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ABSTRACT 

 
The volume of flue gas desulfurization (FGD) byproducts is expected to increase because 
of continued stringent federal and state regulations requiring significant reduction in 
sulfur oxide and other pollutants, such as mercury. Simultaneously, the agricultural 
profile of Illinois is changing to meet the demand for more ethanol.  Changes in 
fertilization methods and crop rotation, coupled with environmental requirements to 
upgrade to clean burning coal systems could link the agricultural and power generation 
markets in the state of Illinois in the form of utilizing FGD as a fertilizer additive. 
Previous studies have shown that treating manure with coal combustion byproducts 
(CCBs) such as FGD can provide beneficial results in stabilizing manure phosphorus and 
increasing yields.  Many studies have, however, not focused on the mineralogical and 
chemical composition of FGD byproducts when mixed with manure and the possible 
environmental impact from the leaching of potential groundwater contaminants.  The 
main objective of this project was to characterize and compare samples from three 
separate coal plants in Illinois in order to investigate the chemical and mineralogical 
composition of different ratios of FGD to manure.  Mineralogical properties of FGD 
samples were determined with X-ray diffraction methods.  The chemical composition 
was determined by ICP/MS and WRA-XRF methods after the FGD-manure mixtures 
were subjected to a Standard Test Method for Shake Extraction of Solid Waste with 
Water.   When the samples were exposed to water, bassanite was converted to gypsum. 
Chemical analysis demonstrated that the ratio of FGD to manure can determine the 
concentrations of soil nutrients, such as phosphate or calcium, which would have a direct 
impact on crop variables such as root growth, crop yield, crop health, or growth rates.  
The concentrations of Al, Cd, Co, Cr, Mo, Ni, Pb, Sb, and Zn in the 18-hour laboratory 
extracts were at or less than analytical detection limits.  Arsenic was not detected in any 
of the extracts. Selenium was present, but in trace amounts near analytical detection 
limits.  The FGD samples contained mercury at levels that were less than that required by 
the US EPA for classification as a Low Mercury Waste for land-disposal restrictions.  
The reaction pH values of the sample mixtures suggested that potential groundwater 
contaminants would be relatively insoluble. When considering the chemical and mineral 
characteristics of the FGD-manure mixtures, however, it is still difficult to accurately 
predict environmental interactions in an open system which necessitates additional work 
before FGD-manure mixes can be applied in commercial agricultural practices.  
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EXECUTIVE SUMMARY 
 

Recently, The Illinois Coal Industry Report from the Office of Coal Development (June 
2006) emphasized the efforts by researchers in the Illinois coal industry in the areas of 
coal gasification, carbon sequestration, fine coal recovery and emissions reduction. It also 
pointed out that many facilities that are currently large consumers of Illinois coal, but 
affordability and regulations may become issues in the future.  To meet air-quality 
standards, many coal-using companies must upgrade their coal-burning systems which in 
turn will produce more coal combustion byproducts (CCBs).  Specifically, many plants 
have converted or will convert facilities to employ flue gas desulfurization (FGD) 
processes.  As this trend continues, there is the distinct possibility of additional 
environmental regulations that may limit disposal or utilization options, creating a large 
surplus of waste product. 
 
Simultaneously, the agricultural profile of the state is shifting to meet the demand for 
more ethanol and to lessen the demand for foreign fuels.  More farmers are growing 
ethanol precursor crops in an attempt to maximize gain in a demand-driven market.  This 
is leading to changes in agricultural practices, such as fertilization methods and crop 
rotation.  The coal industry and agricultural industries are thus, intertwined in the 
alternative fuels and power generation markets.  Potential economic gain resulting from 
mutually beneficial, yet previously underutilized products such as FGD would provide 
grounds for exploration into the commercial possibilities of such products.  Prior to this 
step, research should be conducted in order to determine potential environmental impacts 
of CCB use in agriculture. 
 
The main objective of this project was to provide preliminary information on the 
potential use of FGD byproducts in agriculture with the ultimate goal of promoting FGD 
as a marketable product to the agriculture industry of Illinois.  An important part of this 
preliminary study was the determination of the possible introduction of trace elements 
into the environment if FGD were mixed with manure.  It is necessary to understand the 
possible impacts of potentially harmful trace elements on the environment as well as field 
productivity prior to implementation of the CCBs as an additive.   
 
FGD samples were collected at three different power plants in Illinois. A sample of swine 
manure was collected on the campus of the University of Illinois at Urbana-Champaign.  
The mineralogical composition of the FGD samples from power plants A and C were 
similar, being composed mostly of bassanite (CaSO4·0.5H2O) with a conversion to 
gypsum (CaSO4·2H2O) when exposed to water.  The FGD sample collected at plant B 
consisted of some of the same minerals, but it also exhibited noticeable compositional 
differences in both mineral intensity, and the crystalline phases present: hannebachite 
(CaSO3·0.5H2O) and portlandite (Ca(OH)2) in addition to bassanite and gypsum.  In all 
three FGD samples the peak intensity, measured in counts per second (cps), exhibited a 
mineralogical change after exposure to water during extraction experiments.  Bassanite 
peaks demonstrated higher cps in the dry samples. Gypsum peaks meanwhile, were less 
intense with fewer cps in the same samples.  After exposure to water the cps of bassanite 
peaks decreased while gypsum peaks exhibited a simultaneous increase in cps.  The fact 
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that the dry samples contained bassanite may be indicative of the dewatering process at 
each coal plant.  If the FGD is dewatered at a temperature that is warmer than 100°C it is 
likely the gypsum powder will transform to bassanite.  At cooler temperatures there 
would seemingly be less likelihood that the gypsum would transition to bassanite.  The 
XRD traces demonstrated this mineralogical change in each plant’s FGD sample with 
gypsum peaks becoming the most intense in post-extraction traces.  Thus, it would seem 
that the mineralogical additives would be primarily gypsum in the natural environment.  
The extraction results do not necessarily reflect what actual results would evolve in the 
field because the later system would be open, allowing the addition and removal of mass 
and energy. Moreover, one set of FGD-manure mix ratios may be suitable in one 
application, but result in a toxic burden in another because of pre-existing soil weathering 
conditions.  The slight difference in FGD product mineralogy, demonstrated in the traces, 
should also be taken into account when considering application to soils.   
 
Different ratios of FGD-manure mixtures were subjected to ASTM Method D-3987, 
Standard Test Method for Shake Extraction of Solid Waste with Water, in order to study 
the short-term leaching characteristics of the mixtures. This method was designed to 
rapidly generate an extract from a solid waste that can be used to estimate the mobility of 
inorganic constituents from the waste under the specified test conditions. The extracts 
generated in this task were chemically characterized.   
 
The manure extract was relatively reduced, yielding a redox potential of about -200 mV. 
The FGD extracts were only slightly reduced, yielding redox potentials that ranged from 
153 to 192 mV when corrected for a ZoBell standard. As the proportion of manure in the 
mixtures increased, the redox potential became more reduced in a fairly linear trend.  The 
reaction pH values of the three FGD samples in the solid-liquid suspensions were 
essentially neutral as was the manure sample.  When the FGD samples were mixed with 
the manure sample, the resulting reaction pH values varied from 6.7 to 7.4.  Within this 
pH range, many potential groundwater contaminants are relatively insoluble. The 
concentrations of Al, Cd, Co, Cr, Mo, Ni, Pb, Sb, and Zn were at or less than analytical 
detection limits with arsenic not detected in any of the extracts. All three of the FGD 
samples were selenium sources that were near the analytical detection limit.  Separate 
mercury analysis also showed low detection levels in the FGD samples.  In general, the 
FGD samples were major sources of calcium and sulfate, and the manure sample was the 
primary source of phosphate, potassium, chloride, and sodium in this study.  Potential 
plant nutrients, such as potassium, depended on the ratio of manure to FGD in the 
samples.   
  
The concentrations of potassium, chloride, and sodium displayed a dependence on the 
amount of manure present.  The concentration of calcium and sulfate in each extract 
depended on the amount of FGD in the mixture and was influenced by solid-phase 
equilibria, displaying non-linear patterns.  The addition of manure appeared to increase 
the solubility of SO4

2- followed by a reduction of sulfate as the proportion of manure 
dominated the mixtures.  
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FGD solutions were in equilibrium with gypsum.  Gypsum was detected by XRD in all 
three pure FGD extraction samples as well as in the pre-extraction samples. As the 
proportion of manure increased, the extracts became increasingly under saturated with 
respect to gypsum while the solution concentration of sulfate increased. In the absence of 
manure, gypsum dissolved, and the extracts equilibrated within the relatively short 
extraction interval.  When added, the manure contributed dissolved organic matter that 
removed Ca2+ from solution by ion exchange driving the reaction and dissolving more 
gypsum and increasing the amount of sulfate in solution.  
 
In the mixtures in which the manure was dominant, the decrease in calcium and sulfate 
was likely the result of additional ion exchange and source reduction.  The solution 
concentration of Ca2+ was also influenced by the solubility of calcite.  The manure sample 
appeared to be a significant source of dissolved carbonate species as indicated by the 
alkalinity titrations.  The solution concentration of magnesium also displayed some type 
of pattern that was dependent on the ratio of manure to FGD.  However, solubility 
modeling using PHREEQCi did not suggest that a magnesium-containing solid phase was 
influencing the amount of Mg2+ in solution. It seemed likely that the dissolved organic 
matter was removing Mg2+ from solution like calcium, but the specific mechanism to 
explain the results remains unknown.  The magnesium system may have been far from 
chemical equilibrium because of the short, 18-hour extraction interval. 
 
Future recommendations based on the findings from this project include similar bench-
scale studies that include soil samples.  Next, multiyear projects for testing various 
mixtures of FGD and manure (both swine and cattle) in green house-scale experiments, 
and by direct applications to a crop yielding field(s) over a period of years with constant 
monitoring to determine changes in soil or water quality, and the impact on the crops.  
Many other variables would be present in either of these attempts to further the research.  
A thorough proposal discussing the feasibility of such a process would need to be 
completed with multiple branches of science participating in the process in order to yield 
accurate and thorough results over a number of years.  Before beneficial uses of dry FGD 
products can be applied to real-world situations, more data must be collected in order to 
better understand the composition of the material and all possible weathering products 
that could result after field-scale applications.  If work is conducted in such an extensive 
manner, there is the possibility of developing markets for FGD beyond wallboard.     
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OBJECTIVES 
 

The main objective of the project was to select and sample FGD byproducts in a 
preliminary study concerning the introduction of trace elements into the environment if 
FGD were to be added to manure prior to a field application as a fertilizer.  It is necessary 
to understand the possible impacts of potentially harmful trace elements on 
environmental quality and field productivity prior to implementation of FGD as an 
additive.  This study was designed to provide a background for future large-scale studies 
that focus on the utilization of FGD in agriculture in the state of Illinois. 
   
Because of the importance of coal and agriculture in Illinois, it would be an ideal 
circumstance if the two industries could be linked with mutually beneficial gains.  Past 
studies have shown that treating manure with CCBs can provide beneficial results in 
stabilizing manure phosphorus, increasing yields, and reducing waste material (Stout et 
al., 1979; Stout et al., 1998; Stehouwer et al., 1999; Dou et al., 2003; Zhang et al., 2003).  
To be certain of applicability there must be work done to determine the potential impact 
on water quality resulting from contamination by these waste products.  Possible benefits 
to crop production have been demonstrated in past studies, but it is necessary to 
understand the possible impact of harmful trace elements on the environment as well as 
field productivity in Illinois prior to implementation of the FGD as an additive.  The tasks 
that were completed in order for this study to be significant include the mineralogical, 
physical and geochemical characterization of the raw materials, in this case a manure 
sample and FGD samples, short-term extractions of the materials, and the mineralogical, 
physical and geochemical characterization after laboratory extractions to allow 
comparisons between the as-collected form and post-extraction samples. 
 
Task 1:  Sample Collection:  Representative samples of FGD byproducts were collected 
from coal-burning power plants located within Illinois.  Bulk grab samples were procured 
from each site from piles and composited at the time of collection.  The samples collected 
at plants A and C were both dewatered FGD samples, while the plant B sample was 
sludge because it had not undergone dewatering at the time of sampling because the 
convection dryer was not operating.  The plants burned either bituminous or sub-
bituminous coals and used limestone in their respective scrubbers (Table 1). 
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Table 1.  Characteristics of three coal-fired power plants from  
which the FGD samples were collected. 

 
Plant and 
Location 

Coal Type Scrubber 
Type 

Limestone 
Source 

FGD 
form 

FGD disposal

Coal Plant A  Bituminous Wet 
scrubber 

SE 
Missouri 

gypsum 
powder 

US Gypsum, 
farmers use as 
soil softener, 
fungus 
growers use 
as substrate 

Coal Plant B  Bituminous Wet 
scrubber 

Jonesboro gypsum 
sludge 

Resale on 
open market 
(gypsum 
board) or 
ponds 

Coal Plant C  Sub-
bituminous 

Wet 
scrubber (jet 
bubbler) 

Quincy 
Lime- 
Burlington 

gypsum 
powder 

Trucked back 
to mine 

 
The manure samples were procured from the Animal Science Department at the 
University of Illinois at Urbana-Champaign in the form of hand samples/grab samples 
with the help of Ph.D. student Mitch Minarick.  This set of samples was then used for all 
subsequent experiments.  
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Figure 1.  Approximate location map of FGD sample sites in Illinois. 

 
Task 2:  Characterization of Field Samples:  Mineralogical analyses of the untreated 
FGD samples were performed at the Illinois State Geological Survey (ISGS) by X-ray 
diffraction (XRD) methods within the Industrial Minerals Section.  The random bulk-
packs were X-rayed with a Scintag® XDS2000 machine and the resulting traces analyzed 
in Jade+® program from MDI.   
   
Samples were also mixed in different proportions of FGD to manure for each of the three 
samples.  Chemical analyses for trace elements were determined by Activation 
Laboratories Ltd, Ontario, Canada (Actlab) with an ICP/MS package, Code 4B2, which is 
unique for scope of elements and detection limits. A fusion X-ray fluorescence (XRF) 
whole rock package, Actlab’s WRA-XRF Code 4c option, was used to determine the 
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concentrations of major and minor elements in the samples. For more detailed 
information on methods used for these analyses refer to Activation Laboratory web site at 
www.actlabs.com. 
 
Total mercury (HgT) of the FGD sample from each plant was determined using a 
modified EPA Method 245.7 (QS-LC-CVAF-001) following acid digestion in BrCl at 
Quicksilver Scientific Labs.  For more detailed information on methods used for this 
analysis refer to the Quicksilver Scientific Labs web site at 
www.quicksilverscientific.com. 
 
Task 3:  Short-Term Extraction of the Waste Samples Using ASTM D-3987:  The 
FGD-manure samples were subjected to the ASTM Method D-3987, Standard Test 
Method for Shake Extraction of Solid Waste with Water (ASTM, 1992). This method is a 
procedure for rapidly generating an extract from a solid waste that can be used to 
estimate the mobility of inorganic constituents from the waste under the specified test 
conditions. The final pH of the leachate is assumed to reflect the interaction of the 
leaching fluid with the buffering capacity of the waste. The procedure is not intended to 
produce a leachate representative of leachate generated in the field, and the method does 
not simulate site-specific leaching conditions (ASTM, 1992). ASTM Method D-3987 is 
an agitated extraction method that uses reagent water as the leaching fluid. The procedure 
involves an 18-hour contact time between a solid waste and reagent water with rotary 
agitation.  After centrifugation, the liquid was separated from the solid product by 
vacuum through a Millipore 0.45-μm membrane.  
 
Task 4:  Characterization of Leached Products and Leachates:  The mineral and 
elemental assemblages in the raw samples were compared with those of the leached 
materials. The chemical composition of the liquid phases was characterized for Al, As, B, 
Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, La, Li, Mg, Mn, Mo, Na, Ni, Pb, S, Sb, Sc, Se, Si, Sr, 
Ti, Tl, V, and Zn by inductively coupled plasma-mass spectrometry (ICP/MS) at the 
Illinois Water Survey.  For more detailed information on methods used for these analyses 
refer to Illinois Water Survey web site at http://www.isws.illinois.edu/chem/ias/. The 
solution concentrations of chloride, nitrate, phosphate and sulfate were determined by ion 
chromatography using a Dionex DX-120 with an AS40 Automated Sampler. 
 
The resulting chemical data was used as input to the geochemical model, PHREEQCi 
(Parkhurst et al., 1990). This model was used to investigate the chemical reactions that 
take place when the FGD-manure mixtures weather after field application. 
 
Task 5:  Reports:  A six-month progress report was submitted in order to provide update 
of completed work and comply with ICCI requirements.  This final technical report 
represents the completion of the work including the findings from the exploratory work, 
as well as recommendations as to further research.   
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INTRODUCTION AND BACKGROUND 
 

From 2004 to 2005, Illinois coal production increased by nearly one million tons, the 
largest increase since 1994, according to The Illinois Coal Industry Report of the Office 
of Coal Development (June 2006).  This production increase demonstrates potential uses 
for Illinois coal in the future at different plants in the production of synthetic natural gas, 
diesel fuel and ethanol (http://www.illinibioenergy.com/ethanol.htm).  There has been a 
recent focus in the United States on reducing dependency on foreign oil through 
increased use of E-85 ethanol, as well as U.S. coal reserves.  With rising oil prices and 
the change in legislation, such as the Energy Policy Act of 2005 (which mandates the use 
of renewable fuel in gasoline reach 7.5 billion gallons by calendar year 2012), interest in 
ethanol production is increasing in the US (Westcott, 2007).  This has resulted in an 
increase in corn production---the main crop used in ethanol production---and will affect 
farmers’ production decisions as market prices shift over time (Westcott, 2007).  Illinois 
is the nation’s second leading producer of corn, as well as a top coal-producing state, and 
will be directly affected by these economic trends 
(http://www.illinibioenergy.com/ethanol.htm).   
 
With the increase in cropland used for growing plants for ethanol production, shifts from 
other land uses (pasture, fallow acreage, acreage returning to production from expiring 
Conservation Reserve Program (CRP) contracts, and other crops) will occur, coupled 
with a shift in crop rotation to maximize ethanol crop production, leading to increased 
demand for fertilizer (Westcott, 2007).  Naturally, there will be a market for fertilizer that 
is still affordable. 
 
Animal manure is used extensively as a fertilizer throughout Illinois.  Spreading manure 
on the surface of no-till fields or pasture land is a common practice for many farmers.  
Application can occur both during the growing season and during the non-growing 
season as dictated by storage capacity, seasonal weather variations and seasonal labor 
constraints.  There are potential problems with this application.  For example, the 
phosphorus (P) that is in manure is prone to leaching and run-off, particularly if applied 
during non-growing seasons. 
 
Coal combustion byproducts (CCBs) from flue gas desulfurization (FGD) units are 
produced in coal burning power plants where limestone or dolomite is used to remove 
SO2 from the flue gas.  The byproducts consist of a mixture of coal ash, sulfate and 
sulfite minerals, and limestone sludge with alkaline components in the form of 
carbonates, hydroxides, and oxides (Stehouwer et al., 1999).  In the United States, 
electricity generating plants must adopt methods to remove SO2 from exhaust gas in 
order to comply with air quality standards set by the United States Environment 
Protection Agency (US EPA).  Fluidized bed combustion (FBC) and FGD are among the 
commonly used methods for SO2 removal (Stout et al., 1998).  Currently, nearly 75% of 
coal combustion byproducts are disposed of in landfills and ash ponds.   
 
Mixing CCBs with manure in the form of an additive for fertilizer applications provides 
an outlet for a portion of this waste.  Past studies have confirmed that there is a level of 
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effectiveness with this combination (Stout et al., 1979; Stout et al., 1998; Stehouwer et 
al., 1999; Dou et al., 2003; Zhang et al., 2003).  Treating manure with coal-burning 
power plant byproducts, such as FGD, prior to field application has proven to stabilize 
soluble P in other studies (Stout et al., 1998; Dou et al., 2003; Zhang et al., 2003).  These 
CCBs have been used in other studies as soil amendments that have demonstrated 
agronomic benefits such as reduced subsoil acidity, improved root growth and better crop 
yields (Stout et al., 1979; Stehouwer et al., 1999).  One aspect that has not been studied in 
depth is the possibility of CCBs adding detrimental trace elements, such as mercury (Hg), 
to the environment. Coal contains a number of trace metals; including Hg (average pre-
combustion Hg concentration is about 0.1 mg/kg (Kairies et al., 2006)).  Generally, 
typical CCBs contain relatively small concentrations of these metals.  Once the trace 
constituents leave the boiler in the flue gas, they may condense on the fly ash particles, 
and be removed by FGD processes, or remain in the flue gas and be emitted into the 
environment through the stack (Kaires et al., 2006).  If incorporated as a fertilizer 
additive, there is the chance that runoff of mercury into surface waters could lead to 
contamination and eventual biomagnification in many forms of life, including human.  
The possibility of contamination can depend on a number of factors such as, the source of 
coal being burned, the source of the dolomite and limestone used in the FGD unit, the 
quality of the coal that is used, the quality of dolomite and limestone used in the FGD 
unit, as well as the combustion process itself (Alvarez and Querel 2008). 
 
The Illinois State Geological Survey has a long history of conducting research on the 
environmental impacts of solid coal wastes. For example, Roy et al. (1981) published a 
comprehensive review containing 284 citations on coal fly ash that included its physical 
and chemical composition, effects on aquatic systems and health, and fly ash disposal and 
utilization. Roy and Griffin (1982) developed a classification system for fly ash that is 
based on the chemical composition of the material. In studies by Roy et al. (1984), the 
chemical, mineralogical, leaching, and toxicity of leachates generated from coal mining, 
cleaning, and gasification were investigated. The solid samples were leached using the 
two water extraction procedures, ASTM-A and ASTM-B, the U.S. EPA Extraction 
Procedure, a carbonic acid procedure, a Long-Term Equilibration procedure, and a large-
volume generation procedure. In cooperation with the Illinois Natural History Survey, the 
acute and chronic toxicity of each extract was evaluated using green sunfish, fathead 
minnow, a crustacean, and a snail. When the leachate samples were diluted, the 
precipitation of ferric hydroxide appeared to be the factor resulting in the mortality of the 
test organisms. 
 
The primary purpose of this study was to determine the feasibility of FGD as product that 
could be used by the agricultural community. Previous studies have pointed to the 
possible benefits of such a product, but have not fully analyzed the possible drawbacks 
related to potential mobilization of prospective groundwater and runoff contaminants. In 
order to begin the process of understanding these potential drawbacks, three separate coal 
plants that burn sub-bituminous or bituminous coal from the state of Illinois and employ 
FGD scrubbers to remove sulfur emissions were selected for study to better understand 
FGD as a possible manure additive.   
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EXPERIMENTAL PROCEDURES 
 

After the samples were collected from each plant, a protocol of sample mixture was 
established in order to analyze data for comparison among all three samples.  Table 2 
documents the range of mixtures which consist of four mixtures for each location sample 
which varied in 25% increments as follows: 
 

Table 2.  The FGD-manure sample mixtures. 
  

 100%  
FGD 

75% FGD - 
25% Manure 

50% FGD - 
50% Manure 

25% FGD - 
75% Manure 

100% 
Manure 

Coal Plant A A1 A2 A3 A4 D1 

Coal Plant B B1 B2 B3 B4 - 

Coal Plant C C1 C2 C3 C4 - 

 
Mineralogical analyses of the project samples were performed at the Illinois State 
Geological Survey (ISGS) by XRD methods within the Industrial Minerals Section.  For 
the XRD procedure, the samples were micronized in a McCrone® micronizing mill with 
deionized water for 10 minutes.  Then they were transferred to a 50-mL centrifuge tube.  
The tubes were placed in a centrifuge for 20 minutes at 2000 rpm.  The clear water was 
poured off and the remaining material dried overnight in a low temperature oven.  This 
remaining sample was mixed lightly with a mortar and pestle and then packed into an 
end-loading sample holder as a random powder bulk-pack.  The random bulk-pack was 
analyzed with a Scintag® XDS2000 machine.  Step-scanned data was collected from 4° 
to 60° 2θ with a fixed time of 5 seconds per 0.05°2θ for each sample.  All resulting traces 
were analyzed using the semi-quantitative data reduction software from Materials Data 
Inc. (MDI) known as Jade+®. 
 
Total mercury of the FGD sample from each plant was determined using a modified EPA 
Method 245.7 (QS-LC-CVAF-001) following acid digestion in BrCl at Quicksilver 
Scientific Labs. 
 
The FGD-manure samples were subjected to the ASTM Method D-3987, Standard Test 
Method for Shake Extraction of Solid Waste with Water (ASTM, 1992). This method is a 
procedure for rapidly generating a leachate from solid waste that can be used to estimate 
the mobility of inorganic constituents from the waste under the specified test conditions. 
The final pH of the leachate is assumed to reflect the interaction of the leaching fluid with 
the buffering capacity of the waste. The procedure is not intended to produce a leachate 
representative of leachate generated in the field, and the method does not simulate site-
specific leaching conditions (ASTM, 1992). ASTM Method D-3987 is an agitated 
extraction method that uses reagent water as the leaching fluid. The procedure involves 
an 18-hour contact time between a solid waste and reagent water with rotary agitation. 
After centrifugation, the liquid was separated from the solid product by vacuum through a 
Millipore 0.45-μm membrane.  This produced separate samples for characterization of 
leached products and leachates. 
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Elemental composition of the liquid samples was determined for Al, As, B, Ba, Be, Ca, 
Cd, Co, Cr, Cu, Fe, K, La, Li, Mg, Mn, Mo, Na, Ni, Pb, S, Sb, Sc, Se, Si, Sr, Ti, Tl, V, 
and Zn by inductively coupled plasma-mass spectrometry (ICP/MS) at the Illinois Water 
Survey. For more detailed information on methods used for these analyses refer to Illinois 
Water Survey web site at http://www.isws.illinois.edu/chem/ias/. The solution 
concentrations of chloride, nitrate, phosphate and sulfate were determined by ion 
chromatography using a Dionex DX-120 with an AS40 Automated Sampler. 
 
Chemical analyses for trace elements in the solid samples were determined by Activation 
Laboratories Ltd, Ontario, Canada with an ICP/MS package, Code 4B2, which is unique 
for scope of elements and detection limits. A fusion XRF whole rock package, Actlab’s 
WRA-XRF Code 4c option, was used to determine the concentrations of major and minor 
elements in the samples. Elements determined (reported as oxides) include silicon (Si), 
aluminum (Al), iron (Fe), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), 
titanium (Ti), phosphorus (P), and manganese (Mn)] and chromium (Cr).  For more 
detailed information on methods used for these analyses refer to Activation Laboratory 
web site at www.actlabs.com. 
 
The resulting chemical data was used as input to the geochemical model, PHREEQCi 
(Parkhurst et al., 1990). This model was used to investigate the chemical reactions that 
take place when the FGD-manure mixtures weather after field application. 
 
Mineralogical and chemical analysis of the leached materials was also determined by 
using the same methods as described above from the Illinois Geological Survey and 
Activation Laboratory.  This allowed for the mineral and elemental assemblages in the 
raw samples to be compared with those of the leached samples that were subjected to 
ASTM Method D-3987.  

 
RESULTS AND DISCUSSION 

 
XRD mineral trace comparison:  Determining quantitative percentages of the minerals 
in each sample is difficult because many of the k-α peaks that are used to identify 
minerals in an XRD trace overlap or interfere with each other because of the elemental 
similarities of the minerals present (calcium, sulfides, sulfates).  The counts per second 
(cps) intensity can also be misleading because if mineral phases overlap they can 
potentially increase a peak’s intensity. Therefore, it is important to identify multiple k-α 
peaks for each mineral and compare their relative intensities to each other in order to 
correctly identify the minerals present and determine which of the minerals are yielding 
the best reflection in the trace.  The k-α peaks of each identified mineral phase are labeled 
with a letter to discern mineral phases from each other in Figures 2-4.  The XRD traces 
are stacked with the top trace representing the pre-extraction mineral assemblage of the 
sample and the bottom trace representing the post-extraction mineral assemblage of the 
same sample.  Comparison of the peak locations and intensities allow for comparisons of 
mineralogical changes in the samples as they are exposed to the extraction process as 
well as mineralogical comparison of the samples to each other. 
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Plant A sample:  Plant A FGD contained bassanite (CaSO4·0.5H2O), calcite, gypsum 
(CaSO4·2H2O), and graphite (C) prior to the short-term extractions according to the XRD 
trace analysis (Figure 2 top).  Bassanite peaks had the greatest intensity in terms of cps, 
followed by gypsum-peak intensities.  Calcite, a remnant from the limestone used in the 
desulfurization process was present, but at some locations along the trace, the peak was 
hidden by gypsum peaks.  Graphite occurred in traces and is most likely a remnant from 
the coal burned at the plant. 
 
In the post-extraction FGD sample from plant A (Figure 2 bottom) there was a change in 
mineralogy.  The gypsum peaks registered more cps and represented the most intense 
mineral reflections.  Calcite and bassanite cps intensities revealed relatively similar peak 
sizes in relation to each other.  Graphite phases seemed to be lost to background noise.     
 
Plant B sample:  The XRD trace of the plant B FGD sample prior to the extractions 
contained bassanite, calcite, gypsum, graphite, hannebachite (CaSO3·0.5H2O) and 
portlandite (Ca(OH)2)  (Figure 3 top).  Calcite peaks were slightly stronger in cps 
intensity than bassanite peaks.  Both portlandite and gypsum peaks were prominent as 
well.  Graphite was again present with peaks of less intensity. 
 
In the post-extraction plant B FGD sample (Figure 3 bottom), there was a change in 
mineralogy:  the gypsum peaks became the strongest within the trace.  The other mineral 
peaks decreased cps intensity levels, with hannebachite peaks losing the most cps 
intensity, but still appearing to be the second-most intense peaks on the trace. Graphite 
was still present as a minor mineral.   
 
Plant C sample:  Plant C FGD sample contained bassanite, calcite, gypsum, and graphite 
prior to the extractions according to the XRD trace analysis (Figure 4 top).  The bassanite 
peaks had higher cps intensities, with gypsum peaks having lower cps intensities. 
Graphite also was present again in small amounts as indicated by the peaks cps 
intensities.  
 
In the post-extraction samples (Figure 4 bottom) there was a change in mineralogy:  the 
intensity of gypsum phases in terms of cps became dominant and the trace was nearly 
identical in intensities of all mineral peaks to that of the plant A XRD trace.  This is 
indicative of the similar scrubber systems of plants A and C and the forced oxidization 
methods used on the wet FGD.  It could also indicate chemically and mineralogically 
similar coal and/or scrubber limestone.  
 
Comparison of the FGD samples:  The pre-extraction samples all contained bassanite, 
calcite, gypsum and graphite.  Power plants A and C had nearly identical pretreatment 
traces with bassanite as the dominant mineral phase, gypsum in smaller portions, and 
traces of calcite and graphite (Figure 2 top and Figure 4 top).  Plant B was substantially 
different.  While the XRD trace did exhibit all the above mentioned mineral phases, it 
also yielded k-α peaks that identified hannebachite and portlandite in the sample. Calcite 
had a much more intense peak set in the plant B sample compared to the other two 
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samples as well.  Calcite is a remnant from the original limestone scrubber material and 
may indicate that some of the calcite material did not experience a complete conversion 
to a calcium-sulfur phase during the desulphurization process (Alvarez-Ayuso et al 
2008).   
 
Comparing the intensities of the bassanite peak set with that of the gypsum peak set in the 
plant B sample also yielded different results from those of plants A and C.  In the pre-
extraction traces of A and C, there is a noticeable difference in the cps intensities between 
the bassanite peak set and the gypsum peak set.  In the plant B pre-extraction trace the 
intensities of these two mineral peak sets did not exhibit nearly as wide a gap, making it 
difficult to resolve which mineral phase was more dominant in the sample.  Sample B’s 
post-extraction trace did behave similar to samples from plant A and C, in that the 
bassanite phase peak intensities decreased significantly when compared to the pre-
extraction intensities and the gypsum phase peaks became more intense than the other 
phases present.  Graphite occurred as low-intensity peaks on the XRD traces in all pre-
extraction traces, and its presence was not anticipated.  It was most likely related to the 
input coal, resulting from impurities escaping into the FGD byproduct during the 
desulfurization process.   
 
As noted above, the post-extraction XRD traces of all three samples displayed gypsum as 
the dominant mineral when compared with the pre-extraction samples in which gypsum 
had peaks with less intensity.  The bassanite peaks were less intense in terms of cps than 
the gypsum peaks in the post-extraction XRD traces from all three FGD samples as well.  
This trend demonstrated a change in the mineralogical composition when the samples 
were exposed to water during the extraction process.  Power plant B FGD was the only 
sample of the three to retain graphite peaks beyond background noise from pre-extraction 
traces to the post-extraction traces.  While plant B retained its suite of minerals from pre-
extraction to post-extraction, it also underwent a mineralogical change as gypsum became 
the dominant peak on the trace eclipsing the hannebachite peaks that experienced a 
reduction in cps intensity in the same manner as bassanite peak sets did in all three 
samples. 
 
The post extraction traces yielded similar results for all three samples in producing an 
increase in peak intensity of gypsum phases in comparison to other minerals, but the 
plant B FGD sample still demonstrated some mineralogical variation in comparison to the 
other two FGD products.  The most logical explanation for the presence of portlandite 
and hannebachite in plant B sample was that forced oxidization dewatering of the FGD 
product did not occur at plant B in the same manner as that of plants A and C.  If any 
actual application were to be made to a field, it would be advisable to determine the 
specific composition of the FGD sample as it may vary depending on source and how it 
was produced.  Different limestone used in the scrubber or coals from different seams 
could possibly influence the chemical composition in the resulting FGD.  This in turn 
would affect physical and chemical variables in each environment that the FGD was 
applied to.   Long-term solubility of the minerals in each separate FGD would be 
important to anticipate the efficacy and environmental fate of FGDs when applied to 
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actual soils.  Such information would also have a direct impact on application rates in 
terms of frequency and FGD-manure mix ratios.   
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Figure 2.  Comparison of XRD traces for pre-extraction (top) and post-extraction 
(bottom) treatment for power plant A FGD sample.  Note the change from 
bassanite (B) dominate peaks to gypsum (G) dominate peaks. 
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Figure 3.  Comparison of XRD traces for pre-extraction (top) and post-extraction 
(bottom) treatment for power plant B FGD sample.  The trace for power plant B 
was significantly different from that of power plants A and C. 
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Figure 4.  Comparison of XRD traces for pre-extraction (top) and post-extraction 
(bottom) treatment for power plant C FGD sample.  Note the change from 
bassanite (B) dominate peaks to gypsum (G) dominate peaks. 
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Mercury in FGD:  The mercury content in the three samples ranged from 3.6 to 606 
μg/kg dry weight (Table 3).  While the totals were not less than the laboratory’s limit of 
detection they are still very minimal in terms of land disposal restrictions (LDR) for 
wastes containing Hg as listed on the Mercury Laws and Regulations web posting by the 
EPA.  According to LDR regulations the analyzed samples would be classified as low 
mercury waste based on the fact that the samples contain less than 260 mg/kg of total Hg 
(http://www.epa.gov/osw/hazard/tsd/mercury/regs.htm#universal).  The results 
demonstrate that Hg that is in FGD would not be regarded as a major source of Hg in the 
environment because the Hg content would be an order of magnitude less than the low-
mercury wastes limits put forth by the US EPA 
(http://www.epa.gov/osw/hazard/tsd/mercury/regs.htm#universal). 
 

Table 3.  Mercury concentration in the FGD samples from each power plant. 
 

       Sample ID 
 

     HgT (μg/kg as Hg) (dw) 
 

Plant A 
 

Plant B 

Plant C 

113.7 
  

606.0 
  

3.6 

 
Short-Term Laboratory Extractions:  The reaction pH values of the three FGD 
samples in the 1:20 solid-liquid suspensions were essentially neutral (pH 6.8 to 7.8) 
which was consistent with the mineralogical composition of the samples. The manure 
sample also yielded a near-neutral pH reaction (Table 3). When the FGD samples were 
mixed with the manure sample, the resulting reaction pH values varied from 6.7 to 7.4 
(Fig. 5). Within this pH range, many potential groundwater contaminants are relatively 
insoluble. The concentrations of Al, Cd, Co, Cr, Mo, Ni, Pb, Sb, and Zn were at or less 
than analytical detection limits. Moreover, arsenic was not detected in any of the extracts. 
All three of the FGD samples were, however, sources of selenium. Under conditions of 
the extractions, the concentrations of selenium were near the analytical detection limit.  
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Table 4.  Comprehensive data table for all mixture ratios of the samples from all 
three FGD producing plants after Method D-3987, Standard Test Method for 
Shake Extraction of Solid Waste with Water (ASTM, 1992). 

 
 
 

1Relative to a standard ZoBell solution 
 

2As mg/L CaCO3  

 
3Al through Zn units reported as mg/L 
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Figure 5.  Reactive pH values of the FGD-manure mixtures. 

 
The manure extract was chemically reduced (Figure 6) likely because of water-soluble 
organic matter, whereas the FGD extracts were only slightly reduced. As the proportion 
of manure in the mixtures increased, the redox potential became more reduced in a fairly 
linear trend.  
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Figure 6.  Redox potential of the FGD-manure mixtures. 
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In general, the FGD samples were major sources of calcium and sulfate, and the manure 
sample was the primary source of phosphate, potassium, chloride, and sodium in this 
study. Because chloride is relatively nonreactive chemically, an increase in the amount of 
manure in each mixture yielded a uniform increase in the amount of Cl- in solution 
(Figure 7). Similarly, the concentration of potassium, another potential plant nutrient, 
displayed a linear dependence on the amount of manure present (Figure 8). Likewise, the 
concentration of sodium in each extract correlated (r2 = 0.95) with the amount of manure 
in each extract.   
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Figure 7.  Concentration of chloride in the FGD-manure mixtures. 
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Figure 8.  Concentration of potassium in the FGD-manure mixtures. 
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The concentration of calcium in each extract depended on the amount of FGD in the 
mixture, but unlike chloride and sodium, the relationship was not linear (Figure 9), 
suggesting that the amount of Ca2+ was influenced by solid-phase equilibria. The 
concentration of the major anion in the extracts, sulfate, also displayed a non-linear 
pattern (Figure 10). The addition of manure appeared to increase the solubility of SO4

2- 
followed by a reduction of sulfate as the proportion of manure increased in the mixtures.  
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Figure 9.  Concentration of calcium in the FGD-manure mixtures. 
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Figure 10.  Concentration of sulfate in the FGD-manure mixtures. 
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When the extract data were input to PHREEQCi, it appeared that the FGD solutions were 
in equilibrium with gypsum (Figure 11). Gypsum was detected by XRD in all three 
samples. As the proportion of manure increased, the extracts became increasingly 
undersaturated with respect to gypsum while the solution concentration of sulfate 
increased. The following reaction mechanisms were proposed to explain the experimental 
results. In the absence of manure, gypsum dissolved, and the extracts equilibrated within 
the relatively short extraction interval: 
 

CaSO4 + 2H2O   X   Ca2+ + SO4
2-           (1) 

 
When added, the manure contributed dissolved organic matter that removed Ca2+ from 
solution by ion exchange: 
 

Ca2+   +   M-X    X   M-Ca   +   X         (2) 
 
As reaction (2) proceeded, it drove reaction (1) to the right, dissolving more gypsum and 
increasing the amount of sulfate in solution. In the mixtures in which the manure was 
dominant (25% and 0% FGD), the decrease in calcium and sulfate was likely the result of 
additional ion exchange and source reduction. 
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Figure 11.  Calcium sulfate equilibrium of Site B. 

 
The solution concentration of Ca2+ was also influenced by the solubility of calcite (Figure 
12). The manure sample appeared to be a significant source of dissolved carbonate 
species as indicated by the alkalinity titrations. Moreover, trace amounts of calcite were 
detected in the FGD samples. 
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Figure 12.  Calcium carbonate equilibrium of Site A. 

 
The solution concentration of magnesium also displayed some type of pattern that was 
dependent on the ratio of manure to FGD (Figure 13). However, solubility modeling 
using PHREEQCi did not suggest that a magnesium-containing solid phase was 
influencing the amount of Mg2+ in solution. It seemed likely that the dissolved organic 
matter was removing Mg2+ from solution like calcium, but the specific mechanism to 
explain the results in Figure 9 remains unknown. The magnesium system may have been 
far from chemical equilibrium because of the short, 18-hour extraction interval. 
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Figure 13.  Concentration of magnesium in the FGD-manure mixtures. 

 
The manure sample was also a significant source of phosphate, another potential plant 
nutrient. When mixed with FGD, however, the amount P in solution was reduced (Figure 
14). Solubility modeling using PHREEQCi suggested that the extracts were 
supersaturated with respect to apatite (Ca5(PO4)3OH). There was, however, no consistent 
pattern between the degree of supersaturation and the proportion of manure in the FGD-
manure mixtures. While P precipitation is suspected, the relatively short time frame of 
the extraction may have prevented the development of definable phosphate equilibrium.  
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Figure 14.  Concentration of phosphate in the FGD-manure mixtures. 
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Of the minor elements of concern, there was more soluble boron associated with the 
manure when compared with all three FGD samples (Figure 15). Soluble boron is usually 
associated with coal combustion products such as fly ash. It may be that the amount of 
ash in the FGD samples was insignificant.  
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Figure 15.  Concentration of boron in the FGD-manure mixtures. 

 
CONCLUSIONS AND RECOMMENDATIONS 

 
The main objective of this project was to provide preliminary information on the 
potential use of flue gas desulfurization (FGD) byproducts in agriculture with the 
ultimate goal of promoting CCBs as marketable products.  Mineralogical data 
demonstrated that the FGD samples collected at plants A and C were similar in 
composition containing bassanite, gypsum calcium and small reflections of graphite, 
whereas the plant B sample also contained hannebachite and portlandite.  Both 
hannebachite and portlandite were also present after contact with water.  In all three FGD 
samples the intensities of the bassanite peaks and the gypsum peaks changed in relation 
to each other.  The mineralogical changes included the bassanite peaks increasing in cps 
in pre-extraction XRD traces, and a decrease in the post-extraction traces.  Gypsum 
exhibited an opposite trend as peaks became prominent in the post-shake traces as cps 
rose from the pre-extraction traces.  This was most evident again in samples from power 
plants A and C.  The fact that the samples initially contained bassanite may have been 
related to the dewatering process.  It is generally accepted that the dehydration 
temperature of gypsum to bassanite occurs at about 100°C.  If the scrubber system has a 
dewatering process that exposes the FGD gypsum slurry to a temperature that is at or 
above 100°C the resulting powder would most likely be composed of mostly bassanite.   
The transition is a structural rearrangement of sulfate ions that are coupled with the water 
molecules that are lost during moisture removal events (Sarma, et al., 1998).  After 
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exposure to liquid during the extraction process, the samples became predominantly 
gypsum as water molecules would be reintroduced to the sample causing another 
structural rearrangement.  Thus, it would seem that the mineralogical additives would be 
primarily gypsum in the natural environment.  Plant B did not dewater the FGD sample to 
the same degree as the other plants as the plant B sample consistency was not a powder, 
but a sludge-like material.  This could explain the occurrence of a different mineral 
composition (the occurrence of portlandite, for example, resulted from hydration) as the 
sample was not subjected to the same treatment as the other two.  The hannebachite could 
have undergone a molecular rearrangement as water was introduced, forming the gypsum 
that was observed in the second XRD trace which is of the FGD from plant B (Figure 3).  
The short-term, closed system extraction results do not necessarily reflect what actual 
results would evolve in the field because the later system would be open, allowing the 
addition and removal of mass and energy during longer periods of time.  The one time, 
short-term experimentation must be kept in perspective when studying the results. 
Moreover, one set of FGD-manure mix ratios may be suitable in one application, but 
cause a toxic burden in another because of pre-existing soil weathering conditions.  
Additional work is needed to determine whether chemical or mineralogical differences in 
FGD type will significantly influence the efficacy of FGD when blended with swine 
manure.  
 
An important conclusion reached in this preliminary study was the concentrations of Al, 
Cd, Co, Cr, Mo, Ni, Pb, Sb, and Zn were at or less than analytical detection limits and 
that arsenic was not detected in any of the extracts.   Each FGD sample from each 
separate plant was a selenium source; however, the selenium was near the analytical 
detection limit.  Each sample contained mercury, but at levels that were an order of 
magnitude less than that required for classification as Low Mercury Waste (less than 260 
mg/kg of total Hg) as determined by EPA land disposal restrictions.  The reaction pH 
values of the three FGD samples in the 1:20 solid-liquid suspensions were essentially 
neutral as was the manure sample.  When the FGD samples were mixed with the manure 
sample, the resulting reaction pH values varied from 6.7 to 7.4.  Within this pH range, 
many potential groundwater contaminants are relatively insoluble.  This combined with 
the fact that possible contaminants (if at a detectable limits) exist in relatively small 
concentrations seems to suggest that FGD poses little potential of being a significant 
sources of trace constituents to the environment if applied as a low-grade fertilizer.  The 
possibility of contamination from continuous, long-term application remains unknown.  
 
When considering the chemical and mineralogical characteristics of the FGD samples, it 
is interesting to considering field productivity with the implementation of the CCBs as an 
additive.  This study suggested that the ratio of FGD to manure can determine 
concentrations of key elements in terms of soil nutrients.  These nutrients would have a 
direct impact on crop variables such as root growth, crop yield, crop health, or growth 
rates.  The addition of manure and/or FGD to the system would seem to undoubtedly 
affect crops because of the addition of nutrients, such as phosphate or calcium, to the soil.  
The soil itself would be a key variable in understanding the full extent of the impact.  The 
direct impact of FGD as an additive cannot be accurately predicted yet because of a lack 
of laboratory and field-scale experimentation with variable soil characteristics. 
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It is recommended that future studies include similar bench-scale experiments that 
incorporate soil samples.  Next, a multi-year project with various mixtures of FGD and 
manure could be tested in green house-scale experiments to yield some information about 
long-term reactions with actual soil, as well as yielding information on crop yield.  
Another level of research would be direct application of FGD-manure mixtures to a crop-
yielding field(s) over a period of years with constant monitoring to determine chemical 
and physical changes in the soil additive system and the impacts on any crops.   
 
Before FGD-manure mixtures can be applied to agricultural fields as a low-grade 
fertilizer, more data must be collected in order to better understand how the material 
weathers with time.  Such research could provide valuable information and facilitate the 
widespread use of FGD in agricultural fields.  In turn, FGD-manure fertilizer mixtures 
could provide a new market for the beneficial use of FGD waste product, other than 
gypsum board with economic rewards for both the farming and coal industries of Illinois.  
This would reduce a surplus of FGD byproducts that are now being land filled, and are 
likely to increase in volume in the future.  
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report may not infringe privately-owned rights; or 
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A-3 
 

Elemental Analysis of Solid Waste Extracts (liquid portion) from FGD/Manure mixtures. 
 

Solid Waste Extracts for ICP       
 Al As B Ba Be Ca Cd Co 

Sample ID mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

MDL: 0.037 0.108 0.023 0.00085 0.00055 0.012 0.012 0.013 
100% FGD  
Plant A (A1) 0.045 <0.108 0.428 0.00759 <0.00055 596 <0.012 <0.013
75% FGD  
Plant A (A2) <0.037 <0.108 0.967 0.00580 <0.00055 589 <0.012 <0.013
50% FGD  
Plant A (A3) <0.037 <0.108 1.31 0.00171 <0.00055 481 <0.012 <0.013
25% FGD  
Plant A (A4) <0.037 <0.108 1.80 0.00099 <0.00055 227 <0.012 <0.013
100% FGD  
Plant B (B1) 0.062 <0.108 1.88 0.00847 <0.00055 600 <0.012 <0.013
75% FGD  
Plant B (B2) <0.037 <0.108 2.33 0.00420 <0.00055 539 <0.012 <0.013
50% FGD  
Plant B (B3) <0.037 <0.108 2.17 0.00136 <0.00055 226 <0.012 <0.013
25% FGD  
Plant B (B4) <0.037 <0.108 2.32 0.00302 <0.00055 42.9 <0.012 <0.013
100% FGD  
Plant C (C1) <0.037 <0.108 0.941 0.0136 <0.00055 576 <0.012 <0.013
75% FGD  
Plant C (C2) <0.037 <0.108 1.77 0.00585 <0.00055 497 <0.012 <0.013
50% FGD  
Plant C (C3) <0.037 <0.108 1.59 0.00220 <0.00055 482 <0.012 <0.013
25 % FGD  
Plant C (C4) <0.037 <0.108 2.06 0.00213 <0.00055 310 <0.012 <0.013
100% Pig 
Manure (D1) 0.107 <0.108 2.67 0.00255 <0.00055 19.7 <0.012 <0.013
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Elemental Analysis of Solid Waste Extracts (liquid portion) from FGD/Manure mixtures. 
 
Solid Waste Extracts for ICP (cont.)       

 Cr Cu Fe K Li Mg Mn Mo 
Sample ID mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

MDL: 0.0058 0.00079 0.0059 0.016 0.018 0.0025 0.0015 0.022 
100% FGD  
Plant A (A1) <0.0058 0.00327 <0.0059 0.321 <0.018 2.39 0.0339 <0.022
75% FGD  
Plant A (A2) 0.0119 0.00608 0.209 292 <0.018 147 0.387 0.028 
50% FGD  
Plant A (A3) 0.0088 0.00631 0.431 550 <0.018 261 0.223 0.061 
25% FGD  
Plant A (A4) 0.0155 0.0117 0.311 827 <0.018 234 0.145 0.047 
100% FGD  
Plant B (B1) <0.0058 0.00408 0.0255 0.864 <0.018 8.41 <0.0015 <0.022
75% FGD  
Plant B (B2) 0.0063 0.00648 0.380 286 <0.018 132 0.186 0.073 
50% FGD  
Plant B (B3) 0.0101 0.00685 0.261 553 <0.018 226 0.116 0.078 
25% FGD  
Plant B (B4) 0.0214 0.0297 0.873 770 <0.018 80.4 0.107 0.118 
100% FGD  
Plant C (C1) <0.0058 0.00435 0.0131 0.449 <0.018 13.0 0.0323 <0.022
75% FGD  
Plant C (C2) 0.0108 0.0121 0.443 578 <0.018 262 0.438 0.060 
50% FGD  
Plant C (C3) 0.0099 0.00871 0.341 558 <0.018 281 0.335 0.096 
25 % FGD  
Plant C (C4) 0.0163 0.0243 0.232 903 <0.018 276 0.138 0.095 
100% Pig 
Manure (D1) 0.0398 0.117 3.63 1080 <0.018 55.9 0.147 0.174 
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Elemental Analysis of Solid Waste Extracts (liquid portion) from FGD/Manure mixtures. 
 

Solid Waste Extracts for ICP (cont.)      
 Na Ni P Pb S Sb Se Si 

Sample ID mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

   MDL: 0.026 0.014 0.063 0.041 0.217 0.059 0.131 0.066
100% FGD  
Plant A (A1) 0.414 <0.014 <0.063 <0.041 503 <0.059 0.209 0.174
75% FGD  
Plant A (A2) 92.2 0.080 24.5 <0.041 858 <0.059 0.157 0.933
50% FGD  
Plant A (A3) 155 0.133 50.2 <0.041 1083 <0.059 0.168 1.38 
25% FGD  
Plant A (A4) 226 0.151 92.1 <0.041 846 <0.059 0.154 1.95 
100% FGD  
Plant B (B1) 11.8 <0.014 <0.063 <0.041 512 <0.059 0.211 0.324
75% FGD  
Plant B (B2) 91.8 0.090 29.6 <0.041 778 <0.059 0.143 0.996
50% FGD  
Plant B (B3) 154 0.125 60.2 <0.041 771 <0.059 <0.131 1.40 
25% FGD  
Plant B (B4) 211 0.130 163 <0.041 227 <0.059 <0.131 1.67 
100% FGD  
Plant C (C1) 1.07 0.015 <0.063 <0.041 508 <0.059 0.167 0.212
75% FGD  
Plant C (C2) 155 0.130 46.9 <0.041 1084 <0.059 0.159 1.40 
50% FGD  
Plant C (C3) 154 0.156 49.2 <0.041 1116 <0.059 0.132 1.46 
25 % FGD  
Plant C (C4) 252 0.172 85.7 <0.041 1030 <0.059 <0.131 1.96 
100% Pig 
Manure (D1) 300 0.209 291 <0.041 70.7 <0.059 <0.131 2.13 
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Elemental Analysis of Solid Waste Extracts (liquid portion) from FGD/Manure mixtures. 
 

Solid Waste Extracts for ICP (cont.)     
 Sn Sr Ti Tl  V Zn 

Sample ID mg/L mg/L mg/L mg/L mg/L mg/L 

MDL: 0.086 0.00037 0.00056 0.017 0.047 0.0073 
100% FGD  
Plant A (A1) <0.086 0.494 <0.00056 <0.017 <0.047 0.0335 
75% FGD  
Plant A (A2) <0.086 0.365 <0.00056 <0.017 <0.047 0.0575 
50% FGD  
Plant A (A3) <0.086 0.220 0.00566 <0.017 <0.047 0.0335 
25% FGD  
Plant A (A4) <0.086 0.0945 0.0157 <0.017 <0.047 0.0594 
100% FGD  
Plant B (B1) <0.086 0.690 <0.00056 <0.017 <0.047 0.110 
75% FGD  
Plant B (B2) <0.086 0.417 <0.00056 <0.017 <0.047 0.218 
50% FGD  
Plant B (B3) <0.086 0.144 0.00686 <0.017 <0.047 0.0694 
25% FGD  
Plant B (B4) <0.086 0.0322 0.0548 <0.017 <0.047 0.121 
100% FGD  
Plant C (C1) <0.086 0.362 <0.00056 <0.017 <0.047 0.0623 
75% FGD  
Plant C (C2) <0.086 0.167 0.00439 <0.017 <0.047 0.111 
50% FGD  
Plant C (C3) <0.086 0.166 0.00578 <0.017 <0.047 0.0722 
25 % FGD  
Plant C (C4) <0.086 0.103 0.0134 <0.017 <0.047 0.228 
100% Pig 
Manure (D1) <0.086 0.0196 0.186 <0.017 0.069 0.334 

 


