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ABSTRACT 
 
This project sought to improve the cobenefit capture of mercury across wet flue gas 
desulfurization (WFGD) systems for plants using high-sulfur Illinois basin coal. The 
EERC screened several novel reemission and mercury oxidation additives at bench-scale 
using simulated flue gas, and the most promising concepts were tested with a pilot-scale 
combustion system. One of the reemission additives under development at the EERC did 
show promise at the pilot-scale level, but further evaluation and optimization is needed to 
determine its commercial potential. Several oxidation additives were identified that could 
oxidize elemental mercury within a WFGD system; however, the bench-scale tests 
suggested that additive consumption would be high as a result of consumption by SO2. 
An attempt was made to take advantage of a microzone within the scrubber by spraying a 
fine mist near the exit of the absorber; however, the enhanced mass transfer appeared to 
negate any advantage of lower SO2 concentration present in the microzone. Therefore, in 
their most practical application, the present forms of oxidation additives do not appear 
suitable for use in existing Illinois coal flue gas because of the high estimated rates of 
additive consumption. 
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EXECUTIVE SUMMARY 
 
This project sought to improve the cobenefit capture of mercury across wet flue gas 
desulfurization (WFGD) systems for plants using high-sulfur Illinois basin coal. Several 
novel reemission and mercury oxidation additives were screened at bench-scale using 
simulated flue gas, and the most promising concepts were tested with a pilot-scale 
combustion system that fired a representative Illinois basin coal. 
 
One of the reemission additives under development at the Energy & Environmental 
Research Center did show promise at the pilot-scale level, but further evaluation and 
optimization is needed to determine its commercial potential. Continuous mercury 
reemission could not be reproduced with the pilot-scale system; therefore, the additive 
was tested during induced reemission peaks stimulated by injections of HgCl2 into the 
scrubber slurry. Because of the transient nature of the reemission testing and the 
variability in peak-to-peak reemission values, it was not possible to determine an 
optimum steady-state injection rate for the additive, which is assumed to be lower than 
the rate used during this test. Based on the pilot-scale test rate, the additive cost was 
estimated to be several times higher than most other mercury control strategies; however, 
significant optimization of the additive rate is expected with continuous injection, which 
could dramatically lower cost estimates. 
 
Several oxidation additives were identified that could oxidize elemental mercury within a 
WFGD system; however, the bench-scale tests suggested that additive consumption 
would be high because of the competitive consumption by SO2. During the pilot-scale 
test, an attempt was made to take advantage of a microzone within the scrubber by 
spraying a fine mist near the exit of the absorber, where competition from SO2 would be 
less. However, the oxidants evaluated at the pilot-scale level did not work satisfactorily in 
the configurations tested; additional mercury oxidation observed during the pilot-scale 
test was minimal, less than 7%. 
 
Based on a review of the data and follow-on bench-scale testing, it was concluded that 
the original bench-scale results were interpreted to provide a much higher estimated 
mercury removal than was actually possible. Individual droplet mass-transfer rates were 
identified to be a key parameter, and applying the bulk residence time to all droplets, 
irrespective of size, leads to incorrect estimates of mercury oxidation. Given the known 
interference with SO2/sulfite ions, it now seems unlikely that use of the tested oxidants in 
spray tower absorbers will work without excessive additive consumption. For in-scrubber 
mercury oxidation, oxidants resistant to SO2 deactivation will need to be developed. 
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OBJECTIVES 
 
The proposed objectives for this project included the following: 
 
 Improve the understanding of mercury capture and reemission phenomena as a 

function of scrubber operating parameters and conditions typical of operation with an 
Illinois coal. 
 

 Test reemission additives that will work in a variety of scrubber chemistries and 
result in a stable sequestration product of mercury. 
 

 Evaluate an additive-based technology that will increase mercury oxidation entering 
a wet flue gas desulfurization (WFGD) system and result in higher total mercury 
capture. 
 

 Evaluate a solid catalyst-based technology to increase mercury oxidation and capture 
in a scrubber. 
 

 Determine the fate of mercury while using a novel mercury capture enhancement 
technology. 

 
INTRODUCTION AND BACKGROUND 

 
Copollutant removal of sulfur dioxide (SO2) and mercury across WFGD systems is 
considered to be a cost-effective way to control regulated emissions, especially since the 
SO2 limits under the Clean Air Interstate Rule have resulted in a number of new WFGD 
installations. Available data from power plant sampling indicate that cobenefit removal 
alone achieved an average of 69% removal for plants with a cold-side electrostatic 
precipitator (ESP) followed by a WFGD1. The average removal increased to 85% for 
units that also incorporated a selective catalytic reduction (SCR) unit.1 While these 
mercury removals are significant, these findings suggest that such plants will need 
additional or incremental Hg removal to meet the more restrictive state mercury 
regulations, e.g., 90% removal in Illinois, or those which may be proposed nationally as 
maximum achievable control technology (MACT) standards. 
 
Options for obtaining this incremental level of mercury control can include the 
enhancement of mercury capture across WFGD systems, either by preventing elemental 
mercury reemission at plants where it is occurring or by directly oxidizing elemental 
mercury entering the scrubber. Elemental mercury reemission is a phenomenon where 
oxidized mercury captured in the scrubber slurry is reduced to insoluble elemental 
mercury and released to the gas phase, presumably via reduction by the sulfite ion. Many 
studies have investigated the liquid-phase reaction mechanisms2,3 and kinetic models 
have been developed; however, the difficulty in predicting full-scale reemission appears 
to lie in part with the kinetic transition of solution-phase Hg to more stable precipitated 
forms. Several additives have been developed and tested for the prevention of mercury 
reemission,4,5 but none so far has worked universally at all plants tested. To be effective, 
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a candidate reemission additive must have selective affinity for mercury in solution, form 
stable compounds or complexes that can resist reduction, and have sufficient mobility to 
sequester low levels of mercury in the solution. 
 
Mercury oxidation methods can be applied to convert incoming Hg0 to Hg2+ and rely on 
the ability for WFGD systems to remove the soluble, oxidized mercury. In some cases, 
mercury oxidation can be enhanced through the operation of an SCR, or with specifically 
designed mercury catalysts placed upstream of a WFGD.6 Oxidation additives that can be 
used in the FGD absorber or added directly to the slurry have not received significant 
attention but may offer an attractive alternative by enabling wet scrubbers to directly 
capture elemental mercury. Liquid-phase mercury oxidant scrubbers are known,7,8 but 
their chemistries have not been applied to full-scale utility FGD systems. Bench-scale 
studies of seemingly appropriate mercury oxidation techniques have been reported,9,10 but 
this area of study lacks correlation to pilot- and full-scale performance. 
 

EXPERIMENTAL PROCEDURES 
 
Test Plan 
 
The overall approach for this Energy & Environmental Research Center (EERC) project 
was to investigate the enhancement of Hg capture across WFGD systems by screening 
novel reemission and oxidation scrubber additives using a bench-scale scrubber simulator 
followed by testing of the most promising technologies using a pilot-scale WFGD 
system. The tested technologies are summarized in Table 1. During the bench-scale 
screening phase, two novel reemission additives and two soluble Hg oxidation additives 
were tested. A solid-phase Hg oxidation catalyst was also tested. Reference technologies 
were included in the bench-scale screening: sodium thiosulfate, an additive demonstrated 
to prevent Hg0 reemission at low pH2 and sodium chlorite, an oxidant salt that 
 
 
Table 1. Summary of Technologies Screened 
Technology Description 
Reemission Additive A Organic, nontoxic compound, immune to Hg reduction by 

sulfite 
Reemission Additive B Inorganic compound, selective for Hg, forms a stable 

sequestration product 
Oxidation Additive C EERC-developed technology for generating soluble Hg 

oxidants using precursor “C” 
Oxidation Additive D EERC-developed technology for generating soluble Hg 

oxidants using precursor “D” 
Solid Catalyst Dispersed catalyst mixed with slurry 
  
Sodium Thiosulfate Reference technology, reemission additive 
Sodium Chlorite Reference technology, soluble mercury oxidant 
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numerous researchers have investigated for NO and Hg oxidation within aqueous 
scrubbers.9,11,12 Pilot-scale testing included one of the reemission additives, both of the 
EERC-developed oxidation additives, and sodium chlorite. 
 
Experimental Systems 

 
Bench-Scale Simulator 
 
The EERC’s flue gas simulator was used to supply a simulated flue gas stream to a 
bench-scale scrubber as shown in Figure 1. The scrubber simulator consisted of a glass 
impinger vessel submerged in a stirred, heated bath to maintain temperature. The effluent 
flow from the impinger was sampled for mercury concentration using a wet-chemistry 
conditioning system and a dual channel Horiba DM-6B mercury analyzer for 
simultaneous readings of Hg0 and Hg2+. A portable gas analyzer (not shown) was also 
used to provide intermittent readings of the outlet gas composition. Initial tests included 
continuous pH measurement of the slurry, but it was found that the CaCO3 used in the 
slurry acted as an effective pH buffer for the duration of the tests, and use of the pH 
meter was discontinued. 
 
Tests with the scrubber simulator were operated in a batch mode, meaning the slurry was 
not circulated or replenished during the test. This method was intended to represent the 
countercurrent flow found in most full-scale scrubber designs, where the composition of 
the slurry changes as a function of contact time with the flue gas. Slurries of water and 
CaCO3, as well as clear solutions of water and other additives, were used during the 
parametric tests. Unless otherwise noted, the typical conditions for this testing included a  
 
 

 
 

Figure 1. Schematic of the EERC bench-scale simulator. 
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flue gas flow of 3 lpm and a slurry volume of 200 mL. Slurry CaCO3 loading ranged 
between 2.5% and 5% by weight, when used. The range of simulated flue gas 
constituents is provided in Table 2. Unless otherwise noted, the heated bath temperature 
was maintained at 55°C. 
 
 

Table 2. Parametric Flue Gas Constituents 
Constituent Value 
O2 6 vol% 
CO2 12 vol% 
NO 120–480 ppmv 
NO2 6–20 ppmv 
SO2 500–2000 ppmv 
Hg0 12 g/dNm3 

 
 
Pilot-Scale Test Facility 
 
The EERC’s particulate test combustor (PTC) was used for the pilot-scale evaluation of 
the Hg control technologies. The PTC is a 580-MJ/hr pulverized coal-fired unit that has 
been designed with a time–temperature profile similar to a full-scale utility boiler in order 
to generate representative flue gas including particulates. The PTC can be configured 
with a full suite of downstream air pollution control devices; for this testing, a cold-side 
ESP followed by a WFGD scrubber was used. The overall connection schematic for this 
testing is shown in Figure 2 along with the sampling locations and instrumentation used 
during the test. As indicated in the figure, two dedicated gas analyzer systems were used 
to monitor flue gas composition at the ESP inlet and at the wet scrubber outlet. Flue gas 
mercury concentrations were continuously monitored across the wet scrubber using wet-
chemistry conditioning systems and two pressure swing adsorption P S Analytical (PSA) 
Sir Galahad mercury analyzers. Validation Ontario Hydro (OH) method measurements 
were also taken at these locations. 
 
The pilot-scale wet scrubber was a spray tower design consisting of up to four levels of 
spray nozzles and two liquid redistribution trays. The design gas velocity was 10 ft/s, 
which resulted in an approximately 2-second residence time. During testing, the 
calculated liquid-to-gas ratio (L/G) was 56 gallons of slurry per 1000 acf of scrubber 
outlet flue gas flow. Natural CaCO3 was used as the reagent at a 10% mass ratio. The 
reaction vessel was made up of three separate tanks connected in series, i.e., the overflow 
from the first tank fed the second, the second tank overflow fed the third, and the 
circulation pump drew from the third tank. Each tank was agitated to prevent settling of 
the solids, and the first two tanks were sparged with air for forced oxidation operation. 
The total volume of slurry was approximately 100 gallons, which resulted in a slurry 
residence time in the reaction tanks of 12 to 15 minutes at test conditions. The pH of the 
first reaction tank was continuously logged and remained relatively constant at 6.1 with 
CaCO3 buffering. Fresh slurry was added in approximately 3- to 5-gallon batches 
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Figure 2. Pilot-scale test configuration (CMM means continuous mercury monitor). 
 
 
according to the pH feedback in order to maintain a buffered condition; spent slurry was 
withdrawn as needed to maintain the pump inlet tank level. 
 
The coal used for this test was a high-sulfur bituminous representative of an Illinois Basin 
coal. The proximate/ultimate analysis, Btu value, and mercury concentration of a 
composite coal sample from the pilot-scale run is presented in Table 3. 
 
 

Table 3. Composite Coal Sample Analysis from the Pilot-
Scale Run 
Proximate Analysis, As-Fired  
Moisture, % 7.10 
Volatile Matter, % 30.84 
Fixed Carbon, % 47.72 
Ash, % 14.34 
Ultimate Analysis, As-Fired  
Hydrogen, % 5.05 
Carbon, % 60.68 
Nitrogen, % 1.08 
Sulfur, % 3.81 
Oxygen, % 15.04 
Heating Value, Btu/lb (as-fired) 10,216 
Mercury Concentration, ppm (dry) 0.0895 
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Baseline flue gas concentrations at the ESP inlet and scrubber outlet are provided in 
Table 4. As suggested by the high coal sulfur level, flue gas SO2 levels were very high, 
approximately 3230 ppmv. The typical scrubber SO2 removal was roughly 85%, leaving 
approximately 500 ppm SO2 at the scrubber outlet. 
 
 

Table 4. Baseline Pilot-Scale Flue Gas Compositions 
Constituent ESP Inlet Scrubber Outlet 
O2, % 5.0 6.5 
CO2, % 14.4 13.1 
CO, ppmv 59.4 77.4 
NOx, ppmv 745 638 
SO2, ppmv 3230 538 

 
 

RESULTS AND DISCUSSION 
 
Task 1 involved project management and reporting. 
 
Reemission Additives 

 
Task 2 – Bench-Scale Screening 
 
A bench-scale screening procedure was used to relatively quantify and compare the 
effectiveness of the candidate reemission additives. The procedure was to measure the 
elemental mercury desorption from a water–HgCl2–additive solution as a function of 
simulated flue gas exposure. A slurry buffer was not used, and mercury was not included 
in the inlet flue gas. Parametric tests were conducted during a previous study13 to identify 
parameters that would alter the equilibrium amount of mercury reemission, such as bath 
temperature and chloride concentration. By controlling these conditions, the amount of 
elemental mercury released from the baseline solution (water and HgCl2 only) was found 
to be repeatable within ± 10%. The amount of mercury desorption decreased with the 
addition of effective reemission additives. 
 
Results for the additives screened for this test are summarized in Figure 3 and are plotted 
according to the relative amount of mercury desorption compared to baseline tests with 
no additives. In this format, if the additive had no effect on reemission, its relative 
reemission was 100%, or equal to the baseline desorption. The concentration of the 
additive is presented as the molar ratio of the additive to the total amount of mercury 
added to the solution (not the amount of mercury desorbed). The results indicate that 
EERC Additive A performed well, as did sodium thiosulfate, both of which resulted in 
total prevention of desorption at molar ratios of 0.4 and 1, respectively. EERC Additive B 
was shown to have no effect on mercury desorption, but a reformulated version, Additive 
B2, did show some effect, although it was at concentrations several orders of magnitude 
higher than the more promising additives. Additive A was selected for pilot-scale 
evaluation with real flue gas and scrubber slurry. 
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Figure 3. Reemission additive bench-scale screening results. 
 
 
Task 3 – Pilot-Scale Tests 
 
Pilot-scale evaluation began by constructing a baseline mercury mass balance across the 
pilot-scale system in order to determine if reemission was occurring. The distribution of 
mercury throughout the system is summarized in Table 5 and is characterized by a high 
percentage of oxidized mercury in the flue gas, minimal native removal across the ESP, 
and near-complete capture of the oxidized fraction across the wet scrubber. The 
measurements also confirm that elemental mercury reemission was not occurring across 
the scrubber. 
 
 

Table 5. Summary of Mercury Distribution Throughout the Pilot-Scale System 
 
Stream 

System Inlet, 
mg/hr 

Intermediate, 
mg/hr 

System Outlet, 
mg/hr 

Coal In 1.8   
ESP Ash Out   0.022 
Flue Gas Scrubber Inlet  1.6 (26% Hg0)  
Flue Gas Scrubber Outlet   0.43 (94% Hg0) 
Scrubber Slurry Out   1.0 
Totals 1.8  1.5 
Overall Hg Closure: 80% 
Hg Removal, Coal to Scrubber Outlet: 76% 
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Since reemission was essential to evaluate the reemission additive, a solution of HgCl2 in 
water was added to the slurry to induce periods of elemental mercury reemission. HgCl2 
(41 mg) was injected over a period of 30 minutes (roughly, two residence periods of 
slurry in the reaction tanks). This would correspond to an oxidized mercury flue gas 
concentration of approximately 300 g/dNm3, but the spike was instead sized to provide 
a mercury concentration of 0.08 ppm in the slurry, which was the amount of mercury 
estimated to remain in solution, based on the bench-scale desorption tests and data from 
full-scale scrubbers. Monitoring of a baseline reemission peak with no additives indicated 
that less than 2% of the mercury spike was detected as elemental mercury reemission. 
 
The Reemission Additive A was tested during an induced reemission peak from injection 
of HgCl2. The results with and without the additive are compared in Figure 4, which 
shows the scrubber outlet elemental mercury concentrations during both tests. As shown 
in the figure, the HgCl2 injection generated a fairly stable reemission level of 3 g/dNm3 
above the preinjection outlet value in the case of the baseline test, while the reemission 
value was higher during the additive testing peak, i.e., 4.8 g/dNm3 above the 
preinjection level. 
 
During the period labeled “Additive Injection,” which was roughly one residence time 
period of the slurry, enough additive was injected to provide a 0.1 molar ratio of additive 
to the spiked amount of mercury. A clear decline in reemission level was observed 
corresponding to the additive injection. 
 
 
 

 
 

Figure 4. Elemental mercury readings at the scrubber outlet  
location during two induced reemission periods. HgCl2 injection started at t = 0. 
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To account for the different reemission values, the results of Figure 4 have been 
normalized by taking the derivative of the elemental mercury data and plotting it in 
Figure 5. The derivative plot clearly shows the positive spike during both tests associated 
with HgCl2 injection. During the additive injection test, a negative spike was noted, 
clearly correlating the reduction of reemission with the additive. Additional testing with 
the additive (not shown) indicated that the reemission peak could be reduced back to the 
level of elemental mercury entering the scrubber. 
 
Because of the transient nature of the reemission testing and the variability in peak-to-
peak reemission values, it was not possible to determine an optimum steady-state 
injection rate for the additive, which is assumed to be lower than the rates used during 
this test. At the rate tested in Figures 4 and 5, the additive cost is estimated to be 
$180,000 per pound of Hg0 reemission prevented (assuming 2 g/dNm3 elemental 
mercury reemission is prevented). This is three to ten times higher than most other 
mercury control strategies; however, significant optimization of the additive rate is 
expected that would dramatically affect cost. For example, assuming only enough 
additive is needed to provide makeup for that lost with the slurry solids and blowdown, 
the additive cost per pound of Hg0 reemission prevented could be less than $500. Of 
course, the true value of any new additive will be site-specific, i.e., if it controls 
reemission in situations where other additives cannot, it may have additional value that 
will need to be considered. Therefore, additional optimization testing with Additive A is 
warranted. 

 
 

 
 

Figure 5. Calculated derivative of the elemental mercury data in Figure 4. 
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Oxidation Additives 
 
Task 2 – Bench-Scale Screening 
 
Several liquid-phase oxidants were screened using the bench-scale simulator prior to 
pilot-scale evaluation, including two EERC-developed oxidant solutions and a reference 
solution of sodium chlorite (NaClO2). The EERC-developed solutions were the result of 
more extensive oxidant screening and development tests conducted under a separate 
Center for Air Toxic Metals®-sponsored project. 
 
The bench-scale tests were intended to provide mercury oxidation data that could be 
scaled to the pilot-scale scrubber. The similarity rationale is that the volume of slurry in 
the impinger was considered to represent a finite volume of liquid sprayed into the top of 
the real absorber and flows countercurrently to the flue gas flow. Under that assumption, 
the length of the test, or the exposure time to the simulated flue gas, represents an 
effective L/G ratio corresponding to the process being modeled. This relationship is 
shown graphically in Figure 6 and indicates that longer bench-scale run times correlate to 
smaller L/G ratios. It was thought that conditions matching the pilot-scale scrubber could 
be obtained after 11 minutes of exposure. 
 
The bench-scale simulator provided an efficient method to screen oxidant performance, 
but Figure 6 highlights an inherent limitation with this modeling, mainly that the 
exposure process is extended over several minutes instead of the typical 1–3 seconds of a 
 
 

 
 

Figure 6. Relationship between bench-scale run time and the effective L/G ratio. 
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full-scale system. This means that kinetically limited processes in the real absorber may 
not be accurately represented with this test protocol. 
 
Example parametric tests with NaClO2 are shown in Figure 7. In these tests, simulated 
flue gas containing elemental mercury was bubbled through the slurry impinger, and the 
effluent mercury concentration was monitored. Mercury concentrations less than 100% of 
the inlet value indicate that the incoming Hg0 was being oxidized by contact with the 
slurry. As the additive was consumed, mercury oxidation ceased and the outlet value 
returned to 100% of the inlet Hg0 value. In some cases, a reemission peak (Hg0 > 100%) 
followed breakthrough. The series of tests depicted in Figure 7 was performed as a 
function of SO2 concentration and shows that less Hg0 oxidation and shorter 
breakthrough time were associated with increasing SO2 levels. In fact, an inversely 
proportional relationship was identified between the amount of mercury oxidized and the 
flue gas SO2 concentration (Figure 8). This suggests a direct competition for the oxidant 
between mercury and SO2. 
 
Once breakthrough was reached, the addition of more NaClO2 to the slurry did not result 
in additional mercury capture. Only after a period of forced oxidation (i.e., bubbling air 
through the impinger) could NaClO2 addition start a new period of mercury capture. This 
further suggests that both SO2 and the sulfite ion can consume the oxidant species and is 
consistent with other investigations with this oxidant.9 
 
 
 

 
 

Figure 7. Parametric testing with NaClO2 oxidant.  
Note: Slurry volume was 750 mL for these tests. 
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Figure 8. Summary of Figure 7 data; mercury oxidation as a function of inverse inlet SO2. 

 
 

The trends observed with NaClO2 were similar to those observed for the EERC-
developed oxidants, including deactivation by SO2/sulfite ion. The most successful 
oxidation additives were prepared using an EERC-developed process, and the 
breakthrough data are presented in Figure 9. The results show that Additive C resulted in 
a faster response and higher level of mercury capture than did Additive D at a similar 
molar concentration in the slurry; however, Additive D had a longer breakthrough time 
that could be lengthened by increasing its concentration in solution. 
 
Task 3 – Pilot-Scale Tests 
 
While the EERC additives appeared promising, they too were limited by SO2/sulfite 
consumption. The challenge, therefore, was to identify ways to maximize mercury 
oxidation while minimizing additive consumption. The bench-scale data suggested that 
mixing the oxidant with the slurry would result in high rates of additive consumption and 
limited levels of mercury removal because of the increasing SO2 levels in the pilot-scale 
absorber’s countercurrent flow arrangement. Essentially, the additive would need to be 
injected in quantities sufficient to neutralize the SO2 present for appreciable mercury 
capture. 
 
Other configurations intended to minimize oxidant consumption were tested on the pilot-
scale unit, including the use of separate, fine-spray nozzles for the oxidant that were 
placed near the absorber exit where SO2 levels were lower. The intention was that the 
fine droplets would be entrained and move in the direction of gas flow until disengaged 
by the mist eliminator. Mass-transfer calculations indicated that significant mercury
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Figure 9. Bench-scale screening of oxidation additives. 
 

 
capture was possible given the design residence time (~0.5 s), presumed droplet size 
distribution, and the planned injection rates. 
 
Results from one series of oxidation additive tests is shown in Figure 10. There appears 
to be some correlation of the FGD outlet mercury and the various additives and 
configurations tested, some positive and some negative, but the overall effect of these 
tests seems to have been to increase the noise of the mercury monitor compared to the 
pretesting baseline. An OH measurement was taken during a control condition with 
Additive D using a separate injection nozzle. The OH results along with baseline values 
are presented in Table 6. Compared to the baseline measurement, the use of Additive D 
resulted in less than 7% mercury reduction, a very small amount given the uncertainty 
associated with nonsimultaneous OH measurements. 
 
The OH results and the overall trend of the CMM data indicate that neither of the EERC 
oxidants nor NaClO2 oxidized a significant portion of additional Hg0 in any of the 
configurations tested. Since all of the results with the oxidation additives were poor, the 
postrun analysis focused on determining the underlying reasons. The bench-scale testing 
highlighted the deactivating effect of SO2; however, other effects in addition to mass 
transfer and SO2 deactivation were not ruled out as limiting. For instance, the possibility 
of kinetically limited reactions or the increased surface area-to-volume ratio of spray 
droplets compared to the impinger slurry may have resulted in a more fundamental 
barrier for these additives. Of these effects, the latter effect of surface area-to-volume 
ratio was hypothesized to be important for NaClO2 since ClO2 gas, a likely intermediate 
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Figure 10. FGD outlet mercury data during a portion of the  
oxidation additive testing (C and D refer to Additives C and D). 

 
 
Table 6. OH Results During Baseline and Oxidation Additive Testing 

Condition Location Hg2+g/dsm3 Hg0g/dsm3 
Total Hg 
g/dsm3 

Elemental 
Fraction, % 

Baseline FGD Inlet 3.28 2.69 5.97 45 
FGD Outlet 0.10 1.66 1.76 94 

Additive D 
Injection, 1 gph 

FGD Inlet 2.68 3.30 5.98 55 
FGD Outlet 0.04 1.60 1.64 98 

 
 
compound, would be desorbed from the slurry much more rapidly if the slurry were 
dispersed as droplets compared to a bubbling liquid. 
 
Follow-on bench-scale tests were conducted to add insight into the pilot-scale results. 
Sodium chlorite was used as the target oxidation additive. Comparisons were made 
between the impinger-based contactor previously described and a spray nozzle contactor 
assembled for this purpose. Trend data were prepared relating the total quantity of 
mercury oxidized as an inverse function of the inlet SO2 concentration. Both contactors 
showed the same linear trend of reduced mercury oxidation with increased SO2 
concentration as presented in Figure 11. Note that the L/G ratio of the bench-scale 
contactor was much higher than the separate spray nozzles tested at pilot scale. It was not 
possible to exactly reproduce the pilot-scale L/G ratio; however, this additional testing 
dispels the idea that the ClO2 intermediary is too quickly dispersed to be effective. In 
fact, the opposite appears to be true; more mercury was oxidized 
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Figure 11. Comparison of impinger and spray contactor mercury  
oxidation performance with NaClO2. 

 
 
using the spray contactor than the impinger for the tested concentration of oxidation 
additive. 
 
The follow-on bench-scale tests suggest that the reaction kinetics are slightly different 
between the two liquid–gas contactors but that the overall mercury oxidation mechanisms 
still function. Another explanation for the pilot-scale results was identified in the mass-
transfer modeling. It was assumed that the oxidant injection would be mass transfer or 
kinetically limited and that mercury capture would be limited by the available residence 
time, as it is for the scrubber as a whole. However, the effects of significantly reducing 
the size of the oxidant droplets was not fully accounted for, and the bench-scale results 
were interpreted to provide a much higher estimated mercury removal than was actually 
possible. 
 
For example, based on bench-scale screening tests, the oxidation additives were depleted 
after the slurry accumulated 0.3 mg SO2 per gram of slurry. Under flue gas conditions 
approximating the pilot-scale test, droplets with a diameter of 630 m would require the 
entire residence time of 0.5 s to encounter this quantity of SO2, but it would take a 20-m 
slurry droplet only 0.5 ms to contact enough SO2 to reach this limiting concentration. For 
this particular example, assuming oxidant deactivation occurred after 0.5 ms is a 
thousandfold decrease in the estimated residence time and reduces the predicted mercury 
capture from 100% to less than 2%, which was perhaps demonstrated by the OH 
measurement of Table 6. The relationship of deactivation time due to SO2 absorption as a 
function of droplet diameter is shown graphically in Figure 12, which shows that a 
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Figure 12. SO2-limited residence time as a function of droplet diameter. 
 
 
standard median droplet diameter of 2000–2500 m falls in the mass-transfer-limited 
regime, but the targeted oxidant injection, with a median diameter of approximately 
60 m, is clearly limited by SO2 deactivation. 
 
Given the known interference with the SO2/sulfite ion and other possible complications, 
it now seems unlikely that use of these oxidants in spray tower absorbers will work 
without excessive additive consumption. For in-scrubber mercury oxidation, oxidants 
resistant to SO2 deactivation will need to be developed. 
 
Additional Tests 
 
Solid Catalyst 
 
A catalyst that has been shown to be effective for gas-phase mercury oxidation was 
selected and mixed with the simulated bench-scale slurry to see if it would facilitate 
liquid-phase oxidation. A catalyst added directly to the slurry indicated some mercury 
oxidation potential, as shown in Figure 13. However, the catalyst was not stable in 
solution, i.e., it dissolved over time, and mercury oxidation eventually ceased as the 
additive was consumed. While results were encouraging, continued development is 
needed to further this concept. 
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Figure 13. Bench-scale screening results with the proposed solid catalyst technology. 
 
 
Activated Carbon Injection 
 
Injection of standard activated carbon (Norit DARCO® Hg) upstream of the pilot-scale 
ESP was conducted to examine impacts on elemental mercury reemission. As shown in 
Figure 14, activated carbon injection (ACI) resulted in a minor amount of Hg capture, 
consistent with the expected performance in this high-sulfur flue gas. 
 
ACI was conducted during one of the induced reemission peaks to observe impacts on the 
reemission profile since some full-scale test results suggest that ACI can worsen 
elemental mercury reemission across WFGD systems. The FGD outlet results of this test 
are shown in Figure 15. Any effect on reemission was small and was difficult to 
interpret/quantify given the transient nature of the simulated reemission peak. No 
significant changes to flue gas composition were noted. Additional testing is needed to 
better understand the decay of the simulated reemission during baseline and as test 
parameters are varied. 
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Figure 14. Hg removal above baseline values for ACI into the ESP. 
 
 

 
 

Figure 15. Effect of ACI on FGD outlet mercury concentration. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
 One of the reemission additives under development at the EERC has shown promise 

at the pilot-scale level, but further evaluation and optimization are needed to 
determine its commercial potential. A quantifiable and repeatable process is needed 
to generate known amounts of reemission such that test data from reemission 
additives can be interpreted more easily and consistently. 

 
 The oxidants evaluated at the pilot-scale level did not work satisfactorily in the 

configurations tested. The principal deactivation mechanism is thought to be 
consumption of the additive by SO2 and sulfite ion oxidation. 
 

 The present forms of oxidation additives do not appear suitable for use in existing 
Illinois coal flue gas due to the high estimated rates of additive consumption. Post-
scrubbers may be an option, but that defeats the purpose of enhancing co-benefit 
mercury removal within existing WFGD systems. Additives are needed that have a 
preference to oxidize mercury over SO2/sulfite. 
 

 When applying bench-scale results to full-scale performance predictions, droplet 
mass transfer rates are a key parameter. Assuming the bulk residence time applies to 
all liquid droplets irrespective of size can give misleading results. 
 

 As for the solid catalyst-based technology, the approach proposed did indicate some 
mercury oxidation at the bench-scale level, but the catalyst was not stable in contact 
with the slurry. Given that this approach showed some promise, additional 
development and testing is required. 
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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’ support of the project. 
 
 
 
 
 
 


