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ABSTRACT 

 
Mercury, a trace component of coal, is readily volatilized during coal combustion and 
forms two vapor-phase species: elemental (Hgo) and oxidized (Hg2+) mercury. A number 
of pilot- and field-scale tests have consistently shown that the combustion of Illinois coal 
(bituminous) produces Hg2+ as the dominant mercury species in the flue gas. Unlike Hgo, 
Hg2+ is highly water soluble and therefore can be easily captured and removed by 
conventional air pollutant control devices (APCDs) such as wet scrubbers. However, 
recent research has shown that Hgo re-emissions, which are defined as emissions of Hgo 
resulting from the reduction of captured Hg2+ back to its elemental form, occurred in 
certain wet scrubber systems. Objectives of this research therefore were to conduct pilot 
plant tests to investigate techniques for controlling and reducing Hgo re-emissions. A 
pilot-scale (0.01MW) wet scrubber was designed, constructed and debugged to simulate 
the wet limestone flue gas desulfurization (FGD) system. Hgo re-emissions, manifested 
by an increase of flue gas Hgo concentration across the scrubber, were detected when 
sufficient amount of Hg2+ was accumulated in the slurry. Experimental results indicated 
that slurry pH played an important role in influencing Hgo re-emissions. The higher the 
slurry pH was, the more the Hgo was re-emitted. Hgo re-emissions decreased with 
temperature decline. Two potential additives, trimercapto-s-triazine tri-sodium (TMT) 
and sodium hydrosulfide (NaHS) were tested for their effects on the Hgo re-emission rate 
in the FGD system. Pilot plant data showed both TMT and NaHS capable of inhibiting 
Hgo from re-emission in wet scrubber. When used as additives, the TMT and NaHS 
concentrations in the slurry need to be higher than 0.1 ppm and 0.01 ppm, respectively, to 
induce sustainable inhibitory effects. Based on pilot plant test results, it was 
recommended that limestone wet scrubbers should be operated with pH and temperature 
as low as possible to minimize Hgo re-emissions. Both TMT and NaHS are viable options 
as additives to suppress Hgo re-emissions in wet scrubbers.  
 



  

 

EXECTIVE SUMMARY 
 

The Air Pollution Prevention and Control Division (APPCD) of the United States 
Environmental Protection Agency’s (U.S. EPA’s) National Risk Management Research 
Laboratory (NRMRL) in conjunction with the Illinois Clean Coal Institute (ICCI) co-
funded research to evaluate and control Hgo re-emissions across wet limestone flue gas 
desulfurization (FGD) systems. Hgo re-emissions, defined as the reduction of dissolved 
Hg2+ back to its elemental form and its subsequent release in scrubbing slurry, have the 
potential to limit the application of wet FGD systems to capture and remove the water 
soluble Hg2+ in coal-fired power plants. On March 15, 2005, EPA promulgated the Clean 
Air Mercury Rule to permanently cap and reduce mercury emissions from coal-fired 
power plants. This rule, combined with EPA’s Clean Air Interstate Rule (CAIR), will 
reduce mercury emissions in two phases. In the first phase, due by 2010, mercury 
emissions will be reduced by taking advantage of “co-benefit” reductions, that is, 
mercury reductions achieved while reducing sulfur dioxide (SO2) and nitrogen oxides 
(NOx) under CAIR. The second phase would cut mercury to 15 tons by 2018, an overall 
reduction of nearly 70 percent. For Illinois coal-fired utility boilers, control of mercury 
emissions can be potentially achieved by taking advantage of the “co-benefit” reductions 
with wet scrubbers currently used for SO2 removal. This is achievable mainly because 
water soluble Hg2+, as opposed to insoluble Hgo, is the dominant form of mercury species 
in the flue gas from burning Illinois coal. However, Hgo re-emissions in wet scrubbers are 
a major concern since the mercury removal efficiency in wet scrubbers may be 
significantly reduced by this phenomenon. The proposed research here will develop 
valuable data and techniques, which may be used by utilities burning Illinois coal to cost-
effectively prevent and minimize undesired Hgo re-emissions in wet scrubbers. 
 
The overall objectives of this study were to perform pilot plant tests to evaluate 
techniques that can be used to reduce Hgo re-emissions from wet limestone scrubbers in 
coal-fired power plants. A pilot-scale (0.01MW) wet limestone FGD system was 
designed, constructed, and debugged for the purpose of conducting Hgo re-emission 
research. The scrubber used limestone slurry as the reagent to absorb SO2 and Hg2+ from 
flue gas generated from a furnace. Usually, natural gas was used as the fuel in the furnace 
to provide better control of flue gas conditions. An Illinois coal, Galatia, was also burned 
in the furnace to verify the results from natural gas tests. When needed, SO2, Hgo, and 
Hg2+ (as HgCl2) were injected into the flue gas to achieve desired test conditions. It was 
found that the pilot-scale scrubber system can be used to simulate Hgo re-emissions. 
When the flue gas contained Hg2+, gradual increase of flue gas Hgo concentration across 
the scrubber was observed which reflected Hgo re-emissions resulting from the reduction 
of the absorbed Hg2+ back to Hgo and its subsequent release in the scrubber. Hgo re-
emissions can also be induced by spiking the recirculation tank slurry with HgCl2 
solution to accelerate the Hg2+ accumulation process and save a large amount of time and 
effort. 
 
Two series of pilot plant experiments were conducted. The first series evaluated the 
effects of three scrubber operating conditions: pH, temperature, and S(IV) concentration 
(the sum of HSO3

1- and SO3
2- concentrations) on the Hgo re-emission rate. It was found 



  

 

that pH played an important role in affecting Hgo re-emissions. For a wet limestone FGD 
scrubber, the typical operating range of pH is from 5.0 to 6.0. Pilot plant data indicated 
that Hgo re-emissions decreased with the decline of recirculation tank slurry pH in that 
operating range. The pH effect was confirmed by another test with initial pH set at 5.0. 
When the recirculation tank slurry pH was increased from 5.0 to 6.0, Hgo re-emissions 
also increased. The effect of temperature on Hgo re-emissions was tested in the range of 
47.5 to 57.0oC. It was found that Hgo re-emissions declined with falling recirculation tank 
slurry temperature. However, the Hgo re-emission rate was little changed with 
temperature increase. No significant change of Hgo re-emissions was obtained when S(IV) 
concentration in the slurry was increased by adding NaHSO3 and NaSO3.  
 
In the second test series, the effectiveness of two additives, trimercapto-s-triazine tri-
sodium (TMT) and sodium hydrosulfide (NaHS), for inhibiting Hgo re-emissions was 
evaluated. Short-term (less than 6 h) pilot plant data indicated that both additives were 
effective when used as inhibitors to reduce Hgo re-emissions. The TMT and NaHS 
concentrations in the slurry needed to be higher than 0.1 ppm and 0.01 ppm, respectively, 
to induce the sustainable reduction of Hgo re-emissions. The inhibitory effects were 
immediately detected after the recirculation tank slurry was spiked with sufficient amount 
of additives. However, when the additive feed was terminated, Hgo re-emissions began to 
increase within 20 minutes, which demonstrated that additives were consumed or 
inactivated in the wet scrubber system. Continuous addition will be needed to effectively 
control Hgo re-emissions and the actual feed rate will be higher than that required by 
simple material balance.  
 
Based on pilot plant results, it was recommended that wet limestone scrubbers should be 
operated with pH and temperature as low as possible to minimize Hgo re-emissions. 
Additives such as TMT and NaHS can be used as inhibitors to reduce Hgo re-emissions 
from wet limestone scrubbers. Long-term mass balance tests were recommended to 
evaluate the consumption rate of each additive in FGD systems. The effectiveness of 
TMT and NaHS in other wet FGD systems such as forced oxidation and high magnesium 
lime need to be evaluated. The fate and leachability of the absorbed mercury species in 
the FGD byproduct and waste also need to be investigated. 
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OBJECTIVES 
 
The overall objectives of this study were to perform pilot plant tests to evaluate 
techniques that can be used to reduce Hgo re-emissions from limestone wet scrubbers in 
coal-fired power plants.  
 
Two tasks were performed. Task I was to evaluate the effects of major wet scrubber 
operating parameters on Hgo re-emissions. The objective was to suggest optimum 
operating conditions based on the test data to minimize Hgo re-emissions from wet flue 
gas desulfurization (FGD) systems. Task II was to evaluate potential scrubber additives 
and their impacts on Hgo re-emissions. The objective was to suggest effective additives 
that can be used to reduce Hgo re-emissions from wet scrubbers.  
 

INTRODUCTION AND BACKGROUND 
 
The 1990 Clean Air Act Amendments (CAAA) aroused new awareness as to the potential 
health and environmental impacts of stationary sources. Under title III of CAAA, 189 
pollutants were identified hazardous and toxic. Of these hazardous and toxic pollutants, 
the United States Environmental Protection Agency (U.S. EPA) concluded that mercury 
and its compounds presented the greatest concern. This concern mainly arises from the 
fact that mercury has the property of volatility, persistence, and bioaccumulation as 
methyl-mercury in the environment and its neurological health impacts. 
 
Mercury emissions into atmosphere are primarily the results of human activities. Of the 
anthropogenic emissions, coal-fired utilities are determined as the largest stationary 
source of mercury emissions, contributing approximate 48 tons annually or about one-
third of total anthropogenic emissions, according to the U.S. EPA’s report to the 
Congress. Therefore, the U.S. EPA reached a regulatory decision in December 2000 to 
control mercury emissions. This decision was further implemented on March 15, 2005, 
by the first ever Clean Air Mercury Rule., through which mercury emissions from newly 
constructed and currently existing coal-fired utility units would be capped at specified 
nationwide levels. This rule, combined with EPA’s Clean Air Interstate Rule (CAIR), 
will reduce mercury emissions in two phases. In the first phase, due by 2010, mercury 
emissions will be reduced by taking advantage of “co-benefit” reductions, that is, 
mercury reductions achieved while reducing sulfur dioxide (SO2) and nitrogen oxides 
(NOx) under CAIR. The second phase would cut mercury to 15 tons by 2018, an overall 
reduction of nearly 70 percent. 
 
The speciation of mercury is virtually in the heart of every mercury control technologies. 
For coal-fired boilers, mercury leaves the high temperature combustion zone as Hgo and 
transforms into oxidized forms as the temperature cools during postcombustion. The 
mercury species in flue gas, according to the currently available capability of analytical 
method, are classified as Hgo, Hg2+, and particulate-bound mercury (Hgp) (Galbreath and 
Zygarlicke 2000; Senior, Sarofim et al. 2000). Both Hgo and Hg2+ are in vapor phase at 
flue gas temperatures. Hgo is insoluble in water and cannot be easily captured in 
conventional air pollutant control devices (APCDs), for example, wet flue gas 
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desulfurization (FGD) systems. Relative to Hgo, Hg2+ compounds, such as HgO and 
HgCl2, in coal derived flue gases are less volatile and weakly to strongly soluble in water 
and therefore can be captured and removed across wet FGD scrubber systems. Hgp is 
more likely to be attached onto the solids such as fly ash and activated carbon that can be 
readily captured in electrostatic precipitators (ESP) and fabric filters (FF) (Galbreath and 
Zygarlicke 2000; Senior, Sarofim et al. 2000; Sliger, Kramlich et al. 2000; Senior 2001; 
Niksa, Fujiwara et al. 2002; Nolan, Redinger et al. 2004).  
 
Due to the high removal efficiency, reasonable cost and wide applicability, wet scrubbers 
have been the most extensively used FGD technology by U.S. coal-fired power plants for 
air pollution control. The 1999 Information Collection Request (ICR) database indicated 
that wet FGD systems are currently installed on 15.1% of the units, representing about 
25% of the total utility generating capacity (Nolan, Redinger et al. 2004). However, it 
was found from some pilot- and full-scale tests that such systems are also effective in 
removing oxidized mercury (Evans, Redinger et al. 1997; Holmes, Redinger et al. 1997; 
Amrhein, Holmes et al. 1999; Nolan, Farthing et al. 1999; Amrhein, Kudlac et al. 2002; 
Chang and Ghorishi 2003). For utilities which have already equipped with FGD system, 
if high removal efficiency of mercury and good control of SO2 are simultaneously 
achieved, the FGD system can thus provide a cost effective multi-pollutant emission 
control option.   
 
Although wet FGD systems have high performance in removing and capturing oxidized 
mercury, the overall mercury removal efficiency is limited as none of the wet scrubbers 
currently can capture any elemental mercury. Most importantly, the current pilot- and 
full-scale testing data have shown significant Hgo re-emissions across wet scrubbers. Hgo 
re-emissions are reflected by more Hgo leaving scrubber than that entering. Hgo re-
emissions not only decrease the overall mercury removal efficiency but also limit the 
potential applicability of wet scrubbers. It was generally thought that some of the 
adsorbed mercury (e. g., Hg2+) was reduced by S(IV) species such as those associated 
with bisulfite (HSO3

1-) and sulfite (SO3
2-) present in the scrubbing liquor through a series 

of oxidation-reduction (redox) reactions. The reduced mercury was subsequently 
desorbed as Hgo in the scrubber and resulted in the increase of flue gas Hgo concentration 
(Chang and Ghorishi 2003; Tarabocchia and Peldszus 2003; Blythe, DeBerry et al. 2004; 
Niksa and Fujiwara 2004; Nolan, Redinger et al. 2004). This phenomenon also led to 
greater concern to the final fate and stability of the adsorbed mercury which can affect 
FGD byproduct marketability and waste disposal cost. 
 
As S(IV) was thought to be the primary species in scrubbing liquor to cause re-emissions 
of Hgo, the reduction of Hg2+ in aqueous solution by S(IV) has been extensively 
investigated in recent years. Munthe et al. (1991) studied the reduction of Hg2+ in 
aqueous solution to interpret the atmospheric cycle of mercury. Their basic findings were 
that the extent of Hg2+ reduction was proportional to the concentration of excess HSO3

-. 
They further found that the reduction of Hg2+ by a reaction with SO3

2- species was related 
to pH and S(IV) concentration. At a constant concentration of S(IV), the rate of reduction 
would depend only upon pH. They estimated that, at a low concentration of SO2 ( e. g., 5 
µg/m3, 25 oC) in the atmosphere, the conversion of Hg2+ to Hgo in the fine droplets of 
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rain and fog became significant at a pH less than 5.5. At higher concentrations of SO2, 
significant reduction occurred at slightly lower pH. Van Loon et al. (2001) later on 
reexamined the reduction of Hg2+ in acidic solution, and found an unstable intermediate 
species, HgSO3. The decomposition of this intermediate species, which appeared to be 
proportional to the HgSO3 concentration, could generate Hgo as one of the final products. 
Scott et al. (2003) subsequently calculated the intrinsic rate constants, equilibrium 
constants, as well as activation barriers for the reactions of mercury with aqueous SO3

2-. 
Their results indicated that the unstable intermediate, HgSO3, could generate Hgo via 
internal electron rearrangement process. It was also found that that the redox reaction was 
inhibited by the concentration increase of some S(IV) species, probably through 
converting HgSO3 to redox-stable Hg(SO3)2

2- . Blythe et al. (2004) summarized those 
research results and believed that it was the stability of Hg(SO3)2

2- that led to the counter-
intuitive, but experimentally confirmed, decrease in rate of Hg2+ reduction with 
increasing SO3

2- concentration.  
 
The above research works solely depended on the measurement of aqueous HgSO3 with 
UV spectrometer; no direct detection of Hgo emissions was conducted. Chang and 
Ghorishi (2003) therefore performed bench-scale tests with the direct measurement of 
Hgo re-emitted under simulated wet scrubber conditions. A model was developed based 
on the experimental data. The model predicated that Hgo re-emissions across a wet 
scrubber could be reduced by decreasing pH, increasing S(IV), and lowering temperature. 
As the model assumed that the Hgo re-emission rate was proportional to the concentration 
of Hg●S(IV) complexes, Hgo re-emissions thus could be theoretically abated by adding 
some additives to inhibit the formation of Hg●S(IV) complexes. Although these 
aforementioned efforts can provide insight into Hg2+ reductions, and thus re-emissions of 
Hgo, most of them were conducted in a sodium-based homogeneous solution without the 
presence of solids. In the real world, wet scrubbers using calcium-based reagents such as 
limestone and lime can generate significant amounts of solids. The scrubber chemistry 
involving SO2 absorption, limestone dissolution, and calcium sulfite crystallization may 
also be significantly different from that in simple sodium-based solutions. Therefore, 
before full-scale application is implemented, more realistic pilot-scale wet scrubber tests 
with calcium-based slurry are needed to validate and further scale-up the results of 
previous efforts.    
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EXPERIMENTAL PROCEDURE 
 
A wet scrubber pilot plant was used to simulate the operating conditions of FGD systems 
in coal-fired power plants. Figure 1 shows the schematic of this pilot scrubber system 
which mainly consists of a wet scrubber, a slurry recirculation tank, a slurry makeup tank 
and a slurry pump. The flue gas is generated from a down-fired cylindrical furnace also 
known as the innovative furnace reactor (IFR). The furnace is able to fire either natural 
gas or pulverized coals and has a combustion capacity of 150,000 Btu/hr. The fuel is 
introduced to the top of furnace and combusted with air from axial and tangential 
directions. The IFR is equipped with a complete continuous emission monitoring (CEM) 
system for O2, SO2, CO2 and NOx measurements. The IFR is also equipped with a bag 
house to remove particulate matters from the flue gas. After particulate matter is removed, 
the flue gas passes through an orifice flow meter before entering the bottom of the 
scrubber.  
 
The scrubber is in fact a 3-stage turbulent contact absorber (TCA). The stainless steel 
TCA is 10 cm in diameter and consists of three 92-cm long sections. Each section 
contains 20-cm deep hollow plastic balls (2 cm in diameter) supported by a grid at the 
bottom of the section. The hollow balls, fluidized by the up-flowing flue gas, provide 
turbulence and promote intimate contact between flue gas and scrubbing slurry so as to 
improve the SO2 and Hg2+ removal efficiencies. The scrubbing slurry is delivered by a 
pump from the slurry recirculation tank to the spray nozzle located at the top of the TCA 
and travels downward through the TCA to the slurry recirculation tank. Prior to 
discharging into the exhaust duct, the flue gas passes through a demister of 25 cm in 
diameter and 20 cm in length at the top of scrubber to remove the carryover of mist.  
 
The slurry recirculation tank, located below the TCA, is about 200 liters in volume. A 
heating pad, wrapped around the outside wall of the slurry recirculation tank, is used to 
bring the slurry into desired temperature. The heating pad together with its outside 
fiberglass insulation was then used to maintain the temperature at the desired level. The 
slurry in the recirculation tank is agitated by a motor to keep the solids uniformly 
suspended. The pH of the slurry in the recirculation tank is controlled by the addition of 
calcium carbonate slurry from the limestone makeup tank. A feedback control loop is 
used to regulate the calcium carbonate feed rate to maintain pH in the recirculation tank 
at desired level.  
 
For each test, a 150-liter batch of slurry (5% wt) was first prepared by mixing appropriate 
amounts of CaCl2 and NaSO3 in the slurry recirculation tank. The calcium sulfite crystals 
generated were then washed for 6 times to remove the sodium and chloride ions. The 
prepared calcium sulfite slurry was subsequently preheated overnight to the desired 
temperature. In an attempt to avoid the errors caused by pH meter calibration, the pH 
probe was heated to 50 oC, and then calibrated with standard pH buffer solutions (50 oC) 
at 4 and 7.   
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Figure 1. The schematic of the pilot-scale wet scrubber system 
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Since the flue gas generated from natural gas contains no SO2 and mercury, pure SO2 
from a gas cylinder was injected into the duct to achieve the desired flue gas SO2 
concentration. HgCl2 solution (i.e., an aqueous solution of HgCl2, HCl and HNO3) was 
used as the source of Hg2+. Injection of gaseous Hg2+ generated from flash evaporation of 
atomized HgCl2 solution in a vaporizer into the duct was initially employed. A gradual 
increase of flue gas Hgo concentration across the scrubber was obtained as the absorbed 
Hg2+ accumulated in the scrubbing slurry. However, it was found that such a method 
could not generate constant and steady stream of gaseous Hg2+ for flue gas injection. In 
addition, the acidic gas generated along with Hg2+ resulted in serious corrosion of the 
vaporizer and the ductwork. It was also found that stable and continuous operation of the 
scrubber system was difficult to achieve. Therefore, the injection of gaseous Hg2+ was 
not used in this study. On the other hand, it was found that the accumulation of absorbed 
gaseous Hg2+ can be simulated by spiking the recirculation tank with HgCl2 solution. Hgo 
re-emissions were detected within a few minutes after the addition of HgCl2 solution. 
With such a method, continuous and stable operation of the wet scrubber system was 
readily achieved. It was decided to spike the recirculation tank slurry with 4 ml HgCl2 
solution (containing 4 mg Hg2+) to simulate the slurry with absorbed and accumulated 
mercury species for each pilot plant test. 
 
The concentrations of NOx, SO2, O2, and CO2 etc. were continuously monitored by a 
CEM system. Continuous online measurement of elemental mercury was performed with 
two UV spectrometers, one dedicated to scrubber inlet and the other to outlet. Since the 
analyzer responds to Hgo as well as SO2, 20% NaCO3 solution was used to remove SO2 
from the sampling stream as shown in Figure 2. After the SO2 is removed, the gas flowed 
through an ice bath to knock out the majority of the moisture. Prior to entering the 
mercury analyzer, a NAFION gas dryer (Perma Pure Inc.) that can selectively remove 
water vapor from the sampling stream was used to ensure the gas stream was ready and 
dry for the mercury analyzer. A SO2 analyzer was used to monitor the SO2 concentration 
in the gas stream after the mercury analyzer to confirm that adequate removal of SO2 by 
the 20% NaCO3 solution is achieved. Repeated quality checks have shown that this dryer 
system has no affinity toward adsorption of elemental mercury present in the gas stream.  
Before each test, the two mercury analyzers were calibrated with elemental Hgo 
generated from a certified permeation source. The concentration of Hgo from the 
permeation source was further confirmed by Ontario Hydro Method (OHM). 
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Figure 2. The schematic of the Hgo sampling train 
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RESULTS AND DISCUSSION 
 
TASK I: Pilot-scale evaluation of scrubber operating parameters on Hgo re-
emissions  
 
In task I, the effects of three scrubber operating parameters: pH, temperature, and S(IV) 
concentration, on Hg0 re-emissions were evaluated. Table 1 summarizes the major 
operating conditions of each run in this task.  
 
Table 1:  The major operating conditions for the tests in Task I 

Run 
Slurry 
Temp. 

(oC) 

Slurry 
Flow 
Rate 

(GPM) 

Slurry 
pH 

Flue 
Gas 
Rate 

(SCFM)

Inlet SO2 
Con. 

(ppm) 

Inlet O2 
Con. 
(%) 

Fuel 

1A 52.0 3 5.0–6.0 29 2000 7.5 Natural gas 
1B 55.0 3 5.0–6.0 29 2000 6.8 Natural gas 
1C 47.5–55.5 3 5.8 29 2000 7.2 Natural gas 
1D 51.5–57 3 5.8 29 2000 7.1 Natural gas 
1E 55.0 3 5.8 29 2000 7.1 Natural gas 
1F 51.0 3 5.8–6.0 29 1000 3.4 Illinois coal

 
pH Effect 
 
The effect of slurry pH on Hgo re-emissions was evaluated with Runs 1A and 1B. In Run 
1A, the pH of slurry in the recirculation tank was initially controlled at 6.0. After the 
recirculation tank was spiked with 4 mg of Hg2+, Hgo re-emissions were detected within 3 
minutes. The concentration of Hgo in the flue gas at the scrubber outlet increased rapidly 
and reached a steady level of 5.4µg/m3 within 30 minutes. The recirculation tank slurry 
pH was changed stepwise from 6.0 to 5.8, 5.6 and 5.0 by decreasing the limestone slurry 
feed rate. As shown in Figure 3, the Hgo in the flue gas at the scrubber outlet decreased 
with the decline of pH and went down from 5.4µg/m3 at 6.0 pH to 4.5 µg/m3 at 5.0 pH. 
The results from Run 1A indicated that the slurry pH had an effect on the Hgo re-
emission rate and the lower the pH, the less the Hgo re-emissions.  
 
The effect of slurry pH on Hgo re-emissions was further evaluated with Run 1B. Instead 
of gradually decreasing the pH as in Run 1A, the pH was increased from 5.0 to 6.0 in 
Run 1B. The result, Figure 4, indicated that, as the recirculation tank slurry pH was 
increased from 5.0 to 6.0, the flue gas Hgo concentration at the scrubber outlet also 
increased from 3.1 µg/m3 at 5.0 pH to 4.5 µg/m3 at 6.0 pH. Therefore, results from Run 
1B confirmed that pH had significant effect on Hgo re-emissions. In the typical pH range 
of 5.0 – 6.0, Hgo re-emissions could be lowered by decreasing pH.  

 
It should be noted that the majority of the mercury added stayed in the slurry. Take Run 
1B as an example. Assuming the average Hgo re-emission rate was 3.8 µg/min (i.e., 3.8 
µg/m3 flue gas Hgo concentration at scrubber exit with 1 m3/min flue gas flow rate), the 
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Figure 3. The effect of pH on Hgo re-emissions with decreasing pH 
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Figure 4. The effect of pH on Hgo re-emissions with increasing pH
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total mercury re-emitted in 3 h was 0.684 mg. Compared with the 4 mg added, only 
17.1% of it was re-emitted and 82.9% still remained in the slurry. 
 
Temperature Effect 
 
Run 1C tested the effect of slurry temperature on Hgo re-emissions. The slurry 
temperature was increased from 47.5 oC slowly up to 55.5 oC by heating the recirculation 
tank wrapped with a heating pad and fiberglass insulation. The pH was maintained at 5.8 
and the recirculation tank slurry was spiked with 4 mg of Hg2+ at the beginning of the 
experiment. Data in Figure 5 indicated that the recirculation tank slurry temperature had 
very little effect on Hgo re-emissions. The Hgo in the flue gas at the scrubber outlet 
remained in a very narrow range of 3.1 to 3.3 µg/m3 when the recirculation tank slurry 
temperature increased from 47.5 to 55.5oC. 
 
An additional test as to temperature effect was performed with Run 1D. In contrast to the 
gradual increase of temperature in Run 1C, Run 1D was started at relatively high 
temperature of 57.0 oC. After the flue gas Hgo concentration at the scrubber outlet 
stabilized at 4.5 µg/m3, the heating pad and the fiberglass insulation around the 
recirculation tank were removed. The slurry temperature gradually decreased from 57.0 
oC to 51.5 oC within two hours as shown in Figure 6. Correspondingly, the Hgo in the flue 
gas at the scrubber outlet also decreased from 4.5 to 2.3 µg/m3 as shown in Figure 6. The 
heating pad and the fiberglass insulation were then reinstalled to raise the recirculation 
tank slurry temperature. The data shown in Figure 6 indicated that, although the slurry 
temperature increased from 51.5 oC to 57.0 oC, the flue gas Hgo concentration at the 
scrubber outlet remained in a very narrow range of 2.3 to 2.4 µg/m3. Therefore, the data 
indicated that Hgo re-emissions decreased with the decline of the slurry temperature. 
However, the decrease of Hgo re-emissions with lower temperature seemed to be 
irreversible. In other words, Hgo re-emissions did not rise with the increase of 
temperature, which agreed with the results from Run 1C. 
 
S(IV) Effect 
 
The effect of S(IV) concentration on Hgo re-emissions were evaluated with Run 1E. The 
baseline Hgo re-emission rate was established with test conditions shown in Table 1. 
After Hgo concentration in the flue gas at the scrubber outlet stabilized at 4.5 µg/m3, 
reagent grade NaHSO3 was added to the hold tank to raise S(IV) concentration by about 
10 mM. As shown in Figure 7, the scrubber outlet flue gas Hgo concentration did not 
change with the addition of NaHSO3. The recirculation tank slurry was spiked with a 
second and a third batch of additives to raise the S(IV) concentration by another 10 mM 
each. The new batch consisted of a mixture of reagent grade NaHSO3 and Na2SO3 in the 
molar ratio of 1:1. Finally the fourth batch of additive containing reagent grade Na2SO3 
only was added to the recirculation tank to raise the S(IV) concentration by another 10 
mM. Figure 7 indicated that, although the slurry S(IV) concentration was raised by a total 
of 40 mM, the Hgo concentration in the flue gas at the scrubber outlet remained in the 
narrow window of 4.4 to 4.5 µg/m3. In other words, the Hgo re-emission rate was 
unaffected by the increase of S(IV) concentration tested. 
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Figure 5. The effect of slurry temperature on Hgo re-emissions with increasing temperature 
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Figure 6. The effect of slurry temperature on Hgo re-emissions with decreasing and increasing temperature 
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Figure 7. The effect of S(IV) addition on Hgo re-emissions  
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pH Effect Confirmation 
 
The tests with natural gas (doped with SO2) evaluated the effects of three scrubber 
parameters: pH, temperature and S(IV) concentration on the Hgo re-emission rate. 
According to the results obtained, pH was identified as the most significant parameter 
that can affect re-emissions of Hgo. It was decided to conduct a test (Run 1F) with an 
Illinois coal, Galatia, to confirm the effect of pH on Hgo re-emissions.  
 
Table 2 showed the results of proximate and ultimate analysis of Galatia. During Run 1F, 
pulverized Galatia was fed into the IFR at an average rate of 10.7 lb/hr. Air from axial 
and tangential directions was employed at the rate of about 10.2 and 13.1 scfm, 
respectively. The generated flue gas was about 29 scfm containing about 15% CO2, 3.4 % 
O2, and 1000 ppm SO2. Prior to entering the wet scrubber, the gas passed though a 
baghouse to remove particulate matter. The continuous measurement at the scrubber inlet 
showed no Hgo present in the flue gas. It was suspected that the Hgo was probably all 
trapped in the baghouse. As with the tests using natural gas, it was decided to inject 4 mg 
Hg2+ to slurry recirculation tank to simulate Hgo re-emissions.   
 
 

Table 2. The proximate and ultimate analysis of the Illinois coal – Galatia  
(Srivastava, Lee et al. 2003) 

 Parameters 
%Moisture 11.33 

%Ash 6.29 
%Volatile Matter 34.16 
%Fixed Carbon 48.33 
HHV(Btu/lb) 12179 

%C 68.31 
%H 4.560 
%N 1.50 
%S 1.13 
%O 6.94 
%Cl 0.29 

Hg, ppmw 0.09 
 
Two pH values, 6.0 and 5.8, were tested in Run 1F. Figure 8 showed falling scrubber 
outlet flue gas Hgo concentration from 5.1 to about 4 µg/m3 when pH dropped from 6.0 to 
5.8. Assume the average Hgo re-emission concentration was 4.6 µg/m3 across the wet 
scrubber within 3 hours when the test was performed. Then the total Hgo re-emitted was 
0.828 mg according to the flue gas flow rate of 1 m3/min. Thus, with the addition of 4 ml 
HgCl2 (containing 4 mg Hg2+) into the slurry recirculation tank, about 20.7% of it was re-
emitted and the remaining 79.3% was still in the slurry. In comparison of Runs 1F to 1B, 
the difference of Hgo re-emission rate within in 3 hours with coal combustion over 
natural gas burning was insignificant. Therefore, the pH effect on Hgo re-emissions were 
confirmed by the testing data from Run 1F with flue gas generated from an Illinois coal.  
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Figure 8. The pH effect on Hgo re-emissions (Run 1F) with an Illinois coal −Galatia 
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TASK II: Pilot-scale study of additives for inhibition of Hgo re-emissions across the 
scrubber 
 
Two additives, TMT and NaHS were evaluated as inhibitors for reducing Hgo re-
emissions in limestone wet scrubbers. Three runs were performed with major operating 
conditions as shown in Table 3. For each run, the additive was tested with batch 
operation. That is, after the baseline condition was established, the recirculation tank 
slurry was spiked with a certain amount of additive to achieve a target concentration. The 
pilot scrubber was then left running for a while without any addition of additives. The 
Hgo concentration in flue gas at the scrubber outlet was monitored to evaluate the 
efficiency and duration of the additive effect. After Hgo re-emissions stabilized, the 
recirculation tank was spiked again with the same additive to achieve another target 
concentration.  
 
Table 3.  The operating conditions for the tests in Task II 
 

Run 
Slurry 
Temp. 

(oC) 

Slurry 
Flow 
Rate 

(GPM) 

Slurry 
pH 

Flue Gas 
Rate 

(SCFM) 

Inlet 
SO2 
Con. 

(ppm) 

Inlet 
O2 

Con. 
(%) 

Fuel Additives 
 

2A 55.0 3 5.8 29 2000 8.3 Natural 
gas TMT 

2B 55.0 3 5.8 29 2000 7.8 Natural 
gas NaHS 

2C 51.0 3 5.8 29 1000 3.4 Illinois 
coal TMT 

 
TMT   
 
The major physical and chemical properties of TMT are listed in Table 4. It was reported 
(Tarabocchia and Peldszus, 2003) that the highly soluble TMT can potentially bind Hg2+ 
via the sulfur groups to form insoluble Hg3TMT2. 
 
 Table 4. Physical and Chemical Properties of TMT (Tarabocchia and Peldszus 2003) 
Property Parameters 
Molecular weight 405.36 
Shape: Solid 
Color: colorless to light yellow 
Odor: almost odorless 
Density: approx. 1.12 g/cm³ 
pH–value: approx. 12.3 
Melting point: -3 °C (27 °F) 
Boiling point: 101 °C (214 °F) 
Viscosity: 1.6 mPa * s 
Electrical conductivity: approx. 60 mS/cm 

 
 

(C3N3S3Na3) 
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Figure 8 illustrated the typical Hgo re-emission data corresponding to TMT spikes from 
the first TMT test (Run 2A). At 13:13, 75 mg of TMT was added directly into the 
recirculation tank slurry to raise TMT concentration and the flue gas Hgo concentration at 
the scrubber outlet started to decrease almost immediately. However, the flue gas Hgo 
concentration declined only for a few minutes then began to recover and finally stabilized 
at a level appreciably lower than the original within 15 minutes. At 13:30, a second batch 
of TMT (75 mg) was added to the hold tank. The flue gas Hgo concentration at the 
scrubber outlet followed the same decline – recovery pattern as before and stabilized at a 
new level within 20 minutes. Additional TMT was added several times for Run 1A to 
raise the cumulative TMT concentration until Hgo re-emissions dropped to about 1 µg/m3 
which was within the uncertainty of experimental error. 
 
Figure 9 showed the lowest and the recovered scrubber outlet flue gas Hgo concentration 
corresponding to the cumulative TMT concentration in the slurry. The data indicated that  
TMT was effective to inhibit Hgo from being reemitted in the pilot-scale wet limestone 
scrubber. Such an inhibitory effect basically increased with the increase of TMT 
concentrations. Experimental data in Figure 9 also suggested that no sustainable 
reduction of Hgo re-emissions was obtained when the TMT concentration in the slurry 
was lower than 0.1 ppm. 
 
Sodium hydrosulfide 
 
It was reported that sodium hydrosulfide was capable of reducing Hgo re-emissions by 
functioning as a precipitating agent to form more stable, insoluble compounds with the 
soluble Hg2+ species. Table 5 presents the major physical and chemical properties of 
sodium hydrosulfide. 
 

Table 5.  Physical and Chemical Properties of NaHS 
 

Property Parameters 
Molecular Weight 56.1 

Shape: solid 
Color Yellow solid flakes 
Odor “Rotten egg” odor 

Density: approx. 1.45 g/cm³ 
pH value: Highly alkaline, about 12.5 for a diluted solution 

Melting point: 54 °C (129 °F) 
Boiling point: 165 °C (329 °F) 

Solubility complete 

(NaHS) 

 

 
*Mixing with acids liberates poisonous hydrogen sulfide gas. Mixing with 
strong alkalis may form solid, hydrated sodium sulfide 
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Figure 8. The effect of TMT addition on Hgo re-emissions 
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Figure 9. The effect of cumulative TMT concentration on Hgo re-emissions (1ppm =1mg/l) 
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The sodium hydrosulfide test (Run 2B) followed the same procedure as that of Run 2A. 
Figure 10 showed that, similar to that of TMT, the addition of NaHS caused immediate 
decrease of Hgo re-emissions which subsequently recovered to a new level lower than 
before within 30 minutes. 
 
Figure 11 showed the lowest and the recovered scrubber outlet flue gas Hgo 
concentrations corresponding to the cumulative NaHS concentration in the slurry. It can 
be seen that NaHS was effective in inhibiting Hgo re-emissions from the pilot wet 
limestone scrubber. Experimental data indicated greater inhibitory effect with 
incremental NaHS concentration. Figure 11 also suggested that, in order to induce 
sustainable reduction of Hgo re-emissions, the NaHS concentration in the slurry needs to 
be higher than 0.01 ppm. 
 
TMT Confirmation Test 
 
Pilot plant test of Run 2C was conducted with flue gas derived from an Illinois coal, 
Galatia, to confirm the TMT inhibitory effect on Hgo re-emissions.  
 
The test conditions of Run 2C were the same as that of Run 1F. The baseline Hgo re-
emission rate was established when the flue gas Hgo concentration at the scrubber outlet 
stabilized at about 3.3 µg/m3. Subsequently, TMT was added to the holding tank 
following the same procedure as in Run 2A.  
 
The flue gas Hgo concentration at the scrubber outlet also exhibited the same decline–
recovery pattern as before and stabilized at a new level within 20 minutes each time after 
TMT addition. Figure 12 showed the lowest and the recovered scrubber outlet flue gas 
Hgo concentrations corresponding to the cumulative TMT concentration in the slurry 
from Run 2C. As can be seen, the current data confirmed that TMT was effective to 
inhibit Hgo re-emissions in the pilot wet limestone scrubber. The inhibitory effect of 
TMT increased with the increase of its concentrations.   
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Figure 10. The effect of NaHS addition on Hgo re-emissions  
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Figure 11. The effect of cumulative NaHS concentration on Hgo re-emissions (1 ppm=1 mg/l)  
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Figure 12. The effect of TMT concentration on Hgo re-emissions from Run 2C with an Illinois coal – Galatia 
 
 



25 

 

CONCLUSIONS AND RECOMMENDATIONS 
 

Conclusions 
 

1. It was demonstrated that the pilot plant can be used to simulate the Hgo re-
emission phenomenon in wet limestone scrubbers. The simulation can be 
implemented by either injecting gaseous Hg2+ into the flue gas or spiking the 
recirculation tank slurry with HgCl2 solution.  

2. The fact that an increase of flue gas Hgo concentration across the scrubber was 
detected by injecting Hg2+ into either the flue gas or the recirculation tank slurry 
verified that the accumulation of absorbed Hg2+ in the scrubbing slurry can result 
in Hgo re-emissions.  

3. It was found that the Hgo re-emission rate can be affected by the pH value of the 
slurry in the recirculation tank. Within the pH range of 5.0 to 6.0, the Hgo re-
emission rate increased with the increase of recirculation tank slurry pH.  

4. It was also found that the Hgo re-emission rate can be affected by the temperature 
to some extent. Within the range of 47.5 oC to 57.0 oC, the Hgo re-emission rate 
decreased with falling temperature. However, the Hgo re-emission rate was little 
changed when the temperature was raised.   

5. Both additives, TMT and NaHS, were effective as inhibitors to reduce Hgo re-
emissions. The short–term pilot plant data manifested that the TMT and NaHS 
concentrations in the limestone slurry need to be higher than 0.1 ppm and 0.01 
ppm, respectively, to induce sustainable inhibitory effects. 

6. Batch operation data showed that both additives were at least partially consumed 
or inactivated in the wet limestone scrubber system. Thus, the additive 
consumption rate will be higher than that estimated by simple material balance. 

 
Recommendations 
 

1. The wet limestone scrubbers should be operated at pH and temperature as low as 
possible to minimize Hgo remissions. 

2. Additives such as TMT and NaHS can be used as inhibitors to reduce Hgo 
remissions from wet limestone scrubbers.  

3. Long-term tests are recommended to evaluate the consumption rate of each 
additive in FGD systems. 

4. Additional tests are needed to evaluate the effectiveness of additives in other FGD 
systems such as forced oxidation and high magnesium lime. 

5. The fate and leachability of the absorbed mercury species in the FGD byproduct 
and waste need to be investigated.    
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DISCLAIMER STATEMENT 
 
This report was prepared by John C. S. Chang of the U.S. EPA with support, in part by 
grants made possible by the Illinois Department of Commerce and Economic 
Opportunity through the Office of Coal Development and the Illinois Clean Coal Institute. 
Neither Dr. Chang nor any of its subcontractors nor the Illinois Department of Commerce 
and Economic Opportunity, Office of Coal Development, the Illinois Clean Coal Institute, 
nor any person acting on behalf of either: 
 
(A) Make any warranty of representation, express or implied, with respect to the accuracy, 

completeness, or usefulness of the information contained in this report, or that the use 
of any information, apparatus, method, or process disclosed in this report may not 
infringe privately-owned rights; or 

(B) Assumes any liabilities with respect to the use of, or for damages resulting from the 
use of, any information, apparatus, method or process disclosed in this report. 

 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacture, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring; nor do the views and opinions of authors 
expressed herein necessarily state or reflect those of the Illinois Department of 
Commerce and Economic Opportunity, Office of Coal Development, or the Illinois Clean 
Coal Institute. 
 
Notice to Journalists and Publishers: If you borrow information from any part of this 
report, you must include a statement about the state of Illinois’s support of the project. 
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