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ABSTRACT 
 
It is believed that coal-fired power plants are a major source of mercury emission.  In 
response to this concern, the U. S. Environmental Protection Agency (EPA) issued 
regulations on March 15, 2005, outlining how it proposes to regulate mercury’s emission 
from coal-fired power plants.  With the new regulations in place, there will be an added 
emphasis to enhance the capture of mercury by FGD and ESP systems.  This can pose a 
serious problem for the effective utilization of the scrubber materials and fly ashes.  
Before technologies can be developed to mitigate the concerns associated with potential 
re-emission of mercury from coal combustion byproducts, we need to understand how 
parent coal controls the mercury concentration in its solid combustion byproducts. 
 
To understand the mercury transfer mechanisms to solid combustion byproducts, we 
adopted an approach where we monitored over a year the mercury concentrations in the 
parent coal, fly ash, bottom ash, and scrubber material from two different power plants 
which burned high sulfur bituminous coal from Illinois.  The samples were collected 
weekly and were analyzed for their mercury content and behavior.  For one of the power 
plants, even though the coal came from a single mine source, we observed large 
variations in its mercury concentration, i.e., as high as three times the lowest value of ~ 
60 µg/kg.  Surprisingly, we did not observe any statistically significant correlation 
between the mercury content in the parent coal and its solid combustion byproducts, 
raising the possibility that the transfer mechanisms may be non-linear.  The mercury 
analysis of sulfate-rich FGD scrubber material, which in our case was largely FGD 
gypsum, showed very large variations in the mercury concentration from week-to-week 
though these variations did not mirror one observed for the parent coal.  The variations in 
mercury concentration were as high as 33% from one week to the next.  If these 
variations hold for other power plants, then it could present additional hurdles for the 
effective utilization of scrubber materials.  It is worth noting that we did not observe a 
statistically significant variation in mercury concentration in the FGD gypsum for pre- 
and post-SCR.  However, that was not the case for sulfite-rich scrubber material. Similar, 
though much less pronounced variations in the mercury concentration were observed for 
the fly ash.  We did not see a statistically significant correlation between LOI content of 
fly ash and its mercury content.  The data analysis from ESP units showed that the finer 
the fly ash particles the higher their mercury content.  
 



EXECUTIVE SUMMARY 
 

OBJECTIVES: Our proposed research had four overall goals: 
1) To ascertain a baseline that provided typical mercury concentrations in coal feed 

and its combustion byproducts generated by power plants burning Illinois coal. 
2) To determine how variations in the load on the boiler affected the mercury 

concentrations in the coal combustion byproducts. 
3) To identify whether during value-added product manufacturing from scrubber 

materials and fly ash there was a potential of mercury re-emission from coal 
combustion byproducts. 

4) To undertake mercury speciation in scrubber materials.  
 
To accomplish our goals, the following tasks were proposed: 

Task 1:  to collect feed coal, FGD scrubber sludge, FBC fly ash, PCC fly ash, and 
bottom ash samples from two power plants, 

Task 2: to establish baseline mercury concentration levels in coal feed, FGD 
scrubber materials, FBC fly ashes, PCC fly ashes, and bottom ashes, 

Task 3: to undertake systematic evaluations of the fate of mercury in scrubber 
material when these byproducts are processed for the manufacturing of 
conventional wallboards, paperless wallboards, countertops, tiles, and 
aggregates.  

Task 4: to simulate the fate of mercury during fabrication of bricks and ceramic tiles 
from fly ashes, and 

Task 5: to identify types of mercury present in FGD scrubber materials. 
 
EXPERIMENTAL PROCEDURES: Beginning in January 2005, the investigators 
made arrangements with the power plants to pick up the following samples weekly for 
mercury analysis, i.e., Power Plant A (PP-A): feed coal, fly ash, bottom ash, wet sulfate-
rich (FGD gypsum) scrubber cake, and scrubber water; Power Plant B (PP-B): feed coal, 
fly ash, bottom ash, wet sulfite-rich scrubber cake, FBC fly ash, and spent bed FBC ash.  
The investigators also analyzed the mercury concentration in the limestone used by the 
power plants for their scrubber units. 
 
To ascertain the total mercury concentration, we used the Direct Mercury Analyzer 
(DMA-80) from Milestone.  The mercury speciation in coal combustion byproducts was 
accomplished with the help of a PS Analytical’s Millennium system interfaced with a 
temperature programmed desorption furnace. 
 
SUMMARY OF RESULTS AND CONCLUSIONS: We undertook a comprehensive 
study of how mercury in the feed coal controlled the mercury concentration in coal 
combustion byproducts.  To achieve our goal, we analyzed more than 3500 samples of 
coal and its combustion byproducts.  Figures 1 and 2 summarize our overall results.  In 
addition, we examined whether (a) there was any potential of mercury re-emission once 
the wallboard material had been fabricated from FGD gypsum, (b) manufacturing of 
bricks and tiles would re-emit mercury from the fly ash, and (c) more than one mercury 



species were present in the scrubber material.  Our results and conclusions are 
summarized below: 
 

1. The feed coal, burned by the power plant fitted with a PCC boiler and a forced 
oxidation scrubber (PP-A), showed large variations in its mercury content over 
the year the samples were collected.  The mercury concentration ranged from a 
low of 59 µg/kg to a high of 171 µg/kg.  The overall average mercury 
concentration in the feed coal was 88 ± 11 µg/kg. 

2. The variations observed in the mercury content of the feed coal of PP-A showed 
four distinct trends, and these trends were surprising because the feed coal came 
from a single mine source.  Whether this behavior would persist in the future 
would require additional studies. 

3. The feed coal for PP-B, which is a composite coal generated by blending cleaned 
coal, coal recovered from waste, and petroleum coke, showed no significant 
variations in the mercury concentration over the year.  The average mercury 
concentration was 96 ± 12 µg/kg, which is statistically similar to the one for PP-
A’s feed coal. 

4. The fly ash from PP-A also showed a large variation in its mercury content from 
week to week.  The mercury concentration ranged from a low of 6 µg/kg to a high 
of 83 µg/kg.  Therefore, the particular week the fly ash is collected for product 
manufacturing could have a significant effect on the potential mercury re-
emission.  Typically, the fly ash from PP-A had low unburned carbon content (< 4 
wt%).  Unlike what has been reported in the literature, we did not observe a linear 
relationship between the unburned carbon content of the fly ash and the mercury 
content of the ash.  

5. The fly ash captured by the ESP system of PP-A showed that the first pass ash 
particles were large spherical particles, were composed largely of magnetic Fe2O3 
and F3O4, and had minimal mercury content, i.e., < 2 µg/kg. 

6. Our results also suggested that the smaller the fly ash particle, the larger was their 
mercury content. 

7. Similar to the fly ash from PP-A, we also observed significant variations in the 
mercury content of the fly ash generated from the cyclone boiler of PP-B.  The 
mercury concentration ranged from a low of 3 µg/kg to a high of 73 µg/kg over 
the year of data collection.  Again, this raises the concern that when fly ash 
samples are collected can impact the product manufacturing because of the 
potential of high mercury re-emission. 

8. The fly ash from PP-B had much larger unburned carbon content, i.e., < 35 wt%,  
and yet the high carbon content did not control the mercury concentration of the 
fly ash.  This was consistent with our observation for the PCC fly ash from PP-A 
with low unburned carbon content.  

9. As expected, in general, the mercury concentration in the bottom ash generated 
from PP-A and PP-B was very low, i.e., < 25 µg/kg for the PCC boiler and < 5 
µg/kg for the cyclone boiler.  We did observe major spikes in the mercury 
concentration for some bottom ash samples collected from PP-A, but these spikes 
could be related to the problems associated with the operation of the boiler. 



10. While FBC fly ash from PP-B had an average mercury content of 354 ± 8 µg/kg, 
the spent bed ash from the same boiler had an average mercury concentration of 
2.3 ± 0.5 µg/kg. Our results also suggested that over the length of the year the 
amount of mercury in the FBC fly ash decreased, though no strong linear 
dependence could be ascertained. 

11. The FGD gypsum generated by PP-A showed very large variations in the mercury 
concentration from week to week.  Mercury concentration ranged from a low of 
71 µg/kg to a high of 290 µg/kg.  The overall average Hg concentration in the 
FGD gypsum was 165 ± 52 µg/kg, and limestone, used for scrubbing, made only 
a minimum, if any, contribution to this mercury content.  The large variations 
observed in the mercury concentrations raised the spectrum that when samples are 
collected could influence the extent of mercury re-emission during wallboard 
manufacturing. 

12. The sulfite-rich scrubber material from PP-B captured much larger amounts of 
mercury than were captured by FGD gypsum of PP-A though both burned coal 
with similar mercury content. 

13. When SCR units were switched on during ozone season, much larger amounts of 
mercury were captured by the sulfite-rich scrubber material than were captured by 
FGD gypsum. 

14. The longer the SCR unit operated the less effective it became in helping capture 
mercury in the scrubber unit, suggesting that the vanadium-based catalyst’s 
effectiveness was compromised over time of operation.  The mercury captured for 
both PP-A and PP-B in the scrubber material linearly decreased the longer the 
SCR unit was on. 

15. Our results also provided indirect evidence that forced oxidation scrubbers were 
less effective in capturing the mercury from coal than the scrubber units which 
did not use forced oxidation.  This also raised the possibility that the forced 
oxidation cycle might be inducing mercury re-emission. 

16. The wallboard materials fabricated from the FGD gypsum showed that the 
product made from a hemihydrate phase generated at 140oC lost 15 % mercury 
content over 100 days, while the wallboard fabricated from hemihydrate phase 
produced at 180oC lost 11% of the mercury during the same time period.  This 
brought to fore a strong possibility that mercury might be re-emitted once the 
wallboard products had been manufactured.  This could have a serious effect on 
the utilization of FGD gypsum.  However, we believe additional studies over a 
longer time period are required to clarify this potential concern. 

17. Our mercury desorption studies from fly ash and FBC fly ash showed that almost 
all of the mercury from ashes was re-emitted at T < 500oC.  Because fly ashes 
would be exposed to T > 500oC during brick and tile manufacturing processes, the 
mercury re-emission would be a serious concern and might require Hg scrubbing. 

18. The mercury speciation studies on FGD gypsum and sulfite-rich scrubber material 
indicated that while more than three mercury species were present in sulfite-rich 
scrubber, the FGD gypsum had only two species.  This was the case when SCR 
units were off.  However, when the SCR units were switched on, more mercury 
species were captured in both types of scrubber material. 
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Figure 1. Graph showing the mercury concentration variation for the coal burned by 

Power Plant A and its combustion byproducts over more than one year. 
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Figure 2. Graph showing the mercury concentration variation for the coal burned by 

Power Plant B and its combustion byproducts over more than one year. 
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OBJECTIVES 
 
Our proposed research had four overall goals: 

a) To ascertain a baseline that provided typical mercury concentrations in coal feed 
and its combustion byproducts generated by power plants burning Illinois coal. 

b) To determine how variations in the load on the boiler affected the mercury 
concentrations in the coal combustion byproducts. 

c) To identify whether during value-added product manufacturing from scrubber 
materials and fly ash there was a potential of mercury re-emission from coal 
combustion byproducts. 

d) To undertake mercury speciation in scrubber materials.  
 
To accomplish our aforementioned objectives five main tasks, besides reports 
submission, were proposed, i.e., 
Task 1:  to collect feed coal, FGD scrubber sludge, FBC fly ash, PCC fly ash, and 

bottom ash samples, 
Task 2: to establish baseline mercury concentration levels in coal feed, FGD scrubber 

materials, FBC fly ashes, PCC fly ashes, and bottom ashes, 
Task 3: to undertake systematic evaluations of the fate of mercury when FGD gypsum is 

processed for the manufacturing of wallboard products,  
Task 4: to simulate the fate of mercury during fabrication of bricks and ceramic tiles 

from fly ashes, and 
Task 5: to identify types of mercury present in FGD scrubber materials. 
 

INTRODUCTION 
 

The mercury emission crisis squarely faces the coal industry in general and power plants 
in particular.  Currently Illinois coal industry is already battling for its market share, and 
the mercury quandary can disproportionately affect it.  Unlike Western subbituminous 
coals, Midwestern bituminous coals are high in sulfur content.  Because the emission 
control technologies are expensive, more and more power plants have begun to burn 
Western coal.  For example, in Illinois, a state rich in its own coal, 10 out of 22 power 
plants have shifted to Western coal notwithstanding the transportation costs.  True, 
Western coals tend to be higher in mercury content, but the current thinking and proposed 
policies at US Environmental Protection Agency (EPA) will have more serious 
consequences for Midwestern coal than for Western coal, as pointed out in a recent 
article in the Chicago Tribune (April 4, 2004).  The problem for Illinois will be two fold: 

a) More power plants in Illinois and other markets will burn Western coal, thus, 
hurting our coal industry and especially the economy and employment of a 
depressed region like Southern Illinois. 

b) As more power plants burn Western coal, the mercury pollution will become 
more acute for Illinois “already ranked seventh in mercury emissions” (Chicago 
Tribune, April 4, 2004).  This will further compound the problem for Chicago and 
Lake Michigan, which currently confront mercury pollution. 

 



2 

According to the U. S. Environmental Protection Agency (EPA), the coal fired electric 
generation stations are the major source of mercury emission in the USA.  It is believed 
that approximately 48 tons of mercury are emitted by coal burning electric utilities in the 
U.S. every year.  This constitutes about one third of anthropogenic emission of the 
mercury in the country.  The EPA obtained the estimation of 48 tons of mercury emission 
in 1999 under the Information Collection Request, and the agency concluded that this 
could pose significant risk to the environment [1,2].  In late 2000, the EPA notified the 
public that they intend to control the mercury emission by coal-burning electric utilities 
as well as other industries by the year 2007.  On March 15th, 2005, the EPA issued two 
rules, i.e., Clean Air Interstate Rule (CAIR 2005) and Clean Air Mercury Rule (CAMR 
2005).  Both of these rules will seriously affect the mercury management problem.  The 
CAMR 2005 rule requires that the mercury emissions by electric utilities not exceed 38 
tons by 2010, and these emissions are to be further capped at 15 tons by 2018.  Because of 
the environmental concerns associated with potential mercury hot spots, some states have 
initiated policies which are much more aggressive in controlling the mercury emissions.  
  
It is worthwhile to very briefly examine why mercury emission evokes such an intense 
concern.  It has been pointed out that “mercury is unlike other air pollutants.  It has been 
found to be neurologically toxic to animals, to bioaccumulate, and to affect development 
of a fetus” [3].  It is now established that mercury (Hg) has a strong tendency to build up 
is predatory fish, e.g., tuna, swordfish, walleye, pike, etc.  These levels reach high enough 
for states to issue advisories.  According to the National Research Council, about 60,000 
children per year may be born with neurological damage caused by mercury [3].  In fact, 
45 states have fish consumption advisories currently [3-5].  It is known that mercury can 
be emitted either in elemental form (Hgo) or in its oxidized form (Hg2+).  It is also 
generally believed that while oxidized mercury poses local environmental concerns, the 
elemental mercury is viewed as a global pollutant [1].  Most of the compounds of the 
oxidized mercury are water-soluble, thus, it is believed they result in only local pollution.  
However, it has been recently argued [6] that “landfills are certainly bioreactors.  And it 
has been speculated, but never demonstrated until now, that methylated mercury species 
could be formed in them”.  It is also well known that dimethylmercury is extremely toxic, 
volatile, and directly absorbable through the skin.  Typically, dimethylmercury breaks 
down into – CH3Hg+ –; and because it is water-soluble, it accumulates in fish.  
 

EXPERIMENTAL 
 

TASK 1: Sample Collection 
 
Two power plants participated in this project, i.e., Power Plant A and Power Plant B. 
 
POWER PLANT A:  This power plant burned Illinois coal obtained from a single mine 
source.  The boiler from which we obtained our samples is a PCC boiler fitted with a 
three stage electrostatic precipitator (ESP) and a forced oxidation flue gas desulfurization 
(FGD) scrubber unit.  The scrubber unit uses limestone for scrubbing SO2.  The PCC 
boiler uses selective catalytic reduction (SCR) during the ozone season, i.e., from May 
1st to September 30th. We collected coal, fly ash, bottom ash, FGD sulfate-rich scrubber 



3 

(FGD gypsum) cake, scrubber make-up water, scrubber return water, and limestone used 
for their forced oxidation unit.  These samples were collected weekly for more than one 
year.   
 
POWER PLANT B: Power Plant B (PP-B) has two units, i.e., a cyclone boiler and a 
fluidized bed combustion (FBC) boiler.  This power plant burns a coal (composite coal), 
which is a mixture of as-received coal, coal recovered from waste ponds, and petroleum 
coke.  The composition of this mixture varied over the course of our study.  The cyclone 
boiler uses a wet limestone scrubbing unit, thus, generates sulfite-rich scrubber material.  
This plant also is fitted with a SCR unit for the ozone season, i.e., May 1st to September 
30th. We collected coal, coke, fly ash, bottom ash, FGD sulfite-rich scrubber cake, return 
water, limestone slurry, FBC fly ash, and FBC spent bed ash samples.  Table 1 lists the 
number of samples collected from both PP-A and PP-B. 
 
Table 1.  This table lists the number of samples collected from Power Plant A and Power 

Plant B over a period of more than one year. 
Power Plant A Power Plant B 

Sample 
Number of 

Samples 
Collected 

Sample 
Number of 

Samples 
Collected 

Parent Coal 61 Parent Coal 10 
PCC Fly Ash 54 Limestone 1 
PCC Bottom 

Ash 49 PCC Fly Ash 41 

Scrubber Cake 49 FBC Fly Ash 41 
Scrubber 
Make-up 

Water 
51 FBC Spent Bed Ash 44 

Return Water 50 PCC Bottom Ash 41 
Limestone 1 Scrubber Sludge 39 

Pyrite 1 Mill (limestone 
slurry) Product 29 

  Composite Coal 61 
 
TASKS 2 and 3: Mercury Analysis  
 
The total mercury concentration in coal and its solid combustion byproducts was 
determined using a Milestone’s Direct Mercury Analyzer (DMA-80).  The DMA-80 
equipment consists of a thermal decomposition chamber followed by a catalytic 
conversion chamber, gold amalgamation system, and an atomic absorbance 
spectrophotometer.  Controlled heating is used to first dry and then thermally decompose 
a sample in a quartz decomposition tube.  A continuous flow of oxygen carries the 
decomposition products through a heated catalytic bed where SO2, N2, and halogens are 
trapped.  All mercury species are reduced to Hg0 and are carried to the gold amalgamator 
where mercury is selectively trapped.  The non-mercury vapors and decomposition 
products are flushed from the system prior to rapidly heating the gold amalgamator.  The 
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rapid heating of the amalgamator releases the mercury vapor, and the released vapors are 
subjected to a single beam, fixed wavelength (253.7 nm) atomic absorbance (AA) 
spectrophotometer.  The output data are displayed as ng/g or as µg/kg of mercury 
concentration. 
 
For our samples, we used the drying temperature of 300oC and the decomposition 
temperature of 850oC.  However, the decomposition times were not the same for all 
samples.  Since it does not take the same time for the different samples to decompose, 
decomposition times were adjusted accordingly.  Water and fly ash samples were 
decomposed for 3 minutes, scrubber cake for 4 minutes, and coal samples for 5 minutes. 
 
Figure 3 shows the overall procedure we used for total mercury concentration 
determination.  For the results reproduced in this report, we ran each sample five times to  
 

Collect Samples Weekly:
Parent coal, Ashes, FGD Scrubber Cake 

Freeze (dry ice) samples and transfer to a temperature programmed refrigerator 

External
Lab

EPA 7471A

Temperature Programmed Thawing

Temperature Controlled 
Desorption: Speciation

Atomic Fluorescence 

Run Sequence:
Blank Sample Blank 

NIST Coal, Mussels,
and/or Soil Samples

Blank

Atomic
Absorbance
EPA 7473

Compare Hg Concentrations for NIST Samples
Our vs. Certified 

Within Error Limit YES: Accept ResultsNO: Reject Results

Recalibrate System

 
Figure 3. The experimental procedure used for collecting the samples and for 

determining the mercury concentrations from two different power plants fitted with FGD 
scrubber units.  Plant A uses forced oxidation, thus, produces FGD gypsum, while Plant 

B generates sulfite-rich scrubber material. 
 

ensure a representative concentration of Hg in the sample.  The blank boats were run 
intermediately between sample runs to eliminate any mercury memory effects.  This 
approach, i.e., running blank sample boats between sample runs, provided an additional 
check for the AA spectrophotometer’s ability to accurately measure mercury 
concentrations.  To clean our sample boats, we first removed ash from the boats by 
simply swiping them.  The swiped boats were then ultrasonically cleaned in distilled 
water for 2 to 3 hours.  The ultrasonic cleaning was followed by heating the nickel boats 
in a furnace to 850oC to ensure the removal of residual Hg.  Between run days, the 
standard sample of apple leaves (Standard 1551) obtained from the National Institute of 
Standards and Technology (NIST) was run to ensure the accuracy of the system at low 
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mercury concentration levels.  All solids run weighed between 0.1 and 0.4 g, and the 
aqueous sample volumes ranged from 300 to 350µL. 
 
The mercury concentrations in coal, coal combustion byproducts, and scrubber water 
were determined by running each sample at least five times.  We noticed significantly 
large standard deviations for a number of samples but particularly for coals and FGD 
scrubber materials.  It was felt that if we increased the population size, the observed 
standard deviations would decrease.  However, on increasing the number of runs to 20 on 
the same samples we did not observe a significant decrease in the standard deviations.  It 
appears that mercury was perhaps randomly distributed within these samples. The error 
bars shown in the graphs produced in this reported represent the standard deviation (σ), 
i.e., ± σ. 
 
TASKS 4 and 5: Mercury Speciation Analysis 
 
The mercury speciation in FGD scrubber materials and fly ashes was attempted by 
conducting mercury desorption measurements from the samples. Because the vapor 
pressure and/or decomposition temperatures of various mercury compounds are different, 
one will expect, depending upon the mercury species present in the sample, diverse 
mercury desorption temperature profiles. We used the atomic fluorescence (AF) method 
to detect the mercury emitted from the scrubber material or fly ash samples as they were 
subjected to a controlled heating under inert argon gas environment.  The emitted 
mercury was detected by P S Analytical (PSA) Millennium AF spectrometer. 
 
The scrubber material or fly ash samples were inserted in quartz tubes, which were open 
on both sides. The sample tube was inserted in a quartz combustion tube assembly in 
which gases could be injected from one end while the other end was attached to the AF 
spectrometer with the help of Teflon tubing.  The combustion quartz tube was placed in a 
PSA 50.042 Hg Thermogram controllable tube furnace.  The samples were heated at a 
controlled rate from 50oC to 600oC under argon gas environment. We used a heating rate 
of 10oC/min. for measurements.  The emitted Hg compounds were then carried to the 
main unit Millennium System.  The system used continuous flow vapor generation where 
the mercury vapor was passed over gold and trapped.  The mercury was then thermally 
desorbed into the atomic fluorescence detector.  The Hg passed into a continuous argon 
gas stream that carried the reduced Hg0 into the cell of an AF spectrometer tuned to 253.7 
nm for detection.  This detection technique was advantageous due to the fact the 
fluorescence signal has low background.  The output data was displayed in an intensity 
read out in arbitrary units. 
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RESULTS AND DISCUSSION 
 

TASK 2: Mercury Baseline  
 
COAL:  Figure 4 depicts how time affected the mercury concentration in the cleaned, 
parent coal burned by PP-A.  Initially, the concentration of Hg in the parent  coal did  not  
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Figure 4. Graph showing the mercury concentration variation for the coal burned by 
Power Plant A.  Four distinct trends were observed shown by the solid straight lines. 

 
change. However, after week 10, the mercury concentration steadily started to increase 
reaching a peak value of ~ 170 µg/kg in the 27th week of the sample collection.  This 
constituted almost a three fold increase in the Hg concentration of the parent coal from 
week 1.  After week 27, the mercury concentration in the parent coal dropped to ~ 80 
µg/kg.  The reason for the increase in the Hg concentration was not clear though it should 
be mentioned the coal samples came from a single mine source.  It is possible that certain 
areas of the coal bed at the source mine have a higher mercury concentration as observed 
by Sakulpitakphon et al. [3] for their source mine.  It is reasonable to argue that over 
more than one year of coal sample collection from PP-A, four distinct mercury trends 
were observed as shown in the graph (Fig. 4).  Whether similar behaviors will be 
observed in the future is difficult to predict based on a single year data collection.  
However, it could be argued that there was considerable variation in the mercury of the 
feed coal for PP-A.  The overall the average mercury concentration of the coal burned by 
PP-A over the year was 88 ± 11 µg/kg. 
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Figure 5. Graph showing the mercury concentration variation for the coal burned in the 
cyclone boiler of PP-B. This boiler burned a composite coal generated by blending coal 

recovered from waste ponds (carbon), other coals, and petroleum coke. 
 

The cyclone boiler of PP-B burns a mixture of coals and coke.  The coal recovered from 
the waste ponds is blended with as-received cleaned coal and coke obtained from 
petroleum refining plants.  This blend henceforth will be called composite coal.  Figure 5 
reproduces how time affected the mercury concentration in the composite coal.  Also 
shown in this figure are the mercury concentrations in the coals and coke which were 
blended to generate the composite coal.  Unlike PP-A’s coal, we did not observe any 
statistically significant variations in the mercury concentration in the feed coal.  It is 
worthwhile to note that petroleum coke had a negligible mercury concentration (< 2 
µg/kg).  The average mercury concentration in the coal burned in the cyclone boiler was 
96 ± 12 µg/kg over the year.  It was interesting to observe that the mercury concentration 
in the coal feeds of PP-A and PP-B were statistically the same though they came from 
two different mines located in Illinois. 

 
Figure 6 shows the mercury concentration in the coal burned by the FBC boiler of PP-B.  
Again, we did not observe any significant trends over the time we collected the samples 
from PP-B.  The overall average mercury concentration for the coal burned in the FBC 
boiler of PP-B was 95 ± 9 µg/kg.  This concentration was very similar to the mercury 
concentration of the composite coal burned in the cyclone boiler. 
 
Fly Ash:  Figure 7 reproduces the mercury concentration variation we observed for the 
fly ash produced by PP-A.  The average mercury concentration in the fly ash was 24 ± 2 
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µg/kg.   The mercury concentration in the fly ash ranged between lows of 14 µg/kg to 
highs of 83 µg/kg.  It was not clear why this large variation was observed, though as 
discussed later, there were no statistically meaningful relationships between the feed coal 
and load on the power plant. 
 
We also carefully examined whether the mercury concentration of the fly ash depended 
on the particle size of the ash and whether the stage at which the fly ash particles in the 
ESP unit were captured controlled the mercury concentration.  The results are discussed 
below. 
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Figure 6. Graph showing the mercury concentration variation for the coal burned in the 

FBC boiler of PP-B. 
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Figure 7.  This graph reproduces the mercury concentration variation observed for fly 

ash generated by PP-A. 
 

The PP-A from where we obtained our fly ash samples is fitted with an ESP system 
which has three passes.  Figures 8, 9, and 10 depict the optical pictures of the fly ash 
samples captured during the first, second, and third pass of the ESP system, respectively. 
These pictures were obtained with the help of an optical microscope.  As can be seen 
from Fig. 8, the fly ash sample captured during the first pass of the ESP had large particle 
size and contained a considerable amount of spherical particles which were black in 
color. Our initial assessment was that these particles could be unburned carbon.  
However, our past research suggests that the unburned carbon particles do not have 
spherical particle shape, and unburned carbon particles are highly porous.   In view of 
this, we discount that the black spherical particles observed in the first pass of ESP are 
unburned carbon particles. The physical appearance of these spherical particles suggests 
these particles could be metallic in nature.  These spherical black particles were easy to 
extract with the help of a magnet.  Whether these black spherical particles are magnetite 
or some other form of magnetic material is beyond the scope of the current project.  The 
fly ash particles captured in the second pass had smaller particle size than those observed 
for the first pass, but their particle size was larger than the particle size of the fly ash 
captured during the third pass.  Thus, based on optical observations, it could be argued 
that the fly ash captured in the first pass has the largest particle size with the largest 
number of magnetic particles, while the fly ash captured during the final pass, i.e., third 
pass, had the smallest sized particles. 
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Figure 8.  The optical microscope picture of the fly ash particles captured during the first 

ESP pass of PP-A. 
 

 
Figure 9.  The optical microscope picture of the fly ash particles captured during the 

second ESP pass of PP-A. 
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Figure 10.  The optical microscope picture of the fly ash particles captured during the 

third ESP pass of PP-A. 
 

Figure 11 shows the total mercury concentration in the fly ash captured during the first, 
second, and third ESP passes.  The total mercury concentration was determined using a 
DMA-80 Hg analyzer as described earlier.  When we used standard decomposition 
temperature of 850oC for Hg analysis, our results suggested that the first pass ESP fly ash 
had the least amount of mercury and the final pass ESP fly ash had the most.  This was 
surprising because typically one would expect higher mercury content in the fly ash 
captured during the first pass of the ESP system as this fraction generally has the highest 
unburned carbon.  This argument stems from the fact that the mercury analysis of high 
unburned carbon fly ashes has suggested that mercury is preferentially adsorbed on 
unburned carbon.  We raised the decomposition temperature of our samples to 1000oC 
with the expectation that perhaps Hg was chemo-adsorbed on the unburned carbon 
surfaces, thus, may require higher thermal perturbation to desorb from carbon surfaces.  
As can be seen from Fig. 11, raising the decomposition temperature to 1000oC, did not 
affect the total mercury content in the ESP fractions, i.e., smaller the fly ash particle size 
higher was the mercury content.  The microscopic analysis suggested that the final ESP 
pass fly ash had the least amount of magnetic particles and unburned carbon.  At present 
we are not certain why mercury concentration was the highest in the final ESP pass fly 
ash fraction.  One possibility could be that the flue gas temperature in the third and final 
ESP pass was much lower than during the first pass, thus, higher concentration of 
mercury adsorbed on the fly ash particles during the final ESP pass.  If this is the case, 
then most of the mercury should be on the surface of the fly ash particles.  
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Figure 11.  The mercury concentration of the fly ash particles captured during the first, 

second, and third passes of PP-A’s ESP system. 
 
The variation in the mercury concentration of the fly ash produced by PP-B’s cyclone 
boiler is shown in Fig. 12.  The average mercury concentration for samples collected over 
one year period was 22.4 ± 2 µg/kg.  Again, like fly ash produced by the PCC boiler of 
PP-A, the mercury concentration ranged from a low of 6 µg/kg to a high of 73 µg/kg.  It 
is also worth noting that just like coal burned by the two power plants their fly ashes had 
statistically the same mercury concentrations. 
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Figure 12.  This graph reproduces the mercury concentration variation observed for fly 

ash generated by PP-B. The data points represented in this graph were generated by 
combining the fly ashes from all the passes of the ESP system. 

 
Unburned Carbon and Hg:  There is a considerable body of evidence in the literature 
[8,9] which argues that the unburned carbon in fly ashes could be used to capture 
mercury from the flue gases.  Hower and his coworkers from the University of Kentucky 
[7,10] have argued that there is a strong linear relation between the carbon content of the 
fly ash and its mercury concentration.  Whether the carbon content of our fly ash samples 
controlled the mercury concentration in the ashes was ascertained by attempting to 
correlate the LOI (loss-on-ignition) content with Hg concentrations.  Since we collected 
our samples over one year from two different power plants burning similar Midwestern 
coals, it was felt that variabilities in our samples would be less than if we had collected 
the samples from different power plants. 
 
We used ASTM procedure C-831-98 to determine the unburned carbon content in the fly 
ash samples.  The fly ash samples, kept at ambient temperature, were weighed in ceramic 
boats and heated in a temperature controlled furnace at 110oC for 30 minutes to 
determine the moisture content of the fly ash.  After heating the samples at 110oC, the 
samples were re-weighed and then subjected to combustion under air at 750oC for 2 
hours.  The combusted samples were cooled to room temperature and weighed.  The loss-
on-ignition (LOI) values were calculated, i.e.,  
 

LOI (wt %) = {(W110
o

C – W750
o

C)/W110
o

C} x 100. 
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Figure 13 graphs the total mercury concentration in PP-A’s fly ash against the LOI 
content of the ash.  We did not observe any linear correlation between the LOI content 
and the mercury concentration.  However, it is worth mentioning that a sample whose 
LOI content was the largest, i.e., ~ 4.1 wt%, showed the highest mercury concentration.   
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Figure 13. Graph between total mercury concentration in the fly ash and its LOI content 
for PP-A.  No linear dependence was observed between the mercury concentration and 

LOI content of the fly ash. 
 
It may be tempting to argue that the PCC fly ash from PP-A did not have enough LOI 
content to significantly control the observed variation in the mercury concentration.  
However, the cyclone boiler fly ash from PP-B showed the LOI content as high as 35%, 
yet no linear dependence was observed between the LOI content and the mercury 
concentration as can be seen from Fig. 14.  Though we did not observe a statistically 
significant linear relationship between the LOI content and the mercury concentration for 
the fly ashes, it is reasonable to suggest that it appears the mercury concentration of the 
fly ashes increased as the fly ashes’ LOI content increased.  
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Figure 14. Graph between total mercury concentration in the fly ash and its LOI content 
for PP-B.  No linear dependence was observed between the mercury concentration and 

LOI content of the fly ash. 
 

Bottom Ash:  Figures 15 and 16 depict how mercury concentration varied in the bottom 
ashes produced by PP-A and PP-B, respectively. In general, the mercury concentration in 
the bottom ash was the lowest among the coal combustion byproducts (CCBs) examined.  
However, there were exceptions as can be seen from Figures 15 and 16.  For 4 different 
weeks, we observed mercury concentrations greater than 200 µg/kg for PP-A.  The power 
plant operators reported that this might be due to a problem with the fireball in their unit, 
i.e., the combustion reactions may not be efficient on those particular weeks and the units 
had to be physically cleaned of the residue materials.  This might have resulted in 
mercury-rich carbon material to be incorporated in the bottom ash.  Overall the average 
mercury concentration for the bottom ash was 39 ± 8 µg/kg and 1.1 ± 0.3 µg/kg for PP-A 
and PP-B, respectively.  We believe the higher mercury concentration observed for the 
bottom ash produced by the PCC boiler of PP-A was due to the operation problems 
associated with the boiler and was not a generic characteristic of the ash. 
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 Figure 15a.  This graph reproduces the mercury concentration variation observed for 

bottom ash generated by the PCC boiler of PP-A. 
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Figure 15b. This graph reproduces the mercury concentration variation observed for 
bottom ash generated by the PCC boiler PP-A.  The data from Fig. 15, which were 

associated with the known problems with the operation of the boiler, were dropped in this 
graph. 
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Figure 16.  This graph reproduces the mercury concentration variation observed for 

bottom ash generated by the cyclone boiler of PP-B. 
 

FBC Ashes:  The mercury behavior of the ashes generated by the FBC boiler of PP-B is 
shown in Fig. 17.  As can be seen, the mercury captured by the FBC fly ash was much 
larger than that captured by PCC or cyclone boiler fly ashes.  In fact, the overall average 
mercury concentration for more than one year’s worth of samples was 354 ± 8 µg/kg.  
Our results also suggested that over the length of the year the amount of mercury in the 
FBC fly ash decreased, though no strong linear dependence could be ascertained.  It was 
interesting to note that the mercury concentration in the feed coal did not mirror a similar 
decrease in the mercury content.  Because we did not measure the mercury emission in 
the flue gas, it was difficult to ascertain whether mercury emission from the FBC boiler 
increased over time.  The mercury content of the spent bed ash was much less and that 
was to be expected.  The average mercury content of the spent bed ash was 2.3 ± 0.5 
µg/kg.  It should be noted from Fig. 17 that the mercury concentration abruptly increased 
after week 20 in the spent bed ash, and the concentration remained relatively higher for 
about six weeks.  We did not observe a similar increase either in the feed coal or in the 
FBC fly ash.  Because the samples were collected and provided to us by the power plant, 
it is not clear the cause of this spike in the mercury concentration of the spent bed ash.  
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Figure 17. Graph shows how the mercury concentration varied in the fly ash and spent 

bed ash generated by the FBC boiler of PP-B over more than a year. 
 

FGD Scrubber Cake: The FGD scrubber materials collected from PP-A and PP-B were 
in the form of wet cake.  Our experience with measuring the Hg content in the scrubber 
cake suggested that the cake must be air-dried at ambient temperature for at least 7 days 
prior to measuring the mercury concentration in the scrubber material.  Because our 
results indicated that the mercury associated with the scrubber water was less than 4 
µg/kg, therefore, the mercury concentration in the scrubber material would increase as 
water evaporated.  Indeed we observed almost a doubling of the mercury concentration in 
the air-dried scrubber material for seven days relative to sample which was air-dried for a 
few hours. In view of this, we measured mercury content in the scrubber cake after it had 
been air-dried for 7 days at ambient temperature. 
 
Figures 18 and 19 show how time of the year affected the mercury concentration in the 
scrubber material of PP-A and PP-B, respectively.  As can be seen from Fig. 18, there 
was a large variation in the mercury concentration from week to week.  Initially, over 
time mercury concentration in the scrubber material from PP-A increased between week 
1 and week 22 after which it decreased between week 23 and week 48.  It is worthwhile 
to point out that PP-A started the SCR unit operation during the ozone season starting 
from week 23 as shown in Fig. 18.  We did not observe any enhanced Hg capture by the 
scrubber material as the SCR unit became operational.  The mercury concentration in the 
scrubber material produced by PP-A during pre-SCR time, during SCR operation time, 
and during post-SCR time was statistically the same.  The limestone used by PP-A in 
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their scrubber unit had mercury concentrations of less than 4 µg/kg, therefore, it 
contributed minimally to the overall mercury content of the scrubber material. 
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Figure 18. Graph shows how the mercury concentration varied in the FGD scrubber 

material (FGD gypsum) generated by PP-A over more than a year.  The solid vertical red 
arrows point to the time frame during which the SCR unit was in operation. 

 
Figure 19 shows how the mercury concentration varied in the sulfite-rich scrubber 
material produced by the cyclone boiler of PP-B.  Also depicted in this figure is the 
mercury concentration of the limestone used for scrubbing the flue gas. The following 
trends were observed: 

(a) The mercury concentration in the scrubber material averaged about 370 µg/kg for 
the months of February and March, 2005.  The boiler was shutdown in the month 
of April. 

(b) The SCR unit was operated from May 1 to September 29, 2005.  During the 
operation of the SCR unit, the average mercury concentration in the scrubber 
material was 626 µg/kg. 

(c) As the SCR unit matured in time, i.e., the length of time it was in operation since 
May 1, 2005, the capacity of the scrubber to capture mercury gradually decreased.  
This can be seen as a negative slope during the weeks of 23 through 42. 

(d) Once the SCR unit was shutdown on September 29, 2005, the mercury 
concentration decreased to 341 µg/kg in the scrubber material. 

(e) The mercury concentration of the lime used in the scrubber unit steadily increased 
from week one until the SCR unit was shutdown, i.e., week 42.  After the SCR 
shutdown, when the cyclone boiler was restarted, the mercury concentration of 
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the lime decreased to 4 µg/kg.  Based on the results reproduced in Fig. 19, it is 
highly unlikely that limestone used for scrubbing made any significant 
contribution to the mercury content of the sulfite-rich scrubber material. 
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Figure 19. Graph shows how the mercury concentration varied in the sulfite-rich 

scrubber material generated by PP-B over more than a year.  The solid vertical black 
arrows point to the time frame during which the SCR unit was in operation. 

 
Another interesting behavior we noticed for the scrubber cakes produced by Power Plants 
A and B was that their ability to capture Hg decreased the longer the SCR unit was on.  
When SCR units were initially activated, the amount of mercury captured as expected 
increased due to enhanced oxidation of the mercury in the flue gas by vanadium in the 
catalyst.   However, as can be seen from Fig. 20, the amount of mercury captured steadily 
decreased the longer the SCR units were operating.  This effect was much more 
pronounced for the scrubber material from PP-B than for the scrubber material from PP-
A.  We did not see a corresponding large amount of mercury in the scrubber water which 
could explain that maybe mercury saturation in the scrubber water might have inhibited 
further mercury capture. 
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Figure 20. This graph shows that the longer the SCR unit operated less was the amount 

of mercury captured by the sulfite-rich scrubber material [PP-B] (top data points) and by 
FGD gypsum[PP-A] (bottom data points).  The lines represent the best fit linear 

regression. 
 

Results from Table 2 suggest that the average amount of mercury captured by FGD 
gypsum (PP-A) was 165 ± 52 µg/kg.  However, the sulfite-rich scrubber material 
produced by Plant B had an average mercury content of 453 ± 171 µg/kg.  A power  plant  

 
Table 2.  Mercury concentrations in the parent coals and scrubber materials.  

Power Plant Forced Oxidation

Average (over one 
year) 

 Hg in Coal 
Burned (µg/kg) 

Average (over one 
year)  

Hg in Scrubber Cake
 (µg/kg) 

A YES 88 ± 11 165 ± 52 

B NO 96 ± 12 453 ± 171 

 
located in Indiana, which also burns high sulfur Midwestern bituminous coal, had an 
average mercury concentration of about 550 µg/kg in their sulfite-rich scrubber material.  
Because all these power plants, i.e., Plants A, B, and C, burn bituminous coals which 
have very similar initial mercury content and chlorine content, it raises the possibility that 
a significant amount of mercury may be re-emitted during the forced oxidation cycle.  If 
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this is the case, then the conventional forced oxidation may negate some of the 
commercial advantages of producing FGD gypsum. 
 
Attempted Correlations:  Generally, various researchers have attempted mercury mass 
balance for some power plants.  However, there is considerable controversy whether the 
mercury detection technology and the experimental detection practices are advanced 
enough to justify such attempts.  At present, our experience suggests that such an 
approach may be premature.  Therefore, for this project we focused on ascertaining 
whether there are any correlations between the mercury in the feed coal and the ensuing 
coal combustion byproducts. 
 
Figure 21 indicates how the mercury concentration in the coal which was burned in the 
PCC  boiler of  PP-A  controlled the  mercury  content  of  the fly  ash  and FGD gypsum. 
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Figure 21.  The observed relationship between the mercury in the coal burned and the 

mercury in sulfate-rich (FGD gypsum) scrubber material and fly ash generated by PP-A.  
 

There was a considerable scatter in the data for both curves, though this scatter was much 
more pronounced for scrubber data than for fly ash data.  Based on the data presented in 
Fig. 21, it could be argued that as the mercury concentration in the coal, which was 
burned, increased so did the mercury concentration in the scrubber material and the fly 
ash.  However, the lack of a strong linear correlation between the mercury content of coal 
and combustion byproducts raises the spectrum whether the mercury captured by 
byproducts is a non-linear effect. 
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Unlike PP-A, the correlation between the mercury in composite coal burned by PP-B 
related very poorly with the mercury content in scrubber material and fly ash.  This is 
shown in Fig. 22.  The scatter in the data was too large to attempt any meaningful 
correlations.  However, again, this raises the possibility of whether the mercury captured 
by combustion byproducts is a non-linear process. 
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Figure 22.  The observed relationship between the mercury in the coal burned and 

sulfite-rich scrubber material and fly ash generated by PP-B. 
 

When we attempted to learn how the load on the power plant controlled the mercury 
content of coal combustion byproducts, we saw no correlation either with mercury 
content of scrubber material or with fly ash.  Figures 23 and 24 show the graphs between 
the average load and the mercury concentration in the fly ash and scrubber cake, 
respectively, for the PCC boiler of PP-A.  The average load per 15 minutes was 
calculated from the data supplied by the power plant operators. 
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Figure 23. The relationship between average load on the PCC boiler (PP-A) and 

mercury content of the fly ash. 
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Figure 24. The relationship between average load on the PCC boiler (PP-A) and 

mercury content of the scrubber cake.  
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Task 3:  Mercury in Wallboard: 
 
Another issue we examined during this project was whether there is any potential of 
mercury emission from wallboard material once it has been formulated from FGD 
gypsum.  The researchers from US Gypsum, based on the data collected under a DOE 
funded project, have argued that potential mercury re-emission from FGD gypsum is 
minimal, if any, during wallboard manufacturing [11].  However, they have not yet 
reported whether they measured mercury content of the same wallboard, once it was 
manufactured, over a long-time interval. Wallboard product is used indoors in confined 
spaces.  If there is mercury re-emission once the wallboards have been manufactured, 
then it could raise serious concerns about utilizing FGD gypsum for wallboard 
manufacturing. 
 
To explore whether there is a potential of mercury re-emission from confined spaces, we 
fabricated wallboard materials from FGD gypsum produced by PP-A.  It should be 
emphasized that our approach to ascertain whether there is a potential of mercury re-
emission from the materials fabricated from FGD gypsum is to monitor the mercury in 
the hardened gypsum as a function of time.  Therefore, we heated scrubber cake to 
temperatures 140oC, 150oC, 160oC, 170oC, and 180oC to generate hemihydrate phase of 
gypsum at these temperatures.  The hemihydrate produced at these temperatures was 
combined with water in a ratio of 1:0.7 (hemihydrate: water) to form 5 wallboard 
samples.  Unlike commercial papered wallboard materials, we did not add any additives 
to our paperless wallboard materials.  Table 3 shows how the hemihydrate formation 
temperature affected the mercury content of the wallboard.  Also listed are the mercury 
concentrations in the wallboard samples after 60 and 100 days of aging.  The aging of the 
sample occurred at ambient temperature in a laboratory.  It appeared that after 100 days 
of aging the wallboard formed from 140oC hemihydrate almost lost 15% of the mercury,  
 

Table 3.  How the hemihydrate formation temperature and aging process affected the 
mercury concentration in the paperless wallboard material derived from PP-A’s FGD 

gypsum.  The mercury content of the air-dried, as-received FGD gypsum was 138 ± 12 
µg/kg. 

Hemihydrate 
Formation 

Temperature 
(oC) 

Mercury 
Concentration 

of 
Hemihydrate 

(µg/kg) 

Mercury 
Concentration of 

Wallboard 
Fabricated from 

Hemihydrate 
(µg/kg) 

Mercury 
Concentration of 

Wallboard 
Fabricated from 

Hemihydrate 
(µg/kg) 

 Samples Aged 
60 Days 

Mercury 
Concentration of 

Wallboard 
Fabricated from 

Hemihydrate 
(µg/kg) 

 Samples Aged 
100 Days 

140 178 ± 3 151 ± 10 137 ± 6 128 ± 6 
150 165 ± 5 122 ± 8 122 ± 2 125 ± 2 
160 162 ± 6 117 ± 6 101 ± 3 96 ± 2 
170 145 ± 8 102 ± 6 92 ± 3 90 ± 2 
180 134 ± 1 93 ± 1 84 ± 3 82 ± 4 
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while the wallboard formed from 180oC hemihydrate lost 11% of mercury.  This raises a 
serious concern whether mercury is re-emitted from the wallboard material once it has 
been formed.  However, to reach definite conclusions, we need to monitor these samples 
over a much longer time, i.e., years. 
 
TASK 4:  Mercury’s Fate During Brick and Tile Manufacturing:  
  
The state has supported a number of projects in which technology was developed for 
fabricating structural bricks and tiles from fly ash generated from Illinois coals.  In a 
brick and/or tile manufacturing process, ceramic covalent bonds are formed between 
different inorganic constituents.  This necessitates firing the fly ash along with other clay 
and silica materials at temperatures as high as 1000oC, depending upon what type of 
product is being fabricated.  Because almost all mercury species have high vapor pressure 
at relatively lower temperatures, it raises the spectrum of whether mercury in fly ash 
would be re-emitted during product manufacturing.  To ascertain whether there is any 
such potential, we subjected the PCC fly ash (PP-A) and FBC fly ash (PP-B) to 
controlled mercury desorption experiments at 50oC ≤ T ≤ 600oC under an argon gas 
environment.  It should be emphasized that during brick and tile manufacturing the 
environment would be much more hostile than an inert gas environment, and fly ashes 
would be exposed to high temperatures for much longer times.  
 
Figure 25 shows how mercury was emitted from PP-A’s PCC fly ash when subjected to a 
heating rate of 10oC/min under an argon gas environment at 50oC < T < 610oC.  The fly  
 

 
Figure 25. (Top) Temperature programmed desorption of mercury from PP-A’s fly ash. 

The first-derivative of the top curve is also shown. 
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ash sample was packed in a quartz tube, and the sample tube was inserted in a furnace 
whose temperature could be ramped.  The volatized mercury compounds produced where 
converted into elemental mercury and the Hgo was analyzed with the help of an atomic 
fluorescence spectrometer. Because the vapor pressure and/or decomposition 
temperatures of various mercury compounds are different, one will expect, depending 
upon the mercury species present in the sample, diverse mercury desorption temperature 
profiles.  From Fig. 25, we notice that the mean mercury desorption peak occurred at 
251oC with a very broad shoulder at 370oC.   However, when the first derivative of the 
desorption curve was generated, an additional shoulder was observed at 220oC.  Thus, it 
appears that PCC fly ash has three types of mercury which could volatize at T < 600oC. 
Because during brick manufacturing from fly ash, the fly ash is exposed to temperatures 
as high as 800oC under strong oxidizing environments, one will expect most of the 
mercury to be re-emitted to the atmosphere unless it is captured by a suitable technology.  
This is born out from the results presented in Figure 25. 
 
Figure 26 shows the mercury desorption behavior from FBC fly ash (PP-B).  A major 
desorption peak was observed at 305oC.  However, when the derivative curve of the 
desorption profile was generated, additional peaks became apparent.  Besides the major 
peak at 305oC, peaks were observed at 240oC, 269oC, and 347oC.  This raises the 
possibility that a number of mercury species may be present in FBC fly ash.  
 

 
Figure 26. (Bottom) Temperature programmed desorption of mercury from PP-B’s FBC 

fly ash. (Top) The first-derivative of the bottom curve. 
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Based on the results presented in this report, we conclude that any product manufactured 
from fly ash, which subjects the ash to a temperature of 500oC or higher, would re-emit 
all the mercury from the ash. 
 
Task 5:  Mercury Speciation in Scrubber Materials: 
 
It is speculated that a number of mercury species are present in the scrubber material 
produced by power plants which use wet scrubber technology.  It has also been suggested 
that in the presence of chlorine in coal, a major fraction of mercury in the scrubber 
material is in the form of water soluble HgCl2.  Other Hg species besides HgCl2, i.e., 
elemental Hgo, HgO, Hg2O, HgCl, HgS, and/or HgSO4, may be present in FGD scrubber 
materials [12,13].  Because the vapor pressure of mercury species is different, they will 
manifest different boiling temperatures.  Therefore, if scrubber material is subjected to a 
controlled heating and emitted mercury which is captured and detected, then it may be 
possible to map the mercury species in the scrubber material. 
 
The mercury emission from the scrubber materials from PP-A and PP-B is shown in Figs. 
27 and 28, respectively. We have also included the data on the scrubber materials when  
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Figure 27.  The mercury desorption behavior of PP-A’s scrubber material observed at 

50oC < T < 600oC showing the influence of the SCR unit.   
 

the SCR units were operating during the ozone season.  When the SCR unit was off for 
PP-A, the Hg emission started at about 131oC from the FGD gypsum.  We observed a 
shoulder at 210oC with the main peak of the mercury desorption being located at 239oC.  
The mercury emission peak ended at 366oC.  The mercury emission started at about 
102oC from the scrubber material obtained from PP-A when the SCR unit was operating.  
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Moreover, we observed a shoulder at 153oC, two overlapped peaks at 212oC and 222oC, 
and Hg emission ended at 365oC.  Because we observed additional mercury emission 
peaks from the scrubber material obtained when the SCR unit was on and because the 
mercury emission started at lower temperatures, this raised the possibility that more 
diverse mercury species were present in the scrubber material when the SCR unit was 
operating. 
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Figure 28.  The mercury desorption behavior of PP-B’s scrubber material observed at 

50oC < T < 600oC showing the influence of the SCR unit. 
 

Figure 28 depicts the mercury emission observed from sulfite-rich scrubber material 
produced by PP-B.  When the SCR unit was off, we observed emission peaks at 196oC, 
242oC, and 355oC.  The scrubber material produced during the ozone season showed 
emission peaks at 182oC, 233oC, 337oC, and 522oC.  Clearly much more diverse mercury 
species were captured in the scrubber material when the SCR unit was operating than 
when the SCR unit was off.  Therefore, the following could be concluded: 

(a) For the forced oxidation system, the scrubber material had at least two types of 
mercury species which manifested emission peaks at 210oC and 239oC.  This was 
the case when the SCR unit was off. 

(b) During the ozone season, i.e., when the SCR unit was on, the forced oxidation 
scrubber material had three mercury species with emission peaks at 153oC, 212oC, 
and 222oC. 

(c) The sulfite-rich scrubber material produced when the SCR unit was off had at 
least three distinct mercury species with Hg emission peaks at 196oC, 242oC, and 
355oC. 

(d) When the SCR unit was operating, the sulfite-rich scrubber material had 
additional Hg species present.  The mercury emission peaks were located at 
182oC, 233oC, 337oC, and 522oC. 
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CONCLUSIONS AND RECOMMENDATIONS  
 

In this project, we undertook a comprehensive study of how mercury in the feed coal 
controlled the mercury concentration in coal combustion byproducts.  To achieve this 
goal, for more than a year we collected weekly samples of feed coal, fly ash, bottom ash, 
FGD scrubber material, limestone used for scrubbing, and scrubber water from two 
different power plants which burned high-sulfur Illinois bituminous coal.  More than 
3500 samples were analyzed to reach our conclusions.  In addition, we examined whether 
(a) there was any potential of mercury re-emission once the wallboard material had been 
fabricated from FGD gypsum, (b) manufacturing of bricks and tiles would re-emit 
mercury from the fly ash, and (c) more than one mercury species were present in the 
scrubber material.  Our results and conclusions are summarized below: 
 

19. The feed coal, burned by the power plant fitted with a PCC boiler and a forced 
oxidation scrubber (PP-A), showed large variations in its mercury content over 
the year the samples were collected.  The mercury concentration ranged from a 
low of 59 µg/kg to a high of 171 µg/kg.  The overall average mercury 
concentration in the feed coal was 88 ± 11 µg/kg. 

20. The variations observed in the mercury content of the feed coal of PP-A showed 
four distinct trends, and these trends were surprising because the feed coal came 
from a single mine source.  Whether this behavior would persist in the future 
would require additional studies. 

21. The feed coal for PP-B, which is a composite coal generated by blending cleaned 
coal, coal recovered from waste, and petroleum coke, showed no significant 
variations in the mercury concentration over the year.  The average mercury 
concentration was 96 ± 12 µg/kg, which is statistically similar to the one for PP-
A’s feed coal. 

22. The fly ash from PP-A also showed a large variation in its mercury content from 
week to week.  The mercury concentration ranged from a low of 6 µg/kg to a high 
of 83 µg/kg.  Therefore, the particular week the fly ash is collected for product 
manufacturing could have a significant effect on the potential mercury re-
emission.  Typically, the fly ash from PP-A had low unburned carbon content (< 4 
wt%).  Unlike what has been reported in the literature, we did not observe a linear 
relationship between the unburned carbon content of the fly ash and the mercury 
content of the ash.  

23. The fly ash captured by the ESP system of PP-A showed that the first pass ash 
particles were large spherical particles, were composed largely of magnetic Fe2O3 
and F3O4, and had minimal mercury content, i.e., < 2 µg/kg. 

24. Our results also suggested that the smaller the fly ash particle the larger was their 
mercury content. 

25. Similar to the fly ash from PP-A, we also observed significant variations in the 
mercury content of the fly ash generated from the cyclone boiler of PP-B.  The 
mercury concentration ranged from a low of 3 µg/kg to a high of 73 µg/kg over 
the year of data collection.  Again, this raises the concern that when fly ash 
samples are collected can impact the product manufacturing because of the 
potential of high mercury re-emission. 



31 

26. The fly ash from PP-B had much larger unburned carbon content, i.e., < 35 wt%,  
and yet the high carbon content did not control the mercury concentration of the 
fly ash.  This was consistent with our observation for the PCC fly ash from PP-A 
with low unburned carbon content.  

27. As expected, in general, the mercury concentration in the bottom ash generated 
from PP-A and PP-B was very low, i.e., < 25 µg/kg for the PCC boiler and < 5 
µg/kg for the cyclone boiler.  We did observe major spikes in the mercury 
concentration for some bottom ash samples collected from PP-A, but these spikes 
could be related to the problems associated with the operation of the boiler. 

28. While FBC fly ash from PP-B had an average mercury content of 354 ± 8 µg/kg, 
the spent bed ash from the same boiler had an average mercury concentration of 
2.3 ± 0.5 µg/kg. Our results also suggested that over the length of the year the 
amount of mercury in the FBC fly ash decreased, though no strong linear 
dependence could be ascertained. 

29. The FGD gypsum generated by PP-A showed very large variations in the mercury 
concentration from week to week.  Mercury concentration ranged from a low of 
71 µg/kg to a high of 290 µg/kg.  The overall average Hg concentration in the 
FGD gypsum was 165 ± 52 µg/kg, and limestone, used for scrubbing, made only 
a minimum, if any, contribution to this mercury content.  Again, the large 
variations observed in the mercury concentrations raised the spectrum that when 
samples are collected could influence the extent of mercury re-emission during 
wallboard manufacturing. 

30. The sulfite-rich scrubber material from PP-B captured much larger amounts of 
mercury than were captured by FGD gypsum of PP-A though both burned coal 
with similar mercury content. 

31. When SCR units were switched on during ozone season, much larger amounts of 
mercury were captured by the sulfite-rich scrubber material than were captured by 
FGD gypsum. 

32. The longer the SCR unit operated the less effective it became in helping capture 
mercury in the scrubber unit, suggesting that the vanadium-based catalyst’s 
effectiveness was compromised over time of operation.  The mercury captured for 
both PP-A and PP-B in the scrubber material linearly decreased the longer the 
SCR unit was on. 

33. Our results also provided indirect evidence that forced oxidation scrubbers were 
less effective in capturing the mercury from coal than the scrubber units which 
did not use forced oxidation.  This also raised the possibility that the forced 
oxidation cycle might be inducing mercury re-emission. 

34. The wallboard materials fabricated from the FGD gypsum showed that the 
product made from a hemihydrate phase generated at 140oC lost 15 % mercury 
content over 100 days, while the wallboard fabricated from hemihydrate phase 
produced at 180oC lost 11% of the mercury during the same time period.  This 
brought to fore a strong possibility that mercury might be re-emitted once the 
wallboard products had been manufactured.  This could have a serious effect on 
the utilization of FGD gypsum.  However, we believe additional, and over a 
longer time period, studies are required to clarify this potential concern. 
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35. Our mercury desorption studies from fly ash and FBC fly ash showed that almost 
all of the mercury from ashes was re-emitted at T < 500oC.  Because fly ashes 
would be exposed to T > 500oC during brick and tile manufacturing processes, the 
mercury re-emission would be a serious concern and might require Hg scrubbing. 

36. The mercury speciation studies on FGD gypsum and sulfite-rich scrubber material 
indicated that while more than three mercury species were present in sulfite-rich 
scrubber, the FGD gypsum had only two species.  This was the case when SCR 
units were off.  However, when the SCR units were switched on, more mercury 
species were captured in both types of scrubber material. 
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This report was prepared by V. M. Malhotra of Southern Illinois University-Carbondale 
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and Economic Opportunity through the Office of Coal Development and the Illinois 
Clean Coal Institute.  Neither V. M. Malhotra of Southern Illinois University-Carbondale, 
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) Makes 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, manufacturer, 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' support of the project. 
 
 
 


