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ABSTRACT  
 

Illinois coal is in general one of the lowest mercury coals that is widely commercially 
distributed in the country with in place studies indicating around 8.2 lbs/trillion BTU 
(PRB coal 12.6, Appalachian 15.4, Gulf Coast 36.4).  Post combustion systems are 
widely acknowledged to reach 75% mercury capture on Illinois coals compared to 
percentages about half that for PRB coals.  Illinois coal is also washed, a process likely to 
remove more mercury before fuel is burned than post-combustion clean-up systems can.  
With new cap and trade regulations for mercury any mercury avoided at any step in the 
process can be a savings to power generators, despite EPA’s current refusal to count coal 
washing as a best available control technology. 
 
In this work five Illinois coals were channel sampled in production areas of operating 
coal mines.  Samples and roof and floor rock were also collected for blending of out of 
seam dilution as indicated to be typical in organic efficiency studies on operating coal 
preparation plants.  The samples were divided into 3 gravity process size fractions and a 
flotation sized fines fraction.  The samples were processed by gravity or flotation to 
produce washability curves.  The mineral matter from the same fractions were also 
processed to obtain individual mineral samples for different potential mercury carriers.  
The mercury is carried primarily on calcite cleat fillings and in pyrite.  This distribution is 
especially favorable to high performance of washing in mercury removal.  Considering 
out of seam dilution (which is usually much higher in mercury than the coal), coal 
washing appears capable of removing 50 to 80% (lbs/trillion BTU basis) of mercury from 
the as mined coals studied.   
 
Because this work found that mercury washabilities were clearly predictable and 
measurable for Illinois coals, and because the technology is well demonstrated and 
usually economically justifiable to improve BTU and firing characteristics of coal this 
study concludes that coal washing should be considered a best available control 
technology for mercury. 
 
 

 
 



EXECUTIVE SUMMARY 
 

Illinois coal is in general one of the lowest mercury coals that is widely commercially 
distributed in the country with in place studies indicating around 8.2 lbs/trillion BTU 
(PRB coal 12.6, Appalachian 15.4, Gulf Coast 36.4).  Illinois coal is distinctly lower in 
mercury than most other bituminous coals and appears to be lower in mercury than coals 
coming from the Illinois basin outside of Illinois state boarders.  Mercury content varies 
from coal to coal and from region to region within the same coal and statements of 
general truth about the relative mercury content of Illinois coal compared to other coals 
should not be considered true of all coals or all cases. 
 
The work done in this study may indicate that EPA has failed to properly define best 
available control technology in its current mercury regulatory scheme for coal fired 
power plants and that this failing may be penalizing coal in general and Illinois coal in 
particular and may be limiting mercury reductions that can be made with existing 
technology at minimal cost.  EPA determined to consider only emissions controls on 
smoke stacks to be technologies capable of controlling mercury emissions from power 
plants.  When EPA was ask to consider coal washing as a control on mercury, EPA 
suggested that mercury removal in coal washing could not be quantified.  This work 
suggests that EPA’s reason for rejecting coal washing as a best available control 
technology is not valid.  Clear washability curves like those that have piloted sulfur and 
ash rejection in coal wash plants for decades were also produced for mercury, and most 
of the mercury in Illinois coal appears to be in mineral matter that can be rejected by 
washing processes. 
 
Five full channel samples were taken from operating Illinois coal mines and included 
both a high and a mid sulfur Illinois #5 coal, two samples of high sulfur Illinois #6 coal 
taken from opposite sides of a major channel formation, and one Illinois #7 coal.  Roof 
and floor rock was taken to allow out of seam dilution effects from mining to be 
included.  (Most previous studies examined mercury only from coal formations which 
does not reflect the actual product produced commercially).  These samples were crushed 
and divided into size fractions that roughly parallel common coal washing practices 
within the State of Illinois with plus 16 mesh, 16x48 mesh, 48x100, and 100x0 fractions.  
Sink Float Washability analysis was performed on all plus 100 mesh fractions.  The 
minus 100 mesh was subject to Advanced Flotation Washability.  The samples so 
produced were acid digested by EPA method 3052 which is a complete digestion and 
then analyzed for mercury by cold vapor Inductively Coupled Plasma (ICP) to get 
detection limits similar to ICP-MS in the 60 part per trillion range (solution basis).  
Detection limits for mercury in coal were about 1/8th the values common in earlier 
mercury in coal studies which provides better resolution and quantification of mercury in 
the concentration range for low mercury coals like Illinois coal.  With the improved 
analysis the procedure produced clear washability curves of the type now used to operate 
coal washing plants for sulfur and ash reduction.  The clarity of the curves suggests that 
with todays better analytical techniques the same practices used to quantify and control 
ash and sulfur reductions can be used for mercury reductions as well.  Using two previous 
organic efficiency studies of Illinois coal preparation plants the size fractions and out of 



seam dilution rock analyzed for mercury in this work was combined to quantify the 
amount of mercury reduction that should be achievable with the coals studied.  The 
results showed mercury reductions of 50 to 80% (lbs/trillion BTU dry basis) could be 
achieved with the majority of results showing over 70% reductions in mercury. 
 
The work examined the distribution of mercury through various mineral phases in the 
coal.  The same coals and size fractions were micronized, and then a mineral matter sink 
was prepared at 1.6 gravity.  The sink was profiled for density peaks and then mineral 
matter concentrates were taken at each density peak.  The material was subject to X ray 
fluorescence analysis to determine what elements were present.  The work suggested that 
even at micron sizes the mineral matter is not totally liberated but when selective acid 
leaching was used and then the X ray peaks were re-examined it was found that target 
mineral concentrates for clays (silicates), calcite, and pyrite were achievable.  These 
mineral fractions were sent for analysis using acid digestions targeted on the main 
mineral in each density fraction.  The digested samples were analyzed for both mercury 
and major elements associated with each mineral phase to determine what had digested 
and thus where the mercury had come from. 
 
The results of the mineral carriers work appears to indicate that mercury is carried by 
calcite cleat fillings and pyrite.  The distribution of mercury through the pyrite does not 
appear to be uniform.  The mercury carriers generally also show considerable trace lead 
and zinc which is consistent with a hydrothermal origin associated with the solutions of 
the Ozark uplift.  Mercury in Illinois coal is primarily associated with inorganics and roof 
and floor rock associated with out of seam dilution in general shows distinctly higher 
mercury concentrations than the coal itself. 
 
Coal washing appears to be more effective at removing mercury from Illinois coal than it 
is removing sulfur.  While Illinois coal has considerable organic sulfur and sulfur in 
microdispersed pyrite not reachable with coal washing this is not true of mercury which 
appears to have a strong inorganic affinity and to be placed in more easily liberated 
mineral positions and out of seam dilution.  Noting that post combustion scrubber and 
ESP systems are expected to produce about 60 to 85% reductions in mercury if used in 
the right configuration on Illinois coals, the results of these coal washing studies suggest 
that Illinois coal washing processes can produce greater reductions in mercury emissions 
to the atmosphere than post combustion clean-up systems.  Such a result certainly does 
not bode well for the idea of excluding coal washing as a best available control 
technology. 
 
Coal washing is a commercial ready (even traditional) and cost effective technology for 
reducing mercury.  The cost associated with coal washing has generally been found to be 
economically justifiable based on cost savings and performance improvements in power 
plants due to ash rejection.  The environmental and economic consequences of ignoring 
cost effective and commercially proven techniques for mercury coal can be considerable.   
Under coal rank definitions, Illinois coal is considered bituminous while Powder River 
basin coal is sub-bituminous.  Petrographically and apparently on the basis of mercury 
distribution the two coals are quite similar.  Given that mercury stack gas clean-up for 



PRB coal is often in the 35% effective range the favorable results for Illinois coal 
certainly suggest that coal washing should be considered an option for PRB coals.  The 
exact depth to which PRB coals can be cleaned of course also depends on the degree and 
sizes of liberation and mercury distributions in PRB coals probably differ just as they do 
in Illinois coal.  None-the-less the implication that coal washing can eliminate more 
mercury than post combustion clean-up may well be true for PRB coals also.  Studies by 
others have indicated that most of the mercury in the extremely mercury high gulf region 
lignites is coming from clays and partings which are quite likely removable by washing.  
We may be doubling mercury emissions from widely distributed coals on the mistaken 
belief that we lack practicable and cost effective technology to address the problem.  In a 
mercury credit capped world this environmental consequence also becomes an economic 
consequence to all in the form of higher credit prices and tighter supply. 
 
There is pressure to develop higher mercury control strategies to bring coal to the 90% 
control level of medical waste incinerators.  These technologies such as carbon 
adsorption will be very expensive (perhaps in the range of 75% or better of the cost for 
coal to run a power plant).  Coals that should not have to incur such costs are being 
pressured toward them.  While many coals including the PRB coals will probably have to 
rely to a degree on such technologies, other coals may not need them at all.  An Illinois 
coal with 60% mercury removal in washing and 75% in the scrubbers and ESPs will 
reach 90% mercury capture using existing technology, regulations, and economic needs 
that cover most costs. 
 
It is hoped that the Illinois Department of Commerce and Economic Opportunity will 
continue its efforts to have EPA recognize the existence of effective mercury control 
technologies and to have them included in the State’s own mercury regulatory program.  
It is hoped that the results of this work will assist the department in these efforts.
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OBJECTIVES 
 

Illinois coal is one of, if not the most mercury friendly coals available for power 
generation in the U.S.  Current regulatory schemes for mercury emissions from coal fired 
power plants give attention only to removal of mercury from stack gases and ignore the 
ability of mercury to be controlled more cost effectively by dealing in an optimal fashion 
with mercury at each step from mining to preparation to post combustion clean-up.  The 
most specific error of the current regulatory climate is that mercury reduction from coal 
cleaning is being disregarded because regulators have taken the erroneous view that 
mercury removed by coal washing is not quantifiable.  This error has several harmful 
results to society. 
 
(1)- Society is pushed toward expensive post combustion clean-up and excessive solid 
waste accumulations in order to achieve mercury control levels more cost effectively 
achieved with a comprehensive approach. 
(2)- Best Available Control Technology is being misdefined leading to significant 
increases in mercury emissions.  The citizens of Illinois are particularly being harmed 
because of unnecessary mercury credit costs, excess emissions, and economic losses from 
coal market losses fueled by defacto subsidies to out-of-state coal. 
(3)- Potentially usable coal combustion products are being loaded with mercury 
unnecessarily and in less natural and perhaps less stable forms. 
(4)- The public, coal mining companies, and coal users are being deceived and blinded to 
mercury control advantages that can be readily achieved with existing technology. 
 
This fourth point is economically relevant to all coal users in the power industry because 
while the Bush administration’s mercury program is a stack clean-up only program, users 
will ultimately be charged for mercury emissions, and failure to recognize other mercury 
clean-up approaches will place avoidable cost burdens on an already energy shocked 
society. 
 
The main objective of this study then is to demonstrate that coal preparation techniques 
currently used on Illinois coal can predictably, understandably and quantitatively make 
reductions in coal mercury similar in magnitude to those being considered in the three 
pollutant strategy of the Bush Administration. 
 
 

INTRODUCTION 
 
EPA has determined that atmospheric mercury emissions in the US are of a magnitude 
large enough to pose a health risk to the citizens and environment of the country.  Of 115 
tons of mercury emissions estimated annually by USEPA, 47 tons are attributed to coal 
fired electric utilities making them the single largest source of mercury emissions 
(although still much less than a majority).  Mercury occurs in US coals as a trace element 
in the parts per billion range.  When coal is combusted, much of the mercury is 
volatilized and potentially released to the atmosphere.  Once in the atmosphere it will 
usually be brought down by rain.  Mercury traces coming down in rain appear to be more 
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likely to form an organic mercury complex known as methyl mercury.  Methyl mercury 
has the ability to accumulate in animal fats and tissues.  Much of the harm results from 
methyl mercury accumulating in the tissues of fish living in ultra-trace contaminated 
water bodies.  Big fish eat little fish resulting in progressive concentration of mercury.  
Humans become the top-carnivore eating the largest and most contaminated fish, and 
while the mercury levels in the water are harmless, those in the fish can harm our most 
vulnerable populations, specifically pregnant women and young children undergoing 
significant brain development.  The result has been fish advisories in many bodies of 
water in the U.S. warning people that regular consumption of fish from these waters can 
lead to harmful mercury build-ups in the humans own tissues.  While mercury advisories 
have spread across U.S. water bodies like an epidemic since 1990, it is likely that these 
waters have had mercury problems for a long time and that it is the improved 
measurements and detection techniques and an awareness of the need to use them that 
have evolved in the last 15 years that have enabled us to detect and measure a pre-
existing problem.  Under the new mercury regulations promulgated by EPA, mercury 
emissions will be limited using tradable and marketable credits.  Power companies can 
limit mercury emissions and costs in several ways. 
 
They can Fuel Switch to low mercury coals.  The amount of mercury in coal is variable, 
but broad regional trends are apparent.  Using the USGS Coalqual data base Toole-
O’Neil and her colleagues (1999) found Powder River Basin coals to contain 12.6 lbs per 
trillion BTU, Western Interior Basin coals of the four corners region to contain 16.1 lbs 
per trillion BTU, Appalachian coal to contain 15.4 lbs/trillion BTU, and Gulf Coast 
lignites to contain a whopping 36.4 lbs/trillion BTU.  Of the heavily traded coals, the 
Illinois Basin came in with the best coal at 8.2 lbs per trillion BTU (a coal formation near 
the Uinta mountains near the Utah Wyoming boarder was lowest at 6.6).  Within the 
basins themselves Quick et al (2005) found trends, for example the Pennsylvania and 
Ohio Appalachian regions often contain in the 30 lbs/trillion BTU range while the 
southern West Virginia and Eastern Kentucky Appalachians contain around 6 to 9 
lbs/trillion BTU (Toole-O’Neil et al found 15.4 for the broad Appalachians).  The 
Powder River Basin may be high-grading the lowest mercury coals with their current 
production coming in at 4 to 5.8 lbs/trillion BTU rather than the basin norm of 12.6.  
Within the Illinois basin, Illinois coals often have about1/2 to 2/3 the mercury of those 
from Indiana and Kentucky.  The patterns clearly suggest that Illinois coal is one of the 
best mercury control bargains on the market. 
 
A second way to avoid mercury emissions is to wash the coal.  At least part of the 
mercury in coal is in its incombustible mineral matter which can be removed by the coal 
washing process.  Studies by EPRI have indicated for 25 years that the boiler 
performance improvements from using a washed coal product will usually more than pay 
the cost of washing so this source of mercury reduction is in the price range of free.  
Obviously the amount of mercury rejected will depend on how the mercury is carried in 
the coal but Toole-O’Neil et al (1999) found from a set of preparation plant samples that 
rejection averaged 37% with a range from 12% to 78% in the case of a coal carrying 
heavy mercury in coarse pyrite.  Quick et al (2005) compared the EPA ICR data from 
coal actually shipped to power plants versus in ground resources measured by ISGS and 
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found a 57% reduction (Quick’s data set would include the low mercury high grading 
going on in the Powder River Basin).  In an interesting contrast Quick found that 
emissions control strategies would on average produce 9% to 63% mercury reductions.  
Thus the mercury reductions that are possible from coal cleaning are of similar size to the 
post combustion controls the Bush Administration included in their 3 pollutant strategy.  
Both pre-combustion coal cleaning and post combustion capture in scrubbers and 
particulate control devices achieve mercury reductions as co-benefits of costs already 
incurred for other purposes.  It seems a strain that the Bush Administration defined post 
combustion clean-up devices as a Best Available Control technology and excluded a 
technology that made similar reductions at lower cost from even being counted in the 
regulatory scheme.  This apparent contradiction could be especially costly if an activated 
carbon technology (which could by itself be 75% or better of the cost of the coal itself 
Berkenpas et al 2001, Bensen 2003) is eventually favored over achieving the same total 
reduction percentages at no cost using coal washing.  The rationale for the obviously 
contradictory stand is given as a disbelief that mercury reduction in coal washing can be 
measured.  This study directly refutes the claim that coal washing mercury reductions 
cannot be measured or controlled. 
 
The last method by which mercury emissions can be reduced is to capture volatilized 
mercury from the stack gases on ash particle surfaces and in scrubber product.  
Ultimately some favor the huge expense of injecting activated carbon.  This is the only 
method the Bush Administration considered when it distributed an order of magnitude 
greater mercury allowances to western coals for which post combustion clean-up is 
ineffective.  Interestingly enough Toole-O’Neil (2005) found that these same almost 
regulatory exempt western coals may be carrying up to 50% of their mercury in pyrites 
and an additional up to 15% in silicates – either of which is potentially removable by 
washing processes that EPA ignored as Best Available Control Technology.  (Of course 
mercury credits are still a cash cost no matter how poorly EPA may have elected to 
distribute them so companies that ignore coal washing may do so at great cost). 
 
 

EXPERIMENTAL PROCEDURES 
 

The objective of this study was to quantify and demonstrate that quantification of 
mercury removal was possible for current Illinois coal washing processes and to do so 
from both a commercial and fundamental standpoint. 
 
 
Sample Collection and Initial Preparation 
 
Work began by taking full channel samples from Illinois coal mines as well as samples of 
the roof and floor rock.  (Because the ISGS Coalqaul data base contains only samples 
from the coal strata it cannot be used to consider out-of-seam dilution that occurs in real 
mining operations).  Five samples were taken. 
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Sample #1 is a High Sulfur Illinois #5 coal. 
Sample #2 and #3 are high sulfur Illinois #6 coal samples taken at the largest separation 
practical in a large Illinois coal mine. 
Sample #4 is an Illinois #7 coal (also called the Danville). 
Sample #5 is a Low Sulfur Illinois #5 coal. 
 
Full Channel samples were taken from within Illinois coal mines for the coal and samples 
of similar area (though not height) were taken directly above and below the channel 
samples going into the roof and floor.  For initial preparation the coal was crushed to 
minus -1/4 inch in a jaw crusher.  Material passing ¼ inch was not re-crushed to avoid 
over-grinding.  Material not passing ¼ inch was sent through the crusher again.  The size 
limitation was driven by the need to take representative samples and splits and by the fact 
that the majority of coal marketed is crushed with the majority of that coal being less than 
½ inch.  The roof and floor rock was also crushed in like manner to facilitate splitting and 
sampling. 
 
Figure 1 below illustrates the tests and procedures run on the coal and roof rock samples 
that were prepared. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – Project Test Matrix 
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As indicated by the figure a sample of the coal and roof and floor rock was taken using 
initial cone and quarter methods and then splitters.  The samples so taken were subject to 
an EPA 3052 digestion and analyzed for mercury by cold vapor ICP.  An EPA 3052 
digestion involves digestion in an HF, HCl, and Nitric acid cocktail under microwave 
conditions.  EPA considers this to be a total digestion method.  Cold Vapor ICP is similar 
to Cold Vapor AA except that Cold Vapor AA has a detection limit for mercury in 
solution of 200 parts per trillion while Cold Vapor ICP detects at 60 parts per trillion, 
which is similar to ICP-MS.  Obviously emission techniques enjoy a much larger more 
stable linear range than adsorption techniques.  Detection limit is important because acid 
digestions dilute the solid mercury concentration into a larger solution volume and 
concentrations from spectrophotometric methods usually do not become quantitative until 
about 5 times the detection limit.  The lower detection limit may explain some of the 
improved accuracy seen in this work. 
 
The whole coal and rock samples also received a Proximate, BTU, and sulfur forms 
analysis.  Obviously this permits mercury to be measured in lbs/trillion BTU and for 
correlations to be developed against mineral matter and pyrite.   
 
 
Size Fractioning of Coal 
 
The crushed coal was sized to match the typical size split points used in Illinois coal 
preparation plants.  Since most coarse coal circuits have around a 16 mesh bottom size 
one of the fractions screened was plus 16 mesh.  The heavy media cyclones usually 
process down to about 28 to 48 mesh.  Thus a second size split was 16 to 48 mesh.  The 
finer fractions down to about 100 mesh are routinely processed in Illinois using spirals 
(some mines use cyclones all the way down to 100 mesh).  Thus there was a 48 to 100 
mesh fraction.  Since spirals and other standard gravity processes do little separation 
below 100 mesh, Illinois preparation plants that recover the fines normally do so by 
flotation.  The minus 100 mesh was thus the 4th size fraction.  The 16 and 48 mesh 
screening was done dry.  Of course at 100 mesh it is impossible to get a true size 
separation without wet screening.  Where wet screening was used water samples were 
taken to determine whether any mercury loss to water had occurred.  Each of the coal size 
fractions received acid digestion, mercury analysis, prox, BTU, and sulfur forms analysis 
like the whole coal. 
 
The coal samples in each size fraction were split to two different laboratory routines.  
One set of samples was subject to commercial like tests such as sink float and advanced 
flotation washability, while another split was used for fundamental mineralogical 
analysis.  The intent of the separation is identify practical results in terms of the ability 
for coal preparation to remove mercury while providing a fundamental scientific 
understanding of the process at the same time. 
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Identification of Mercury Carrier Phases 
 
The first set of samples went for fundamental analysis to identify the minerals that were 
carrying the mercury.  Patterns seen here indicate the fundamental reasons that 
conventional coal washing either can or cannot be expected to capture significant 
mercury.  The coal samples used to analyze for mercury carriers were first micronized to 
achieve maximum possible phase liberation.  It should be understood that the original 
size separation remained – thus the plus 16 mesh sample or a given coal was separate 
from the minus 100 mesh sample even after both samples were reduced to micron size.  
One must consider that size break-up may be influenced by mineral size and structure.  
Illinois coal contains syngenetic minerals deposited with the coal as it was being formed. 
Additional minerals (epigenetic) were deposited in the coal cleats sometime after the coal 
was formed.  The epigenetic minerals are thought to be brought into the coal by 
circulating groundwater or hydrothermal solutions. The cleat filling minerals by virtue of 
their position along planes of weakness in the coal have been found to be more easily 
removable in coal cleaning processes. 
 
Following micronization the samples were sink/floated in a centrifuge at 1.6 gravity.  
This step produced a mineral matter and a coal fraction.  The mineral matter fraction was 
then separated into specific mineral fractions with the density gradient centrifugation 
process (DGC).  The DGC process produces a density profile of the mineral matter.  The 
mineral matter in Illinois coal consisted of silicates (mostly clays), calcite, and sulfide 
minerals.  Each mineral has a characteristic density.  Of course one understands that clay 
is not a single mineral and thus does not have a single characteristic density.  The density 
peaks were identified and the mineral matter by density fraction was captured on filters.   
 
The theoretical effect of the above procedure is to produce pure specimens of the 
minerals from each size fraction.  Obviously if this can be done one can then digest and 
analyze for mercury and pin-point the mercury carriers in the coal mineral matter.  Since 
standard coal preparation devices do not cut to perfect precision at a particular density 
this information can be used with real device partition curve data to predict cleaning 
ability in a variety of commercial coal cleaning devices. 
 
To determine whether the mineral samples produced by the micronized DGC technique 
were pure the samples were subject to SEM analysis to determine elemental composition 
and to Xray fluorescence analysis to identify minerals present.  When peaks were found 
to contain mixed phases even after micronization, selective acid baths were added.  As an 
example, if a clay fraction contains stray calcite hydrochloric acid treatment was used to 
dissolve the calcite out and leave the clay untouched. Scanning electron microscopy 
(SEM) analysis was used to check for purity. 
 
While the DGC fractions produced were highly enriched in the minerals anticipated for a 
given weight fraction, analysis indicated that they should not be considered pure.  One 
possible response was to acid pretreat to dissolve out the stray mineral.  This procedure, 
however, was subject to the risk extra acid treatment might somehow be selective for and 
remove mercury from the size fractions.  Instead the material chosen for analysis was 
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pulled as much as possible from the weight peak of each density fraction.  The silicates 
always formed a clear distinct peak and the silicate sample was pulled directly from this 
peak.  Calcite formed a much less clear peak and at times no real peak at all.  Calcite was 
therefore pulled from the density fraction around 2.75.  The entire 2.8 sink was captured 
since at that density was found to consist of sulfide minerals.  For the enriched but not 
necessarily 100% pure mineral samples so collected the decision was thus made to retain 
the microwave digestion of EPA 3052 but to use acids chosen to selectively attack the 
target mineral in a density fraction.  Thus silicates were treated only with HF, calcite only 
with HCl and sulfides only with nitric.  Each acid performs well at dissolving a particular 
mineral fraction, but rather poorly at dissolving other minerals.  To identify the 
effectiveness of the acids in selective digestion each dissolved sample was analyzed for 
elements other than mercury.  Aluminum would be common for a silicate, but rather 
unusual for pyrite or calcite.  Calcium could come from silicates but would be especially 
likely to come from calcite.  Sulfur might show up in trace amounts for some silicates but 
would be very common for sulfide minerals.  For reasons discussed in the results area, 
lead and zinc were added to some later analysis.   
 
 
Commercial Washability Studies 
 
For the sample material moving to commercial type testing the plus 16 mesh, 16X40 
mesh, and 40X100 mesh samples were processed by sink float.  A liptinite and vitrinite 
maceral rich and mineral poor fraction was floated at 1.25 gravity.  Another fraction was 
the 1.25 to 1.5 gravity float.  This was a vitrinite and intertinite fraction and represents 
the bulk of the coal floated in a typical gravity based cleaning process on Illinois coal.  
Most preparation plants will set their gravity circuits for around a 1.5 to 1.65 gravity split 
and the yield results correspond closely to an effective separation occurring at 1.5 
gravity.  Another size fraction was the 1.5 to 1.65 gravity float.  This material will be 
mixed phase with a higher content of inertinite.  It is the marginal material that a coal 
preparation plant may either be set to take or reject.  Another fraction was taken from 
1.65 to 2.8.  This fraction will be most of the mineral matter including calcite, silicates, 
and clays.  The last fraction is the 2.8 sink which will be mostly pyrite or other sulfides.  
Finkleman (1980) suggested that most of the mercury in coal is in this fraction associated 
with the pyrite.   
 
The minus 100 mesh fraction was processed by Advanced Flotation Washability.  This 
procedure was first developed and supported under ICCI as an adaptation for the old 
release analysis procedure using flotation cells (Advanced Flotation Washability uses 
columns which have better separation of minerals in the froth phase).  The AFW method 
divided the samples into 6 fractions according to their hydrophobicity (flotation separates 
small particles with surface chemistry rather than product density). 
 
The splits obtained by the above methods were taken weighed, dried and reweighed, and 
then subject to acid digestion under EPA method 3052 and cold vapor ICP analysis.  
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Considerable care was taken with acid purity.  The acids were prepared from the purist 
feedstocks and then double distilled.  The acids used in this work had less than 100 parts 
per trillion of mercury.  Acid grades previously available were generally limited to 
purities in the 10 part per billion range.  Obviously when one is diluting 20 to1 with acids 
and dealing with solids that may carry in the 100 part per billion range for mercury, the 
purer acids are required to keep the background mercury to acceptable limits. 
 
 

RESULTS AND DISCUSSION 
 
 

The Distribution of Mineral Matter in Coal 
 
This work and most previous studies suggest that the greater part of the mercury in most 
bituminous and sub-bituminous coals of the U.S. is located in the mineral matter rather 
than organically bound to the coal itself.  Conventional coal preparation techniques are 
potentially effective at removing incombustible material from coal and thus the mercury 
it contains.  Coal washing, however, is not equally effective at removing all sources of 
mineral matter in the coal. Incombustible material gets into preparation plant feedstocks 
or raw coal in a variety of ways.  The most important is as mined roof or floor rock.  Coal 
mining today is highly automated and the machines used are powerful enough to tear 
through both rock and coal.  So called “out of seam dilution” gets into the raw coal 
stream when the equipment cuts into the roof or floor or when the roof slabs and falls into 
the coal while it is being mined.  Out of seam dilution is very significant in the Illinois 
basin for while the Illinois Geologic Survey has found 16% ash to be common of Illinois 
basin coals, most coal preparation plants see ash contents of 28 to 52%.  The discrepancy 
is mostly out of seam dilution. 
 
Commercial mining equipment today is rather indiscriminant.  Coal seams may contain 
small intervals of mostly shale that are sometimes called partings.  The Illinois #6 coal 
contains a small band called “the blue band” that persists over much of the basin.  Parting 
intervals usually are not mined around today.  Most of the mines with 50% range ash in 
fact are mining parting bands with the coal.  None of the samples taken for this study 
contained particularly obvious partings and the channel samples were taken evenly from 
the bottom to the top of the seam.   
 
Out of seam dilution and parting material is usually physically distinct and heavier than 
the coal with even coarse crushing.  Gravity based processes used in coal preparation are 
usually quite effective in removing it except that floor and degraded roof may appear as 
fine clay particles that move with the wash water.  Most Illinois coal preparation plants 
containing sliming procedures that wholesale reject fine particles, thus rejecting most 
clay on the basis of size.  Where flotation is used flotation processes easily reject clay 
except for that portion that is entrained with the wash water and goes wherever the wash 
water goes.  
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In this study, one of the exercises undertaken was to predict the percentage of mercury 
that would be rejected by a coal preparation plant.  For this exercise two full organic 
efficiency studies from Illinois coal preparation plants were used for calibration.  The ash 
content of the coals that were determined from the proximate analysis on the coal.  The 
ash content of a raw preparation plant feed came from the organic efficiency studies.  The 
out of seam dilution was assumed to come 70% from the roof and 30% from the floor.  
Coal preparation plants were modeled as fully effective in rejecting out of seam dilution 
which is usually quite close to the truth in a commercial wash plant. 
 
Mineral matter in coal, particularly pyrite, can occur in three basic ways.  Some mineral 
matter especially silica and sulfur (eventually transformed into pyrite) are inherent in the 
plant material itself. The pyrite in this case tends to occur mainly as small euhedral 
crystals that are very difficult to liberate and to separate from the coal. A second way is in 
cases where seawater has infiltrated into the peat soon after deposition and because of its 
much higher sulfate content compared to freshwater sea significant amounts of pyrite 
have been formed. It has been reported that non marine #6 coal typically has less than 1.5 
% sulfur the marine influenced coal typically has 5% or more sulfur (Kravits and 
Crelling, 1981). This type of pyrite tends to occur more as framboids, void fillings, and 
massive forms and is much easier to liberate and separate than the small euhedral crystals 
mentioned above.  The third way that mineral matter, especially pyrite occurs in coal is as 
cleat fillings.  In this case either circulating groundwater or hydrothermal solutions 
deposit minerals in the cleat system of the coal at some time after the peat has been 
turned into coal and cleats have developed. This type of deposition is called epigenetic. It 
has been widely observed that calcite is the most common epigenetic mineral in Illinois 
coal alone with pyrite and some clay minerals.  In some cases zinc and other economic 
minerals have been reported (Gluskotter, 1977) .  The Illinois basin was close enough to 
the Ozark uplift to have been effected by some of the processes including mineral 
deposition from hydrothermal solutions.  As it became clear during the course of this 
study that mineral matter from hydrothermal deposition might be involved with mercury 
lead and zinc were added to later analysis to see if signature minerals associated with the 
hydrothermal activity of the uplift were present.  Cleat filling minerals can play a 
particularly interesting role in coal washing.  This mineral matter is physically distinct 
from the coal and thus more likely to be liberated.  It is also located on pre-existing 
fractures where the coal is particularly likely to break during crushing providing direct 
exposure of the mineral matter.  This mineral matter may break away from the rest of the 
coal as finer particles and although the process is not unique to cleat fill minerals it may 
fall through screens and move from one size fraction to the other. 
 
Remembering the work of previous authors suggesting pyrite as the main carrier of 
mercury, one might find that mercury removal from Illinois coal could face limitations 
similar to those found in desulfurization.  Most Illinois coal washing plants reject only in 
the 34 to 37% of sulfur range.  Microdispersion of pyrite is a major cause of the 
difficulty.  Indeed sulfur considered “organic” in many sulfur forms analysis is in fact 
microdispersed and encapsulated pyrite.  Organic sulfur is calculated as the portion of 
sulfur not removed by acid solutions, however, the acid solutions have no access to pyrite 
protected by the organic matrix of the coal resulting in a misleading view of “organic 
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sulfur”.  From a practical standpoint the test makes physical sense because whether the 
sulfur is chemically bound to or only protected by the coal matrix a physical cleaning 
process cannot get to it. 
 
 
Fundamental Mercury Distribution Studies 
 
One of the efforts of this work was to understand how mercury was distributed in the coal 
in order to better understand how well or reliably it could be removed by coal washing. 
Previous studies have attempted to determine mercury or other trace element carriers by 
strictly stage digesting whole rock or coal samples.  Common analytical techniques 
included use of Ammonium Acetate to break organics, followed by HCl to break the 
carbonates, followed by HF to break the silicates, followed by HNO3 to break the 
sulfides.  This work included uniquely more careful work to isolate the mineral carriers.   
Each coal fraction was micronized and then mineral peaks were separated and isolated 
using a centrifuge.  The next task then is to examine the purity of the mineral samples so 
obtained. 
 
 The #6 coals have been characterized first.  In these coals one of the findings is that 
mineral matter particles are frequently mixed phase even after micronization.  When the 
1.6 sink from this coal (mostly mineral matter) was profiled, peaks were found at 2.336, 
2.485, and 2.745 gravities.  The density medium used in the density gradient centrifuge 
work was sodium polytungstate so about 2.8 was the highest gravity achievable while 
still keeping the medium thin enough to allow good separation.  One would expect the 
highest two peaks to be clay, the 2.745 peak to be calcite, and of course the 2.8 sink to be 
pyrite.  The X-ray signature for the 2.336 fraction is shown below in Figure 2. 
 

 
 
Figure 2 – X ray fluorescence signature from High Sulfur Illinois #6 coal taken south of 
channel, -100 mesh size fraction after micronization, 2.336 gravity peak. 
 



 11

The silica and alumina peaks almost certainly indicate clay which would be expected in 
this density range.  The sample is unlikely to be pure, however.  A calcium peak, is likely 
calcite (although calcium can occur in clays).  The iron and sulfur peaks are probably 
pyrite, although iron can also occur in clay.  The C and O peaks may indicate residual 
coal traces remaining locked in the predominantly mineral matter material.  Figure 3 
shows the same size fraction after a leach step with HCl (which should dissolve the 
calcite). 
 

 
Figure 3 – X ray fluorescence signature from HS #6 coal south of channel 2.336 gravity 
peak after HCl. 
 
The disappearance of the calcium peak leaves little doubt of calcite.  Of course the HCl 
would not be expected to and apparently did not eliminate pyrite. 
 
Figure 4 shows the 2.745 density peak for the minus 100 mesh fraction of the high sulfur 
#6 coal located south of the channel.  The fraction would be expected to be calcite. 
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Figure 4  X ray fluorescence signature 2.745 density peak from minus 100 mesh fraction 
of #6 coal taken south of channel. 
 
Again the X ray analysis indicates that even after micronization that mineral phases 
remain at least partially locked.  The silica and alumina peaks that characterized the clays 
are weaker but still present and there is a clear presence of iron and sulfur indicative of 
pyrite.  Figure 5 below shows the same fraction after an HF leach.  
 

 
 
Figure 5 – X ray fluorescence signature 2.745 density peak like Figure 4 following 
treatment with HF. 
 
The HF leach would be expected to remove clays as indeed the silica and alumina peaks 
appear to be almost completely eliminated.  It is interesting to note that iron peaks have 
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also weakened but not sulfur.  This could indicate that at least part of the iron content 
being indicated was from iron in clays rather than iron in pyrite.  Figure 6 shows the 2.8 
sink from the high sulfur Illinois #6 taken south of the channel and from the minus 100 
mesh fraction. 
 

 
Figure 6 – X ray fluorescence signature of 2.8 sink from minus 100 mesh fraction of 
High Sulfur #6 coal taken south of channel. 
 
The elemental signature and density leave little doubt of relatively a pure pyrite fraction. 
 
Illinois #6 coal from north of the channel was also analyzed.  The 1.6 sink from the 
minus 100 mesh fraction of this coal produced peaks at 2.24, 2.36, 2.47, 2.57, 2.77, and 
of course a 2.8 sink.  The 2.36 peak is shown in Figure 7 for comparison. 
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Figure 7 – X ray fluorescence signature of High Sulfur Illinois #6 coal from near but 
north of the channel, Minus 100 mesh fraction 2.36 density peak. 
 
As was found for the 2.34 density peak on the Illinois #6 coal taken south of the channel 
this fraction appears to be clay and calcite still interlocked.  As with the corresponding 
peak for the #6 coal south of the channel the calcium peak is eliminated with an HCl 
leach.  The fraction seams to show a lesser pyrite contribution.  Figure 8 shows the 2.8 
sink fraction of the minus 100 mesh fraction of the #6 coal taken just north of the 
channel. 
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Figure 8- X ray fluorescence signature of High Sulfur Illinois #6 coal north of channel 
minus 100 mesh 2.8 sink. 
 
The 2.8 sink from this coal seems to be slightly less pure in pyrite than was the case with 
the #6 coal taken south of the channel since calcium peaks remain quite clear.  Another 
interesting observation is that this sample appears to be highly contaminated with 
tungsten.  All samples were washed by the same procedure following centrifuging to 
remove residues of the sodium polytungstate density medium.  Several other density 
fractions on this coal also show tungsten.  It has been alleged that mercury in some 
bituminous coals is of secondary origin and was added to pyrite.  This may be a coal 
pyrite sample that was able to rapidly take in tungsten from the surrounding medium 
which suggests that the alleged process of secondary metal addition may have some 
merit. 
 
The X ray signatures suggest that the process by which this study accumulated its mineral 
mercury content results is valid.  The density fractions clearly did produce fractions 
highly enriched in the minerals that would be expected.  The 2.24 to about 2.57 density 
peaks are heavily clays.  Peaks around 2.75 are heavily calcites, and the 2.8 sink is 
heavily pyrite.  The micronization of these samples has produced distinct, but not 
complete mineral liberation.  For this reason the mercury analysis on these fractions used 
specific acids for specific density fractions.  Clay rich fractions were digested by HF 
only.  Calcite rich fractions were digested by HCl only.  Pyrite rich fractions were 
digested by HNO3 only.   
 
 
A Fundamental Look at Mercury Carrier Minerals 
 
1.6 gravity sinks for each size fraction of each coal were processed to isolate three 
mineral groups, silicates (mostly clays), calcites (mostly cleat fillings), and sulfides 
(mostly pyrite).  Table 1 below presents the results for the Illinois #5 High Sulfur coal. 
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Table 1  Mineral Carriers in Illinois #5 High Sulfur Coal 
 

H igh Sulfur Illino is #5
+16 M esh Fraction

Ash 16.74 11.317 N on Pyritic  Ash%
Pyritic 2 .9 5.423 Pyrite  %
O rg+Sulf 3 .11 5.8157
Tota l 4 .71
H g w hole 92 ppb
H g (ppb) S% FeS2 pos A l % C a% Pb (ppb) Zn (ppb)

S ilica te <100 0.099 0.185227 8.051 0.1198 74000 16000
C alc ium 2170 1.0361 1.938519 0.0939 3.4205 9000 <500
Pyrite 2700 47.65 89.15202 0.079 0.0611 396000 1511000

16X48 M esh Fraction
Ash 14.32 10.954 N on Pyritic  Ash%
Pyritic 1 .8 3.366 Pyrite  %
O rg+Sulf 2 .02
Tota l 3 .31
H g W hole 55 ppb
H g (ppb) S% FeS2 pos A l% C a% Pb (ppb) Zn (ppb)

S ilica te <100 0.0364 0.068104 6.534 0.0624 72000 19000
C alc ium <100 0.8907 1.666479 <0.0001 2.1362 139000 <500
Pyrite 2660 45.035 84.25942 0.0176 0.0241 536000 1269000

48X100 M esh Fraction
Ash 14.34 10.7496 N on Pyritic  Ash%
Pyritic 1 .92 3.5904 Pyrite  %
O rg+Sulf 2 .24
Tota l 4 .04
H g W hole 102.92 ppb
H g (ppb) S% FeS2 pos A l % C a%

Silica te 1420 0.2313 0.432757 5.8955 0.2388
C alc ium 2380 0.7592 1.420445 0.184 11.1196
Pyrite 2630 38.2633 71.58973 0.0275 0.1476

-100 M esh Fraction
Ash 16.42 12.119 N on Pyritic  Ash%
Pyritic 2 .3 4.301 Pyrite  %
O rg+Sulf 1 .56
Tota l 3 .86
H g W hole 41.5 ppb
H g (ppb) S% FeS2 pos A l % C a %

Silica te 80 0.1516 0.28364 0.822 0.0678
C alc ium 530 0.5674 1.061592 0.1189 5.0735
Pyrite 1650 23.1238 43.26408 0.0983 4.5832

 
 
In examining the table one point that stands out rather clearly is that calcite is a mercury 
carrier yielding very high mercury concentrations even though only a limited amount of 
the calcite weight fraction dissolved as calcite.  This finding is unique in the literature on 
mercury distribution and in some cases might even seem to challenge Finkelman’s 
findings that pyrite is the major carrier.  It is tempting to dismiss the mercury results for 
calcite as being the result of pyrite impurities, however, if HCl really did dissolve pyrite 
there would be sulfur in the solution.  A quick inspection of the pyrite mercury 
concentrations and the sulfur found in the pyrite and calcite fractions quickly rules out the 
pyrite impurity explanation.  Because calcite in Illinois coal occurs almost exclusively as 
cleat fillings, finding high mercury in the calcite implies mercury infiltrating at an 
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epigenetic stage.  This implication was one of the reasons for adding lead and zinc to 
later analysis.  Fairly high lead and zinc levels in the samples favor the theory that the 
hydrothermal solutions associated with the Ozark uplift were mercury carriers.  This has 
interesting implications for mercury removal in coal washing because if the minerals 
coming in with the hydrothermal solutions are heavy mercury carriers, then high mercury 
concentrations will be in cleat fillings that are far easier to clean in coal washing than the 
mineral matter in general. 
 
Pyrite is also implicated as a major mercury carrier, which is in keeping with the 
Finkelman school of thought.  It is interesting to note that the mercury concentration in 
pyrite is not uniform across the size fractions. Also significant are the lead zinc signatures 
on the sulfide fraction that imply a hydrothermal origin. 
 
The #5 Low Sulfur Coal interestingly enough has the same mercury in calcite and pyrite 
pattern just discussed for the number 5 High Sulfur Coal.  The data is not repeated in this 
report due to space limitations.   
 
Although not given here the calcite fractions were generally only about 20% or less the 
size of the pyrite fraction so despite the high mercury in calcite concentrations the data 
does not refute Finkelman’s claim of pyrite as the single most important mercury carrier. 
 
Nor does calcite appear to be a universal mercury carrier in all Illinois coals as can be 
seen from the pattern in the High Sulfur #6 coal (Table 2) taken well south of a channel 
and in a marine influence zone. 
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Table 2 – Mercury Carriers in Illinois #6 High Sulfur Coal taken South of the Channel. 
 

High Sulfur Illinois #6  South of Channel
+16 Mesh Fraction

Ash 14.21 10.844 Non Pyritic Ash%
Pyritic 1.8 3.366 Pyrite %
Org+Sulf 3.84
Total 5.64
Hg whole 44 ppb
Hg (ppb) S% FeS2 pos Al % Ca% Pb Zn

Silicate <100 0.5385 1.007521 31.97 1.249 284000 64000
Calcium <100 0.6147 1.150089 <0.0001 17.2382 <1000 <500
Pyrite 860 40.25 75.3068 0.0138 0.2902 120000 539000

16X48 Mesh Fraction
Ash 17.35 14.732 Non Pyritic Ash%
Pyritic 1.4 2.618 Pyrite %
Org+Sulf 3.44
Total 4.84
Hg Whole 92 ppb
Hg (ppb) S% FeS2 pos Al% Ca% Pb (ppb) Zn (ppb)

Silicate
Calcium <100 1.2307 2.302611 0.051 11.5147 20000 <500
Pyrite 810 36.243 67.80979 0.0305 0.3496 111000 4941000

48X100 Mesh Fraction
Ash 17.32 13.767 Non Pyritic Ash%
Pyritic 1.9 3.553 Pyrite %
Org+Sulf 3.26
Total 5.16
Hg Whole 62 ppb
Hg (ppb) S% FeS2 pos Al % Ca%

Silicate 0 0.1705 0.319001 6.25 0.1438
Calcium 0 0.5523 1.03334 0.2674 30.9041
Pyrite 2530 31.3715 58.69533 0.0643 1.5713

-100 Mesh Fraction
Ash 25 22.008 Non Pyritic Ash%
Pyritic 1.6 2.992 Pyrite %
Org+Sulf 3.77
Total 4.37
Hg Whole 33 ppb
-100 ppb S% FeS2 pos Al % Ca %

Silicate 370 0.1044 0.19533 6.8059 0.029
Calcium
Pyrite 3480 34.4196 64.39826 0.1426 0.4888

 
 
As can be seen from the data the calcite does not appear to be carrying much of the 
mercury in this sample and mercury seems to be confined almost entirely to the pyrite.  
Like the previous coal not all the pyrite appears to be equal in mercury content.  In this 
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case there is a distinct trend of the finer size fractions to have more mercury enriched 
pyrite. The #7 Coal was a rather mercury high specimen and seems to show mercury 
almost everywhere.  Table #3 below shows the results of the analysis. 
 
Table #3- Mercury Carriers in Illinois #7 Coal. 
 

High Sulfur Illinois #7 Coal
+16 Mesh Fraction

Ash 13.81 4.647 Non Pyritic Ash%
Pyritic 4.9 9.163 Pyrite %
Org+Sulf 4.45
Total 9.35
Hg whole 269 ppb
Hg (ppb) S% FeS2 pos Al % Ca% Pb Zn

Silicate <100 0.4128 0.772339 6.654 0.0463 94000 8000
Calcium <100 1.3842 2.589805 <0.0001 7.2452 87000 <500
Pyrite 1700 48.1114 90.01529 <0.0001 0.0247 630000 42000

16X48 Mesh Fraction
Ash 13.57 6.09 Non Pyritic Ash%
Pyritic 4 7.48 Pyrite %
Py+Sulf 2.18
Total 6.18
Hg Whole 71 ppb
Hg (ppb) S% FeS2 pos Al% Ca% Pb (ppb) Zn (ppb)

Silicate 200 0.5463 1.022114 7.2328 0.2569 81000 23000
Calcium 8330 2.353 4.402407 <0.0001 6.9734 32000 <500
Pyrite 2520 44.8862 83.98102 0.0086 0.1133 345000 58000

48X100 Mesh Fraction
Ash 14.21 7.852 Non Pyritic Ash%
Pyritic 3.4 6.358 Pyrite %
Org+Sulf 3.16
Total 6.56
Hg Whole 98 ppb
Hg (ppb) S% FeS2 pos Al % Ca%

Silicate 3980 1.5445 2.889723 6.7863 0.0788
Calcium 2005 1.1988 2.242926 0.1332 0.0666
Pyrite 3001 25.7336 48.14696 0.0847 0.0649

-100 Mesh Fraction
Ash 17.19 6.344 Non Pyritic Ash%
Pyritic 5.8 10.846 Pyrite %
Org+Sulf 2.55
Total 8.35
Hg Whole 327 ppb
Hg (ppb) S% FeS2 pos Al % Ca % Pb Zn

Silicate
Calcium
Pyrite 840 43.1128 80.66303 0.0035 <0.0001 439000 156000  
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The data appears to show that all minerals may be mercury carriers but that the tendency 
is very non-uniform across size fractions.  The 100 mesh screening on the coals had to be 
done wet and the wash water was analyzed for mercury content.  The #7 coal sample 
seemed to behave differently in that it released more mercury into the wash water than 
any other sample. Even in this case none of the wash water had enough mercury in it to 
affect the total mercury results. (The wash water was weighed so some mass balancing 
can be done). The #6 coals which seem to carry their mercury almost totally in pyrite 
showed no tendency to leach mercury during washing (the wash water was non-detect for 
mercury). 
 
The #7 coal also appears to show a lead zinc signature suggesting mercury addition from 
hydrothermal solutions possibly associated with the Ozark uplift.  If one considers this 
possibility it will rapidly be noticed that mercury does not correlate exactly with lead and 
zinc.  Indeed the calcite minerals that have carried mercury seem to be a little lower in 
lead and zinc than other minerals.  If one remembers that most mineral deposits created 
by hydrothermal solution are deposited in phases and that calcite solutions are frequently 
weaker in terms of metals deposition the result will seem less curious. 
 
 
Fundamentals Implications for Coal Washing 
 
An important factor favoring coal washing to be a high performer in mercury is that the 
roof and floor rocks are generally higher in mercury than the coal.  Such a result would 
not be surprising for a highly inorganically correlated trace element.  Table 4 below 
shows the preferential concentration mercury in the out of seam dilution rock (which will 
also be especially effectively removed by coal washing). 
 
Table 4- Mercury Content in Whole Coal, Roof and Floor Rock 

Hg (ppb) Ash Vol C BTU Pyritic Organic Sulfate Total Sulfur
#5 High Sulfur Coal 83 16.22 36.11 47.67 11762 1.3 4.12 0.12 5.54

Roof 296 86.91 10.07 2.97 1255 6.2 0.32 0.4 6.92
Floor 100 91.95 7.12 0.93 974 2.17 nd 0 2.17

#6 High Sulfur (south) 52 17.65 36.57 45.78 11313 1.6 3.29 0.5 5.39
Roof 195 87.65 7.41 4.74 1482 2.3 0.34 0.44 3.08
Floor 268 78.57 14.16 7.27 2490 2.1 0.61 0.49 3.2

#6 High Sulfur (north) 51 20.1 35.82 44.08 11098 2.5 3.06 0.44 6
Roof Thick coal no roof exposed 0
Floor 260 84.73 9.7 5.57 1503 1.2 0.9 0.29 2.39

#7 High Sulfur Coal 228.4757 15.44 35.58 48.99 11940 5.1 1.79 1.01 7.9
Roof 194 0
Floor 49 89.72 8.43 1.85 1166 1.6 0.6 0.33 2.53

#5 Low Sulfur Coal 49 7.96 36.18 55.87 12809 1.4 3.25 0.11 4.76
Roof 75 92.7 7.3 0 888 0.1 0.02 0.33 0.45
Floor 76 93.34 6.39 0.27 808 0.3 0.01 0.04 0.35  

 
 
One observation of interest from the table is that while the mine producing low sulfur #5 
coal normally produces low to mid sulfur coal, this particular sample comes from an area 
where there was greater marine influence. 
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Commercial Washability of Illinois Coal 
 
This work extended the fundamental work just discussed to take measurements by 
methods of typical coal washing.  One of the weaknesses of previous studies of 
commercial washability of mercury is that they either only consider the coal without out 
of seam dilution or they involve spot collection samples in a coal preparation circuit with 
those samples almost always taken past the initial breakers (which usually reject a portion 
of the out of seam dilution rock).  Work by Quick et al. (2005) compared mercury in coal 
shipments to the USGS coal qual database.  Obviously such work will not provide 
information on mercury rejection because the initial mercury content is based on channel 
samples or core samples and the final product is based on commercial shipments of as 
mined and processed coal.  Toole-O’Neil et al (1999) had limited samples of plant feed 
and product coal to provide limited estimates.  This project was never set up as a full 
scale mass balance through a preparation plant as would be done in an organic efficiency 
test, but it does have size by size mercury analysis and roof and floor samples.  Results of 
actual organic efficiency testing at commercial coal preparation plants will be used to 
balance this fundamental data and provide an indication of the mercury rejection being 
broadly achieved in the Illinois coal basin.  
 
In this work the coarsest 3 fractions were subject to sink float analysis and the fines to 
AFW tests.  To handle out of seam dilution with more than just spot samples from a 
preparation plant two full organic efficiency studies were used to calibrate the amount of 
out of seam dilution to infer for mercury rejection studies.  The guide data obtained from 
the two organic efficiency studies used in preparing this report indicate about 32% as a 
typical raw coal ash, but the Illinois State Geologic Survey has found 16% to be more 
typical of the in situ ash in the actual coal seams.  This suggests that the out of seam 
dilution rate typical for an underground mine is about 20% in cases where top is 
reasonably good and seam thickness in normal for the Illinois Basin.  Organic efficiency 
in the studies was 90% which is similar to values commonly quoted in Illinois.  The 
corresponding yield at 10% product ash would be about 67% which is also reasonable for 
the basin.  A 67% yield corresponds closely to an effective 1.5 gravity cut on the feed 
coal.  These values were thus used to model the actual mercury rejection that could be 
expected in a 3 process gravity only coal preparation plant that rejected the minus 100 
mesh fines.  The actual ash measured in proximate analysis of each coal was used as an 
indication of the undiluted coal ash content.  Most of these numbers are close to the 16% 
typical of the Illinois basin.  The mines involved with the organic efficiency studies are 
considered to have fairly competent top and non-split coal seams so the out of seam 
dilution can be higher in mines with less ideal conditions. 
 
One of the first questions in any analysis is the product size since product size determines 
the degree of liberation achieved and thus the ability of commercial coal cleaning circuits 
to distinguish between coal and mineral matter.  Table 5 below compares the feed size 
found in two full scale organic efficiency tests at Illinois coal preparation plants 
compared to the sizes found in this work. 
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Table 5 Size Comparison Between Crushed Samples and Commercial Coal Feed
Plant 1 Plant 2 HS5 HS6#1 HS6#2 HS7 LS5

+16 mesh 72.4% 75.8% 70.6% 72.1% 68.6% 70.5% 71.2%
16-48 M 9.4% 8.8% 18.0% 16.6% 18.2% 17.7% 17.5%
48-100 M 3.5% 1.7% 5.3% 4.4% 5.0% 5.3% 4.9%
-100 M 14.7% 13.7% 6.2% 6.9% 8.2% 6.4% 6.4%

HS5 = High Sulfur Illinois #5
HS6#1= High Sulfur Illinois #6 South of Channel
HS6#2= High Sulfur Illinois #6 North of Channel
HS7 = High Sulfur Illinois #7
LS5 = Low Sulfur Illinois #5  

 
It is apparent that there are significant differences between the relative proportions of the 
laboratory processed samples and the quality of coal produced at a commercial operation.  
One significant difference is in the fines.  The laboratory samples were channel samples 
collected by hand with a pick and crushed through a jaw crusher with screening after 
each step to avoid over-crushing.  The cutters on the heads of continuous miners or 
shearers on longwall faces produce significant amounts of fines.  By contrast the 
laboratory preparation is somewhat enriched in the 16 by 100 mesh fraction and slightly 
depleted in the coarse fraction.  This probably results from the laboratory samples having 
a lower absolute top size to ensure that representative sample splits could be taken.  For 
modeling and analysis purposes this work will use 73% coarse, 9% 16X48, 3% 48X100, 
and 15% minus 100 to weight the mercury rejections achieved in each fraction except for 
coal seams (#7) most likely to be accessed from the surface.  Changing relative weights 
on the samples will of course destroy a mass balance of mercury on the individual 
samples, but it is liberation size and mercury rejection potential achievable that is the 
object in this step of analysis and using commercial preparation plant data to guide the 
balance will produce a more field realistic result. 
 
A second question is the configuration of the coal preparation plant.  This work will 
consider a typical Illinois coal preparation plant which discards the untra-fines and runs 
an effective gravity split at 1.5.  The plant will be assumed to be a three circuit plant with 
jigs or heavy media for the coarse, cyclones for the mid-size, and spirals for the fines. 
 
To predict mercury rejection it is necessary to predict performance on the components 
available from the study data.  The amount of out of seam dilution for the coal feed was 
calculated from the ash as determined for the individual coal, roof and floor samples and 
a 32% ash feed indicated as typical by the organic efficiency studies used in this analysis.  
The roof and floor split was assumed to be 75% roof and 25% floor except in areas where 
top coal was left to cover the roof.  It was assumed that out of seam dilution rock would 
be rejected either as a coarse material resistant to breakage, heavy material, or slimes in 
the case of the clays.  It was also assumed that the minus 100 mesh material would be 
discarded.  To predict mercury rejection from the 3 coarser coal size fractions the 
washability data from the size fractions were used.  Each size fraction was floated at 1.25, 
1.5, 1.65, and a sink.  Mercury analysis was done on each product and washability  
curves were plotted for each size fraction.  An example of the washability curves for the 
#6 Coal taken south of the channel (Figure 9) and the #7 coal (Figure 10) are shown 
below. 
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Figure 9 – Mercury Washability Curve for Illinois #6 coal taken south of the channel. 
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Figure 10- Mercury Washability Curve for Illinois #7 coal. 
 
Using 1.5 as the effective gravity split common for Illinois coal preparation plants the 
mercury rejection for each coal and size fraction was calculated and the results illustrated 
in Figure 11 below. 
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Figure 11- Mercury rejection at 1.5 effective gravity by coal and size fraction. 
 
Calculations on mercury rejection in a typical Illinois coal preparation plant were done on 
a dry basis and in pounds of mercury per trillion BTU.  All mercury data in this study 
were done on a dry basis.  BTU analysis of coal samples was done as indicated on the test 
matrix (Figure 1) in the Experimental Procedures section of the report.  The washed 
product was assumed to contain a somewhat conservative 10% ash (results would be 
improved if a lower percentage were assumed).  The final BTU was estimated from the 
moisture and ash free BTU of each coal sample with a linear reduction for the 10% ash 
assumed in the final product.  The mercury concentration estimated from the various 
mercury mass rejection rates discussed above was then converted to lbs per trillion BTU.  
The lbs per trillion BTU before and after washing were divided through to get the 
percentage rejection figures reported below in Figure 12. 
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Figure 12 – Theoretical Dry Basis Mercury Rejection for Illinois Basin Coals reported on 
lbs/trillion BTU basis. 
 
In examining Figure 12 several things become immediately apparent.  The results above 
are at the upper range of mercury rejections reported in previous studies of coal washing 
and would indicate that Illinois coal is especially susceptible to coal washing.  This was 
of course the predicted result based on an examination of how mercury appeared to be 
distributed by mineral type and placement in Illinois coal.  The results are in sharp 
contrast to results seen for sulfur rejection from Illinois coal with results generally 
indicating over twice as high a rejection.  Several features of both elemental distribution 
and the calculations should be considered.  First, mercury is mostly an inorganic affinity 
element in Illinois coal in contrast to a 50:50 distribution or even higher organic sulfur 
reported for some Illinois coals.  The inorganic affinity is also reflected in the out of seam 
dilution rock being often considerably higher in mercury than the coal itself.  Many 
studies of sulfur washability report only results for the coal and ignore the reality that 
commercially mined coals contain significant out of seam dilution.  This factor was 
calculated into this work and is omitted from some other studies to which these 
observations might be compared.  The out of seam dilution factor has a double effect 
because not only does out of seam dilution add a lot of mercury, it also reduces 
preparation plant BTU more than would be assumed if one assumed that preparation 
plants worked only with in seam feed.  This means that out of seam dilution 
considerations lead to a larger numerator in terms of mercury content and a smaller 
denominator in terms of BTU for the preparation plant feed material.  The final factor is 
in the mineralogical distribution.  Mercury in Illinois coal is found in cleat filling calcite 
as well as pyrite.   
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Several limitation and cautions are in order.  The analysis above is closer to an upper 
limit on performance than an average result.  Although assuming 10% ash in the final 
product was conservative (many plants get around 8%) the study assumed that a straight 
line partition curve at 1.5 gravity.  Commercial equipment cannot achieve such a curve 
and so coal losses and mercury misplacements will occur in practice.  By comparison to 
other wash studies this will not take more than a few percent off the top of the results but 
a real preparation plant will be unlikely to hit its theoretical 80% mercury rejection.   
 
The results assumed that preparation plants would reject the minus 100 mesh material.  
While this is true of most Illinois coal preparation plants, froth flotation is a readily 
available technology and often can be shown to be economically viable in at least paper 
studies.  This work assumed all mercury in the fines went into the rejection rate.  The 
AFW studies (modified release analysis) generally did not show a systematic reduction in 
mercury.  Considering that multiple mercury bearing minerals and different types of 
pyrite are involved as mercury carriers a result of this type based on flotation surface 
chemistry is not out of place, however, flotation will not reject mercury from Illinois coal 
fines in the same systematic way that a gravity process will.  Mercury carrier minerals are 
more reliably heavy than they are hydrophilic.  This study would therefore strongly 
recommend that Illinois operations looking at fines recovery focus on one of the 
enhanced gravity concentrators such as the Falcon or one of its competitors.  These 
technologies will treat about 70% of the fines rejected below 100 mesh without loosing 
the mercury selectivity seem in the AFW release analysis. 
 
Many coal preparation plants attempt to recover more of the inertinite and middling coal 
by taking a higher gravity cut-point.  The 1.5 cut point used in this study is typical of the 
effective gravities seem in most Illinois preparation plants, however, most also have 
attempted to set their gravity closer to 1.6 or 1.65 (circuit imperfections make it hard for 
commercial devices to actually hit these higher set points in practice).  Should a 
preparation plant actually capture the 1.5 to 1.65 material most of the results seen in this 
work suggest that mercury rejection will fall about 7 to 10% from what is reported in the 
tables. 
 
A last limitation of this work is that results are all done on a dry basis (for consistency, 
reproducibility and comparison to the work of others).  The moisture levels in as mined 
coal differs significantly across the state.  The moisture of a coal washed product also 
seems to very particularly if there is any fines or clays involved in the final product.  As a 
general rule even a more moist as mined coal will gain a percent or two of moisture from 
washing.  This moisture gain will have the effect of diluting the coal BTU while having 
minimal effect on mercury emission.  To the extent that the coal gains moisture in 
washing the mercury rejection result reported here will be lowered.  This is a small issue 
for most coals but a mine with 3 or 4% as mined moisture and 11% washed product 
moisture might see a noticeable effect on mercury rejection.   
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Implications of Coal Washing Results 
 
There are clear implications from the work completed in this study.  Illinois coals are 
very amenable to mercury removal in post combustion stack cleaning with values of 70 to 
80% being easily expected with scrubbers and ESPs in the proper configuration.  The 
coal being burned, however, has already had 50 to 80% of its mercury content removed 
by coal washing first.  Thus, there is more mercury rejection taking place in coal washing 
which the EPA has refused to consider a best available control technology, than in 
scrubbers and ESPs which EPA has elected to call a best available control technology.  
EPA no doubt has greater experience in stack monitoring devices than coal processing 
and would thus feel more comfortable with the technology but personal comfort is a poor 
cover for regulations that correspond so poorly to results actually being achieved by 
current coal and stack cleaning technologies. 
 
Considering coal washing to be a best available control technology by virtue of the 
amount of mercury controlled may suggest that coal washing should be considered for 
coals other than Illinois coals.  Although not a part of this study, Palmer et al. 2000 found 
that commercially marketed Powder River Basin coal appeared to be carrying 50% of its 
mercury in pyrite (despite the coal being low sulfur) and 5% in the silicates (which 
include the clays).  Toole-O’Neil (2005) suggested that subbituminous coals contained up 
to 50% of the mercury in pyrite and up to 15% in the silicates.  Her data compilation 
suggested that in lignites the mercury was correlated to mineral matter and to coal seam 
partings (which are often amenable to separation in coal washing).  Her work suggested 
50 to 75% of mercury in bituminous coals was carried in pyrite.  While liberation size 
and the amount of crushing and processing taking place for coal ultimately control how 
much of the mineral associated mercury is removable, the mineralogy and mercury 
correlations for sub-bituminous and lignite coals certainly leave little excuse for not 
examining the washability of sub-bituminous and lignite coals in a serious way, 
especially considering the large amount of mercury they are responsible for and the 
ineffectiveness of stack clean-up based systems on these coals. 
 
Another implication of recognizing coal washing as a best available control technology 
option involves the treatment of claims by environmental activist groups.  These groups  
have raised protests that medical waste incinerators are required to achieve 90% mercury 
control while power plant mercury emissions are allowed in the 30% range for western or 
high mercury lignite coals and seem never to break out of the 80s only for the best stack 
cleaning systems on the most amenable coals.  One could certainly question the 
engineering skills of anyone that would compare a medical waste incinerator to a power 
plant boiler but the argument has a certain political appeal.  Medical waste, however, is 
not of a quantity or nature that selective handling and separation is practical so 
incineration and post combustion clean-up may be the only practical alternative.  Coal, 
however, can be selectively processed with mercury removed and better and more 
naturally handled before the power plant.  When around even 60% pre-combustion 
mercury removal from coal washing is combined with 75% stack clean-up of the 
remaining mercury it is clear that 90% plus mercury removal can and is being achieved 
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with Illinois coals without the need for scaling up enormously expensive carbon 
adsorption systems.  Further, Illinois coals are low in mercury to begin with.  Certainly 
not all power plant burned coals can reach 90% mercury control without the charcoal 
systems, but Illinois coal appears quite capable of reaching to the 90% mark without the 
need for additional costs.   
 
Because the cost of coal washing is usually justifiable from improved boiler performance 
and scrubbers and ESPs are required for compliance with other regulations, Illinois coal 
offers much lower incremental cost for mercury control than other coals.  At first glance 
the mercury control may even appear to be free (given that the ash removal from coal 
washing normally saves enough in coal grinding and boiler operations costs to pay for 
itself, and the ESPs and scrubbers are required for other programs under the Clean Air 
Act).   
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
1- With today’s improved analytical techniques the washability of mercury in 

Illinois coal can be measured and monitored as a fundamental characteristic of the 
coal in the same way that ash and sulfur washabilities are currently characterized 
as a fundamental property of the coal. 

2- The larger part of the mercury in the Illinois coals tested was found in the pyrite 
and calcite with cleat fillings and more easily liberated pyrite appearing to carry 
higher concentrations. 

3- Out of Seam Dilution contributes significantly to mercury in as mined coals, but 
can be effectively rejected in coal washing.   

4- The ability to remove mercury from Illinois coals by removing its inorganic 
carriers is in general higher than the ability to reduce sulfur content by washing 
and is in the 50 to 80% range for the coals studied. 

5- Coal washing can remove about the same or even greater amount of mercury that 
is removed by scrubbers, ESPs, baghouses, and NOx control equipment used for 
stack clean-up. 

6- Based on the conclusions above, coal washing should be considered a best 
available control technology for mercury and should be included in the regulatory 
programs protecting the environment from mercury. 

 
 

DISCLAIMER STATEMENT 
 
"This report was prepared by Dr. John Crelling of Southern Illinois University at 
Carbondale with support, in part by grants made possible by the Illinois Department of 
Commerce and Economic Opportunity through the Office of Coal Development and the 
Illinois Clean Coal Institute.  Neither Dr John Crelling or Southern Illinois University at 
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: 
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(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.  
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