indicated by infrared spectroscopy. 
Hydrogen bromide was released at 300°–400°C. The amount of hydrogen bromide released was  
2 wt% of the sample. 
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Table 3. Effect of Sorbent Type and Temperature on Mercury Sorption (nitrogen flow = 
450 cm3/min, hydrogen = 50 cm3/min, oven temperature = variable) 

Sorbent (g) Oven Temp., °C 
Max Hg Conc.,  

µg/m3 (min) 

Time to 50% 
Breakthrough, 

min 
None 250–325 34.5 – 
1388S-134-1 (0.5) 300 33.6 (22) 13 
1388S-135-1 (0.5) 325 31.1 (5) 2.5 
1388S-135-2 (0.5) 300 32.4 (6) 2.5 
1388S-136-1 (0.5) 300 31.3 (10) 6 
1388S-136-2 (0.5) 325 32.0 (4.5) 2.5 
None 350 34.8 – 
1426S-73-1 (0.25) 350 17.6 (90) 80 
1426S-73-2 (0.25) 400 31.0 (10) 3.5 
1426S-75-1 (0.25) 350 17.6 (90) 80 
1426S-75-2 (0.25) 400 31.0 (10) 35 
1426S-72-1 (0.50) 350 18.3 (60) 40 
1426S-72-2 (0.50) 400 31.6 (10) 4 
1426S-70-1 (0.50) 350 18.3 (50) 36 
1426S-70-2 (0.50) 400 33.8 (5) 2.5 
1426S-69-1 (0.50) 350 18.6 (27) 12 
1426S-69-2 (0.50) 400 31.2 (6) 2 
1426S-64-1 (0.50) 350 17.8 (71) 51 
1426S-64-2 (0.50) 400 28.7 (4) 2 
1426S-76-1 (0.50) 350 23.0 (16) 8 
1426S-76-2 (0.50) 400 34.5 (10) 2.5 
1388S-119-1 (0.25) 50 17.6 (90) >90 
1388S-126-1 (0.25) 250 33.2 (20) 8 
1426S-108-1 (0.50) 350 1.1 (120) >120 
1426S-102-2 (0.50) 350 6.6 (140) >150 
1426S-102-1 (0.50) 350 33.8 (4) 2 
1426S-109-1 (0.50) 350 1.5 (140) >140 
1426S-104-1 (0.50) 350 34.2 (7) 1.5 
1426S-103-1 (0.50) 350 33.9 (7) 1.5 
1426S-103-2 (0.50) 350 24.9 (29) 14 
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       Table 4. Mercury Sorption Data for Halogenated Carbons (sorbent =  
       0.50 g (in a fritted U-tube), nitrogen flow = 450 cm3/min, hydrogen =  
       50 cm3/min) 

Sorbent (g) 
Oven 

Temp., °C 
Max Hg Conc.,  

µg/m3 (min) 

Time to 50% 
Breakthrough, 

min 
None 350 34.8 – 
1426S-137-2 (0.50) 350 20.3 (6.5) 6 
1426S-131-1 (0.50) 250 0.9 (2) >180 
1426S-132-1 (0.50) 300 0.6 (120) >120 
1426S-138-1 (0.50) 350 0.1 (120) >150 
1426S-138-2 (0.50) 400 2.2 (180) >180 
1426S-140-1 (0.50) 250 0.7 (50) >140 
1426S-140-2 (0.50) 300 0.6 (120) >150 
1425S-141-1 (0.50) 350 1.4 (150) >150 
1426S-137-1 (0.50) 250 20.1 (140) 130 
1426S-136-1  (0.50) 300 22.4 (150) 130 
None 250 26.9 – 
1426S-190-1 (0.50) 250 1.4 (1502) >150 
1426S-192-2 (0.50) 300 4.3 (180) >180 
1426S-192-1 (0.50) 350 15.1 (180) 160 
1447S-1-1 (0.50) 400 13.9 (65) 60 
1426S-189-1 (0.50) 250 0.2 (120) >120 
1426S-189-3 (0.50) 300 16.6 (180) 140 
1426S-189-2 (0.50) 350 17.2 (60) 20 
1447S-1-2 (0.50) 400 16.5 (16) 12 
1447S-8-1 (0.50) 350 2.1 (180) >180 
1447S-3-1 (0.50) 400 10.9 (190) >180 
1447S-5-1 (0.50) 250 2.9 (170) >170 
1447S-5-2 (0.50) 300 5.2 (160) >160 
1426S-191-1 (0.50) 350 7.1 (150) >150 
1447S-2-1 (0.50) 400 14.6(200) 180 

 
 
 
 
 
 



 

 

 

 
 

Figure 2. Breakthrough curves for majority of sorbents tested by run number. 

9 



 

 

  
 

Figure 3. Breakthrough curves for the best-performing sorbents at various operating temperatures.
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MERCURY MEASUREMENT AND CONTROL 
 
 Another goal of the project was to demonstrate the acceptable measurement of a mercury CEM 
analyzer on fuel gas taken from warm fuel gas. Once the measurement issues were resolved, testing 
looked at various sorbents for their ability to control mercury from actual coal-derived fuel gas at 
temperatures greater than 260EC (500EF). 
 
 Mercury measurement testing was done with several types of mercury CEMs that were readily 
available at the EERC. These analyzers included atomic absorption analyzers such as Semtech Hg 
2010, Nippon and OhioLumex RA-915+, and atomic fluorescence (AF) analyzers such as P S 
Analytical (PSA) Sir Galahad and Tekran Model 2537. 
 

Setup of Sample-Conditioning and Mercury-Monitoring Equipment 
 
 The EERC also attempted to evaluate the form of mercury (ionic, elemental, or particulate-
bound) in the transport reactor development unit (TRDU) gasifier. Testing involved both wet-
chemistry methods and mercury CEMs. For the mercury CEMs, three different pretreatment systems 
could be used to determine which system gave the best results. The first used a basic stannous 
chloride solution to convert all mercury to the elemental form and remove any gases such as HCl 
that may result in interferences. The second CEM used an acid stannous chloride solution for 
conversion but had a heated alkali trap to remove interfering gases. The third system used a thermal 
system with dilution. 
 
 Sampling on the TRDU facility was done at one location on the outlet of the hot-gas filter 
system. The pressure at this point was approximately 116 psig and the temperature anywhere from 
260° to 538°C (500° to 1000°F). To reduce the pressure to the sampling train, a critical orifice was 
used. Wet-chemistry sampling consisted of a modified U.S. Environmental Protection Agency 
(EPA) Method 29 multimetal train to look for mercury in each sample. A detailed description of this 
method can be found at EPA’s Web page (www.epa.gov/ttn/emc). In addition, two different types of 
mercury CEMs were used to measure mercury continuously at this sampling location. These samples 
were used to verify that the mercury CEM was giving good results. The EERC performed the wet-
chemistry mercury analyses on-site so that the results could be obtained quickly for comparison 
purposes and quality control/quality assurance. 
 
 Description of Mercury CEM 
 
 Semtech Hg 2010 Instrument 
 
 The commercial Semtech Hg 2010 mercury analyzer is essentially a portable Zeeman-
modulated cold-vapor atomic absorption spectroscope (CVAAS) that can monitor Hg0 continuously. 
By using an online reduction unit, total mercury can be monitored continuously. In the reduction 
unit, a reducing solution (SnCl2) is pumped to the sampling probe. The extracted gas sample and 
reducing solution are transported continuously through a mixing spiral to maximize the gas solution 
residence time and ensure complete conversion of Hg2+ to Hg0. After conversion of all of the 
mercury to Hg0, the sample gas is transferred to a Peltier cooled gas–liquid separator. The 
conditioned dry gas is then analyzed by the instrument using CVAAS techniques. To minimize 
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interferences from the presence of H2S, hydrocarbons, and fine particulate in the flue gas sample, the 
analyzer uses Zeeman effect background correction by applying a modulated magnetic field to a 
mercury lamp. 
 
   OhioLumex RA-915+ Instrument 
 
 The OhioLumex RA-915+ is a real-time continuous monitor for total and elemental mercury 
measurement. The instrument is based on differential Zeeman atomic absorption spectroscopy using 
high-frequency modulation of light polarization. A mercury lamp is placed in a permanent magnetic 
field that has the ability to slightly change the wavelength of the mercury light. This allows for 
background correction for such broadband absorbers as SO2, moisture, and particulate matter. The 
Lumex has a multipass cell which provides an effective path length of 10 meters. The instrument 
does not use gold amalgamation preconcentration which allows for a faster response time. In 
ambient air, a lower detection limit of 2 ng/m3 can be achieved, according to the manufacturer. 
OhioLumex provides a cell for thermal reduction of oxidized mercury to elemental mercury. No 
catalyst is used in the thermal decomposition cell. Further testing needs to be completed with this 
system to ensure recombination of the oxidized mercury does not take place. 
 
 The Lumex needs an external mercury supply such as a permeation device or a gas cylinder 
for calibration. The instrument does come with a small cell of fixed volume that contains saturated 
mercury vapor, which can be used to check the calibration. 
 
 An earlier version of the OhioLumex instrument was evaluated during the first round of the 
EPA Environmental Technology Verification Program (EPA, 2004a). 
 
   P S Analytical Sir Galahad and Tekran Model 2537 
 
 The PSA and Tekran mercury CEMs are very similar in operation. Both instruments use a 
batch process, where mercury is collected on a specialized gold trap and then desorbed into an AF 
analyzer. The primary difference between the two is the type of gold trap that is used. In both cases, 
the exact manufacturing technique is proprietary. The PSA instrument was initially developed and 
used for the natural gas industry and the Tekran for ambient mercury measurements. For both 
instruments, between 0.5 and 2 L/min of flue gas (depending on mercury concentration) is pumped 
through a gold trap, which is maintained at a constant temperature. Once the mercury has been 
adsorbed on the gold trap, the trap is removed from the flue gas stream and flushed with argon. The 
mercury is then desorbed from the gold trap at 500°C using a heating coil. The mercury is then 
carried to the AF analyzer using argon as a carrier gas. Once the mercury has been desorbed from 
the trap, it is rapidly cooled with additional argon. To speed up the measurement process, a dual gold 
trap is used. As one trap is adsorbing mercury, the second trap is being desorbed. The approximate 
time for each measurement is 2–5 minutes. The operating mercury concentration range for AF-type 
mercury CEMs is up to 5 orders of magnitude. They can measure mercury concentrations from about 
1 ng/m3 to 150 µg/m3, making these instruments ideal for measuring the low concentrations  
(< 5 µg/m3) often found in flue gas generated from coal-fired systems. 
 
 Both the Tekran and PSA CEMs are calibrated using Hg0 as the primary standard. The Hg0 is 
contained in a closed vessel which is held in a thermostatic bath. The temperature of the mercury is 
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monitored, and the amount of mercury is calculated using vapor pressure calculations. Currently, the 
calibration of the Tekran is more automated; however, the calibration of the PSA CEM is also being 
automated. Typically, the calibration of the units has proven stable over a 24-hour period. 
 
 
MERCURY-SAMPLING RESULTS 
 
 The EERC spent considerable effort to develop a sample-conditioning procedure that provides 
representative results. Since all of the mercury was shown to be in the elemental form, it was hoped 
that very little sample conditioning would be required. However, sampling after the gas-conditioning 
system was utilized for the other gas analyzer indicated that no mercury was reaching the mercury 
CEM. Tests with water-filled impingers also exhibited issues with obtaining representative samples. 
Sample conditioning with basic stannous chloride solutions appeared to work over the short term; 
however, the reducing fuel gas would consume the reagents in the solution and affect the CEM 
readings. The sample conditioner was then set up with a peristaltic pump to pump fresh solution into 
the impingers and pump spent solution out of the impingers. This sample-conditioning system has 
worked well in providing a fuel gas that works well with the Hg CEM; however, this sample- 
conditioning requires frequent human intervention to add fresh solution and remove the spent 
solution. It also generates a fair amount of waste material that needs to be dealt with. 
 
 After the sample-conditioning issues were resolved, with shakedown testing on three different 
types of analyzers (PSA Sir Galahad, Semtech Hg 2010, and the OhioLumex RA-915+), the EERC 
selected the PSA Sir Galahad for further testing on the TRDU. The light signal from the Semtech 
and OhioLumex both appeared to be attenuated when the fuel gas was run through them. The 
Semtech attenuated off-scale while the OhioLumex appeared to trend the mercury emissions; 
however, a fourfold change in the factory calibration factor was required to accurately trend the 
measured emissions. Further use of this analyzer may be warranted after consulting with OhioLumex 
to understand the change in the calibration factor. After considerable testing and adding the PSA 
analyzer modification adopted during testing at the TECO coal gasification plant, the EERC had 
good success measuring the mercury concentrations in the warm fuel gas. Figure 4 shows the Hg 
CEM measurements obtained with the PSA Sir Galahad against those obtained utilizing the modified 
EPA Method 29 wet chemistry. This graph shows good agreement between the two methods.  
Figure 5 shows the results when the EERC-treated carbon/limestone mixture was injected into the 
hot-gas filter vessel (HGFV) over a 2.5-hour period (10:00–12:30). The treated carbon was mixed 
with the limestone to make it more flowable and to allow the feeder to be operated at higher motor 
speeds. The baseline mercury CEM measurement dropped from approximately 26 µg/m3 to 
approximately 18 µg/m3 or a 30% reduction in the mercury (Hg0) emissions. In-duct injection tests 
at higher temperatures around 350°C (662°F) appeared to have only a small effect on mercury 
emissions. This treated carbon feed rate was selected to give comparable feed rates for the treated 
carbon as utilized in other EERC-conducted pilot- and field-scale testing on combustion systems. 
These combustion tests showed that over 90% capture of Hg0 was possible at similar sorbent feed 
rates on a volumetric basis as what was tested in the TRDU HGFV (Swanson, 2006). This reduced  
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Figure 4. Comparison of Hg CEM with Method 29 wet-chemistry data on TRDU fuel gas. 
 
 
 

. 
 
 

Figure 5. Effect of EERC-treated carbon injection on Hg removal in a HGFV. 
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performance of the treated activated carbon was probably affected by several variables, including the 
higher ash loading/carbon loading to the HGFV than combustion baghouses or electrostatic 
precipitators (ESPs); the presence of different impurities such as H2S, tars, and possibly NH3; and 
the higher operating temperatures of the filter system as compared to the combustion systems. 
 
 Similar EERC-conducted combustion tests, where the additive was added directly to the coal 
and nontreated carbon, was fed into the baghouse or ESP had also exhibited mercury control greater 
than 90%. This type of test was also attempted with the TRDU under gasification conditions.  
Figure 6 shows the results from this test, where the active part of the additive was added to the coal 
starting at 9:30 in the morning; however, the addition of the additive alone did not appear to 
significantly change the mercury concentration in the fuel gas. At 4:12 in the afternoon, activated 
carbon feed was started from the feeder to the HGFV. This carbon was fed over a period of 3 hours 
and 40 minutes, until a problem with the peristaltic pump delivering the basic stannous chloride 
solution to the sample-conditioning traps failed, thereby terminating the test. The data shown in 
Figure 6 indicate that the presence of the additive together with the activated carbon injection was 
removing the mercury from approximately 24 µg/m3 down to approximately 15 µg/m3 (37.5% 
removal), and the trend still seemed to be dropping when the test was terminated early.  
 
 A packed-bed system utilizing a slipstream of warm TRDU fuel gas was also constructed and 
tested. This packed-bed system was designed to run a slipstream of approximately 1000 scfh of fuel 
gas through a 3-inch-diameter and 15-inch-deep bed of sorbent. Three different tests utilizing a 
coarse EERC-treated activated carbon were conducted.  
 
 

 
 
Figure 6. Effect of additive addition to Wyodak coal and activated carbon injection to HGFV on 

Hg removal. 
 Figures 7 and 8 show the breakthrough curves for these sorbents being tested at 

 



 

16 
 

approximately 260°C (500°F). The one test with the EERC-treated carbon at a higher temperature 
exhibited very little mercury removal. Figures 7 and 8 show the breakthrough curve for the EERC-
treated carbon with both a slow and fast heat-up rate, respectively. There did not appear to be any 
major difference in the sorbent performance since both sorbents had breakthrough times of 
approximately 1.5 hours; however, the sorbent with the fast heat-up time seemed to remove the 
mercury from the starting baseline of 26 µg/m3 to less than 1 µg/m3 while the slow heat-up sorbent 
only reduced mercury to approximately 2.5 µg/m3. 
 

 
CONCLUSIONS  
 
 The new high-surface halogen-treated carbon sorbents performed exceptionally well on the 
bench scale at relatively high temperatures (400°C). The high capacity of the halogen-treated 
sorbents is attributed to the high strength of the halogen–mercury bond, which resists the extensive 
hydrogenolysis that occurs at lower temperatures with mercury oxides and oxysalts. The new 
sorbents could be incorporated into a gas cleanup technology for fuel gas where the gas is cooled to 
medium temperatures. Other work in this task focused on halogen-containing sorbents prepared on a 
carbon support. Similar sorbents had been previously found to be superior for mercury in flue gas.  
 
 All granular sorbents were conducted in fixed beds heated at 350° and 400°C with a 10 vol% 
hydrogen in a nitrogen stream containing 34.8 μg/m3 of Hg0. Halogen-treated carbons were 
successfully tested in the TRDU slipstream after verification and testing of various mercury CEMs 
for their ability to measure mercury in reducing fuel gases.  
 
 

 
 

Figure 7. Packed-bed Hg sorbent removal with EERC-treated carbon at 260°C (500°F). 
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Figure 8. Hg removal with packed-bed test utilizing EERC-treated carbon at 260°C (500°F). 
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APPENDIX A 
 

LIST OF CONFIDENTIAL SORBENTS



 

A-1 

Sorbent No.          Description                                Solvent    
1388S-80-1 – Sulfided Titania (0.5 g)  
1388S-76-1 – Sulfided Titania (0.5 g)  
1388S-75-1 – Sulfided Titania (0.5 g)  
1388S-72-1 – Sulfided Titania (0.5 g)  
1388S-68-1 – Sulfided Titania (0.5 g)  
1388S-68-2 – Sulfided Titania (0.5 g)  
1388S-69-1 – Sulfided Titania (0.5 g)  
1388S-69-2 – Sulfided Titania (0.5g) 
1388S-181-3 – EX-SO3 (2.5 g) 

 

1388S-82-2 – Sulfided EX-SO3 (2.5 g) 
1388S-84-1 – Sulfided EX-SO3 (spent) (2.5g) 

 

1388S-134-1 – Zinc Sulfide/Carbon (0.5 g)  
1388S-135-1 – Zinc Sulfide/Carbon (0.5)  
1388S-135-2 – Copper Sulfide/Carbon (0.5 g)  
1388S-136-1 – Zinc Selenide/Calgon (0.5)  
1388S-136-2 – Zinc Selenide/Calgon (0.5)  
  
1426S-73-1 – V2O5–Foam (0.25 g)   
1426S-73-2 – V2O5–Foam (0.25 g)   
1426S-75-1 – MnO2–Foam (0.25 g)   
1426S-75-2 – MnO2–Foam (0.25 g)   
1426S-72-1 – Calgon/CuS (0.50 g)  
1426S-72-2 – Calgon/CuS (0.50 g)  
1426S-70-1 – TiO2/ZnS (0.50 g)  
1426S-70-2 – TiO2/ZnS (0.50 g)  
1426S-69-1 – Calgon/ZnS (0.50 g)  
1426S-69-2 – Calgon/ZnS (0.50 g)  
1426S-64-1 – Zeolite/CuS (0.50 g)  
1426S-64-2 – Zeolite/CuS (0.50 g)  
1426S-76-1 – Au-TiO2 (0.50 g)  
1426S-76-2 – Au-TiO2 (0.50 g)  
1388S-119-1 – Ir/CaCO3 (0.25 g)  
1388S-126-1 – Ir/CaCO3 (0.25 g)  
1426S-108-1 – Calgon/ZnTe2 (0.50 g)  
1426S-102-2 – Calgon/CdTe2 (0.50 g)  
1426S-102-1 – Calgon/ZnSe2 (0.50 g)  



 

A-2 

Sorbent No.          Description                                Solvent    
1426S-109-1 – Calgon/CdSe2 (0.50 g)  
1426S-104-1 – Calgon/ZnS (0.50 g)  
1426S-103-1 – Calgon/CuS (0.50 g)  
1426S-103-2 – Calgon/CuS – Unactivated (0.50 g)  
1426S-137-2 – F-400 (0.50 g)  
1426S-131-1 – F-400/5% Br2 (0.50 g) CH2CL2 
1426S-132-1 – F-400/5% Br2 (0.50 g) CH2CL2 
1426S-138-1 – F-400/5% Br2 (0.50 g) CH2CL2 
1426S-138-2 – F-400/5% Br2 (0.50 g) CH2CL2 
1426S-140-1 – F-400/5% PBr3 (0.50 g) CH2CL2 
1426S-140-2 – F-400/5% PBr3 (0.50 g) CH2CL2 
1425S-141-1 – F-400/5% PBr3 (0.50 g) CH2CL2 
1426S-137-1 – F-400/5% S2Cl2 (0.50 g) CH2CL2 
1426S-136-1 – F-400/5% S2Cl2 (0.50 g) CH2CL2 
  
1426S-190-1 – F-400/5% Br2 (0.50 g) Water 
1426S-192-2 – F-400/5% Br2 (0.50 g) Water 
1426S-192-1 – F-400/5% Br2 (0.50 g) Water 
1447S-1-1 – F-400/5% Br2 (0.50 g) Water 
1426S-189-1 – F-400/5% Br2 (0.50 g) Pet. Ether 
1426S-189-3 – F-400/5% Br2 (0.50 g) Pet. Ether 
1426S-189-2 – F-400/5% Br2 (0.50 g) Pet. Ether 
1447S-1-2 – F-400/5% Br2 (0.50 g) Pet. Ether 
1447S-8-1 – F-400/5% Br2 (0.50 g) CH2CL2 
1447S-3-1 – F-400/5% Br2 (0.50 g) CH2CL2 
1447S-5-1 – F-400/5% HBr (0.50 g) Gas phase 
1447S-5-2 – F-400/5% HBr (0.50 g) Gas phase 
1426S-191-1 – F-400/5% HBr (0.50 g) Gas phase 
1447S-2-1 – F-400/5% HBr (0.50 g) Gas phase 
1388S-102-1 – Zinc Sulfide (2.5 g)  
1388S-127-1 – Iridium on Carbon (0.5 g)  
1388S-130-1 – ZnS (5%) on Calgon (0.5 g)  
1388S-130-2 – AnS (5%) on Calbon (0.5 g)  
1388S-135-2 – CuS (5%) on Calgon (0.5%)  
1388S-188-1 – Zinc Selenide (2.5 g)  
1388S-188-2 – Zinc Selenide (2.5 g)  



 

A-3 

Sorbent No.          Description                                Solvent    
1388S-81-1 – Sulfided Titania EX-SO3 (2.5 g)  
1388S-85-1 – Zinc Selenide (2.5 g)  
1388S-85-2 – Zinc Selenide (2.5 g)  
1388S-87-1 – Zinc Selenide (2.5 g)  
1388S-91-1 – Zinc Selenide (0.200 g + sand =2.00 g)  
1388S-91-2 – Zinc Selenide (0.200 g + sand = 2.00 g)  
1447S-6-1 – Calgon/5% ZnTe2 (0.5 g)  
1447S-6-2 – Calgon/5% ZnTe2 (0.5 g)  

 
 




