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ABSTRACT

The objective of this research project is to prepare a field site for testing the hypothesis that
plants suitable for use in reclamation of coal slurry impoundments can be grown in mixtures
of residue from the fluidized bed combustion (FBC) of coal and coal slurry solid (CSS).
CSS is the waste material removed during coal preparation.  CSS typically contains
principally pyritic, but also other forms of sulfur, which can produce acidic solutions during
oxidation, the reaction of these sulfides with oxygen and water.  The FBC residue is a highly
alkaline material, which, when mixed with coal slurry solid, can neutralize the acidic
solution produced by sulfide oxidation, and can slow the oxidation reaction.

A site for the field study was identified in an area of an active coal slurry impoundment at
Freeman United Coal Mining Company’s Crown III mine.  At this impoundment, the
discharge point is located at the distal end of the pond during the summer relative to the
preparation plant, and at the proximal end during the winter.  The study area is located at the
distal end of the impoundment.  Six grab samples of CSS were collected to screen the area
for pyritic sulfur and carbonate carbon content.  The area was found to have an excess acid
generating potential, which made it a suitable site for the planned field test.

Three rectangular blocks, each containing 18 plots, were designed on the surface of the CSS.
A composite sample for chemical characterization was collected from each of the 54 plots.
A randomized treatment plan, which defined the set of treatments to be received by each
plot, was designed.  The amount of FBC residue to be added to each plot was calculated on
the basis of the pyritic sulfur and inorganic (carbonate) carbon content in the plot’s
representative sample and the calcium carbonate equivalent of the FBC residue.

The FBC residue was added to each plot according to a pre-designed treatment schedule, and
all plots were tilled to mix the FBC residue into the CSS.  Water sampling wells of two- and
six-foot depths and tensiometers were installed in randomly selected plots.  Water samples
were collected and analyzed.  Paste pH values were determined for solids from each of the
plots that contain wells.



EXECUTIVE SUMMARY

In this research program we are investigating the use of residues from the fluidized bed
combustion (FBC) of coal to neutralize acid generated during the oxidation of pyrite in coal
slurry solids (CSS), and the ability of mixtures of these two solid wastes to serve as a growth
medium for plants used in reclamation.  The purpose of this procedure is to provide a method
for the reclamation of coal slurry solids that is less expensive than the currently required
method of covering the coal slurry solid with a minimum four-foot-thick layer of soil,
followed by vegetation of the area.  The development of such a reclamation method will
provide a means of utilizing FBC residues at coal mines, several of which in Illinois accept
FBC residues from coal users as a term of the contract for sale of the coal.

The objective of the present research project is to prepare a site for a field test of the ability
of mixtures of FBC residue and CSS to support the germination and growth of three varieties
of plants commonly used in reclamation in Illinois.  The original test site was to be
constructed within and on an impoundment of weathered coal slurry at Freeman United Coal
Mining Company’s Crown II mine near Farmersville, IL.  A berm of coarse coal refuse was
to be constructed to enclose an area approximately 150 feet by 200 feet.  Within the area,
fresh coal slurry was to be pumped and allowed to dewater by gravity drainage and
evaporation.  The procedure was to be repeated until a sufficiently thick layer of fresh coal
slurry solid is deposited within the enclosed area.  Following the deposition of the fresh coal
slurry solid, fresh FBC residue was to be mixed into the upper six inches.  The mixture was
then to be allowed to weather for a period to allow time for the calcium oxide in the FBC
residue to react with atmospheric carbon dioxide.  This reaction would cause the formation
of calcium carbonate, a less alkaline substance than calcium oxide.  To sow seeds into the
calcium oxide would possibly kill the seeds or the new plants.

The original test site was wet through the summer of 1995 and did not dry sufficiently to be
used in the planned manner by September.  Alternate study sites were sought at the same
mining complex, and a new potential site was identified in December.  The selected site is
located in an actively used coal slurry impoundment at another mine in the complex.  During
previous summers the outfall of the coal slurry discharge was located to drain into the area
selected for the field study, at the distal end of the impoundment, relative to the preparation
plant.  The level of the sediment in this area is higher than in the immediately surrounding
area.  During the winter months mine personnel located the discharge pipe closer to the
preparation plant.  In order to use the selected site, the summer location of the discharge pipe
was placed sufficiently far from the study site to prevent disturbance by the discharge for the
duration of the study.

A test site consisting of 3 blocks, each containing 18 equally sized rectangular plots, was
marked off in the study area on the surface of the coal slurry solid.  Samples of material from
the top six inches of the coal slurry solid were collected from each corner and the center of
each plot.  All five portions from a plot were mixed in a plastic bucket, then a portion of each
composite sample was saved in a plastic zipper-lock bag for analysis.

Each sample was analyzed for pyritic sulfur and carbonate carbon content.  The amount of



FBC residue to be added to the coal slurry solid in each plot was calculated from the pyritic
sulfur and carbonate contents of the coal slurry solid and the calcium carbonate equivalent
of the FBC residue.

Each sample of coal slurry solid was also analyzed by instrumental neutron activation
analysis, optical emission spectrography, energy-dispersive spectrometry, and atomic
absorption spectrometry for trace element composition and by x-ray fluorescence
spectrometry for major and minor element composition.

A randomized treatment schedule was designed in which the treatment received by each plot
was defined.  The factors included in the treatment schedule are mulch, plant variety,
fertilizer, FBC residue treatment, well and tensiometer installation, and temperature probe
installation.

The FBC residue was added to each plot and all plots were tilled to mix the FBC residue into
the top six inches of the CSS.  After addition of the FBC residue, wells were installed in six
plots of each block, according to the treatment schedule, at depths of two feet and six feet,
to enable sampling of groundwater.  Tensiometers were installed in the same plots.  Two
wells, which serve as background wells, were installed at a location remote from the study
area.

Samples of solid for the determination of paste pH were collected from one-inch and six-inch
depths at the plots that contain wells.  The paste pH values ranged from approximately 6.2
to approximately 12.5, depending on whether FBC residue had been added to the plot.

Water samples were collected immediately after installation of the wells and approximately
one week after well installation.  The samples were analyzed and found to contain elevated
concentrations of calcium (#480 mg/L), sulfate (#2400 mg/L), and sodium (#1500 mg/L).
The concentrations of these solutes in the two background wells were similar to those from
the wells in the plots.

We plan to allow the study area to weather until October 1996 so that the calcium oxide in
the FBC residue can react with atmospheric carbon dioxide and be converted to calcium
carbonate.  This reaction should result in paste pH values of approximately 8, and should be
more favorable to seed germination than the current pH values of 12.
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 OBJECTIVES

The overall goal of the research program is to develop a method for the environmentally safe
reclamation of coal slurry impoundments by co-disposal of residues from the fluidized bed
combustion (FBC) of coal with coal slurry solid (CSS).  In the reclamation method
envisioned, mixtures of FBC residue in CSS will be vegetated directly, without the need for
the four-foot-thick soil cover currently required by Illinois state law.

The objective of the present research project is to begin a field test in which the ability of
mixtures of FBC residue and CSS to support the germination and continued growth of three
species of plants is tested.  It was not intended that seeds be sown during the first year of the
project, but when they are, three plant varieties will be tested.  The plants to be tested will
be plants that are commonly used in reclamation activities in Illinois.

The field test cannot be accomplished in a twelve-month period.  The total field study will
require a minimum of 24 months, and preferably 36 months. A suitable field site was
prepared at the Freeman United Coal Mining Company’s Crown III coal mine near
Farmersville, IL.  

Five tasks were planned and accomplished during the present project.  The first task was to
prepare the field site, the second task was to characterize the starting materials, the third task
was to design and locate the field test blocks, task four was to incorporate the FBC residue
into the CSS, and the fifth task was to characterize the mixed FBC residue and CSS.

INTRODUCTION AND BACKGROUND

There at least six coal fluidized bed combustion facilities operating within 130 miles of
Champaign-Urbana, IL.  Illinois coal is combusted by at least five of the facilities.  Fluidized
bed combustion makes the use of Illinois high-sulfur coal attractive, because the FBC
process provides a means of drastically decreasing the volume of SO2 that would otherwise
enter the atmosphere. In the FBC process, crushed limestone (principally calcium carbonate)
is injected into the combustor simultaneously with crushed coal.  At the temperature of the
combustor, carbon dioxide is driven from the calcium carbonate to produce calcium oxide.
The calcium oxide reacts readily with sulfur dioxide, a product of the high-temperature
oxidation of pyrite, to produce solid calcium sulfate.

FBC residue typically comprises bottom ash and fly ash, the principal components of which
are calcium sulfate, calcium oxide, and uncombusted coal.  The bottom ash has a larger
average particle size than the fly ash, and usually contains a greater proportion of unburned
coal.  Both ash products are generated in relatively large quantities and must be disposed of
properly.  It is not uncommon for a coal mining company, in order to secure sales contracts
for their coal, to agree to receive FBC residue for disposal from the FBC operator.  The coal
mining company must then dispose of the FBC residue by a permissible method.  This may
involve stockpiling or impounding the material on the surface of the mine property.
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If FBC residue were co-disposed with CSS, then the alkaline components of the FBC residue
would not only retard the oxidation of pyrite in the CSS, but would also be available to
neutralize acidity that might be generated during pyrite oxidation.  If the co-disposed mixture
will support plant growth, then it may also be possible to physically stabilize the mixture and
also avoid the need for a thick soil cover upon closure of the impoundment.  This alone
could save the coal mining company approximately $10,000 per  acre in reclamation costs.

The success and regulatory acceptance of the co-disposal of FBC residue with CSS will have
a positive effect on the use of Illinois high-sulfur coal and Illinois limestone.  In addition,
co-disposal will provide a method for decreasing the rate of pyrite oxidation and for
ameliorating the possible resulting acidic leachate.

This research is important for several reasons.  First, it provides a potential method for the
environmentally acceptable disposal of both FBC residues and coal slurry solids.  The
potential acidic leachate from the oxidation of pyrite will be neutralized by the alkaline
components of the FBC residue, resulting in a nearly neutral leachate, decreased solubility
of many trace metals,  and protection of groundwater and surface water.  In addition, the
FBC residue provides a source of sulfur for plants.  Second, the co-disposal method
encourages the combustion of Illinois high-sulfur coal by providing a useful outlet for a
portion of the resulting FBC residue.  Co-disposal can save reclamation costs for the coal
mining company, if the method receives regulatory acceptance.

Where both FBC residue and CSS are being disposed of on the surface, co-disposal would
require no additional impoundment volume, and would feasibly result in a deposit whose
leachate would require little, if any, treatment, as opposed to two separate impoundments,
each of which can generate unfavorable leachate.  Acidic leachate can be generated in the
CSS impoundment, and highly alkaline leachate can be generated in the FBC residue
impoundment.

This research program was begun in 1991, when we studied the aqueous leachability of FBC
residues, CSS materials, and mixtures of the two materials in a series of pseudo column tests
with wet-dry leaching (Dreher et al., 1992).  These tests were designed to simulate disposal
of the mixtures above the water table.  During the following year, we conducted a series of
batch extraction tests to simulate disposal of mixtures of FBC residue and CSS materials
below the water table (Dreher et al., 1993).  Then, we examined the nature of deposits in a
reclaimed coal slurry impoundment, that is, an impoundment that had been covered with
eight feet of soil, approximately ten years earlier (Dreher et al., 1994).  The writing of a
computer model to describe the oxidation of pyrite in the co-disposed mixtures of FBC
residue and CSS material was begun (Dreher et al., 1994).  We also conducted a greenhouse
study of plant germination and growth in mixtures of FBC residue and CSS material
(Darmody et al., 1994; Green et al., 1994; Green, 1994).  Finally, we studied the kinetics of
pyrite oxidation in coal slurry solids at nearly neutral conditions (Frost and Dreher, 1995).

The previous research showed that FBC residue is capable of neutralizing acid produced
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during the oxidation of pyrite, that plants can be grown in the co-disposed mixtures, and that
co-disposal of FBC residue with CSS material is realistically possible.  The present project
seems to be the logical next step toward developing a useful co-disposal method.

EXPERIMENTAL PROCEDURES

A potential field study site was identified in the active coal slurry impoundment at Freeman
United Coal Mining Company’s Crown III coal mine near Farmersville, IL.  The site is a
deltaic deposit formed during the discharge of coal slurry solids (CSS) from the coal mine’s
preparation plant into the impoundment.  Coal slurry is discharged in the area of the study
site during the summer months and at an alternate location during the winter months.  The
summer discharge location was moved to preserve the study area for the duration of the field
study.

Six samples of coal slurry solid were collected from the potential study area in December
1995 to screen the area for pyrite and calcium carbonate contents.  The approximate
locations of the samples in the study area are shown in the schematic diagram of Figure 1.
The results of the screening indicated that the site was suitable for our study.

When the weather permitted, a randomized complete block design was marked off on the
surface of the study area.  Three parallel blocks consisting of 18 plots each were marked off.
Each block is eight feet wide and 108 feet long.  Each plot measures eight feet wide by six
feet long.  The blocks are separated from each other by an aisle, ten feet wide.  The entire
study area, including the two aisles and a six-foot wide perimeter, occupies an area of 6,720
ft2.  The treatments to be used in the blocks include plant variety to be seeded, mulching,
amount of coal fluidized-bed combustion (FBC) residue to be applied, and inclusion of
wells, temperature probes, and tensiometers.  The selection of plots for various combinations
of treatments was randomized within each block.  Within each block one-third of the plots
will receive one of three plant varieties, another third will receive the second plant variety,
and one-third will receive the third plant variety.  One-third of the plots will receive no FBC
residue, one third will receive the stoichiometrically required amount of FBC residue to
neutralize the potential acidity of the pyrite in the plot, and one-third will receive twice the
stoichiometrically required amount of FBC residue.  Half the plots will be mulched with an
excelsior erosion prevention mat, and one-third of the plots will contain wells for
groundwater sampling, temperature probes, and tensiometers.  All plots will be fertilized at
the time of seeding.  A schematic diagram of the study area is shown in Figure 2.  The
treatments and the treatment applications are given in Tables 1 and 2.

At the time of marking off the study area, composite samples of CSS were collected from
each plot.  Coal slurry solid was removed from a hole, approximately four inches in diameter
and six inches deep, at each corner and the center of each plot.  The coal slurry solid from
each hole was combined in a plastic bucket and mixed with a trowel.  Coal slurry was
scooped from different locations in the bucket and transferred to a plastic zipper-lock bag
for transport to the laboratory.  Each composite sample was analyzed  for pyritic sulfur



4

(ASTM, 1995) and inorganic carbon contents (Cahill and Autrey, 1988), and elemental
composition.  Bulk and particle densities of five randomly selected CSS samples were
determined.  These densities were assumed to be representative of the entire study area.
Separate samples of CSS from 16 locations around the study area were collected for
determination of particle size distribution.  The samples were divided into depths of 0 to 6
in and 6 to 12 in.

A grab sample of coal fluidized-bed combustion (FBC) residue available at the mine was
collected and analyzed for calcium carbonate equivalent (CCE).  The bulk density of the
FBC residue was also determined.

From the pyritic sulfur and inorganic carbon contents of the CSS and the CCE of the FBC
residue, the mass of FBC residue required for each plot was determined.  The masses of FBC
residue were converted to volumes by means of the average bulk density.

Freeman United Coal Mining Company furnished the FBC residue, which was delivered to
the study area by front-end loader and was dumped onto a plastic tarpaulin.  FBC residue
was delivered twice, once each day for two days.  From each day’s delivery, a composite
sample of the FBC residue was collected for determination of bulk density and CCE in the
laboratory.  The samples were collected by thrusting a small soil probe into the pile at five
locations around the pile.  All portions were combined in a plastic bag upon collection and
mixed prior to analysis.  The required amount of FBC residue for each plot was shoveled
into previously calibrated five-gallon buckets, transferred to a wheelbarrow and moved to
the plot.  The FBC residue was dumped on the surface of the plot, raked level, and tilled into
the top six inches of the CSS surface.  Each plot was tilled, whether FBC residue was applied
or not.

After all the plots were tilled, two groundwater sampling wells, of two-inch outside diameter
PVC pipe, were installed in eighteen randomly selected plots (six per block) at depths of two
feet and six feet.  Each well was constructed of a pipe of appropriate length with a square
of filter fabric applied to the bottom end.  A hole of approximately two and one-half feet or
six and one-half feet depth was bored for each well with a manually operated sand auger.
The mixed FBC residue and CSS  was moved away from the well location prior to boring
to prevent the surface material from slumping into the hole.  After boring, the pipe was
installed into the hole and the hole was backfilled with material from the hole.  After
installation of all the wells was complete, each well was pumped dry.  Samples were saved
for analysis.  After the plots were established they were wetted with water from a mine water
truck to minimize wind erosion at the sites.  A second set of water samples was collected 9
days after installation of the wells.

One week after preparation of the plots and installation of the wells, tensiometers were
installed at depths of 10, 18, and 30 inches in the same plots that contain the wells.  The
tensiometers will be used to measure the moisture content of the unsaturated zone.
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Approximately one month after preparation of the plots, samples of mixed FBC residue and
CSS were collected at depths of approximately one inch and six inches for the determination
of pH of the mixed solids.  The pH was determined according to Method 12-2.6, “Glass
electrode— calomel electrode pH meter method” in Page et al., 1982.

A soil penetrometer was used to estimate the strength of the crust that formed on the surface
of plots after the plots had been exposed to moisture and had dried.  The soil penetrometer
had a range of 0 to 4.5 kg/cm2.  The crust in 16 plots was tested.  Six locations in each of the
plots were tested and the results were averaged.

RESULTS AND DISCUSSION

Freeman United Coal Mining Company has been collaborating on this research project by
contributing a site on their property on which to conduct the field study and by contributing
engineering and other manpower as needed.  They also provided the required FBC residue.

The study area chosen initially was located in an area at Crown II coal mine that contained
weathered CSS.  Construction of a berm and filling the resulting cavity with fresh CSS was
anticipated.  Because of wet weather during the summer and autumn of 1995, however, the
area did not dry sufficiently to support the heavy equipment that would be needed to build
the berm.

An alternate site at the nearby Crown III coal mine was chosen.  This site is a deltaic deposit
in the mine’s active coal slurry impoundment.  The delta was formed at the summer
discharge point in the impoundment.  The surface farthest from the open water is
approximately 4 feet above the water table.  The discharge point was moved away from the
immediate vicinity of the study area to maintain unsubmerged conditions.  Because the study
area consists of fresh CSS, no construction was required.  This site was not considered
initially because of the proximity of the summer discharge point and it was not certain that
the discharge could be moved sufficiently far to maintain the site.

Six samples of CSS were collected from the alternate area to determine whether the amount
of pyrite present in the CSS was greater than the amount of calcium carbonate on a chemical
equivalence basis.  The samples were analyzed for pyritic sulfur and inorganic carbon.  The
results of analysis and the ratio of equivalents of pyritic sulfur to equivalents of inorganic
carbon are shown in Table 3.  The excess of pyritic sulfur over inorganic carbon indicated
that if the potential acidity from pyrite oxidation was to be neutralized, carbonate would
have to be added to that which was native to the CSS.  Based on this finding and the relative
dryness and elevation of the area, this site was deemed satisfactory for the field study.

After the access road into the study area dried enough from the spring rains to be able to
drive on it, we returned and marked off the boundaries of the blocks and plots for the study
area.  At the same time we collected a composite sample from each plot, as already
described.  A grab sample of FBC residue was also collected.  The CSS samples were
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analyzed for pyritic sulfur, inorganic carbon, and major, minor, and trace elements.  The
pyritic sulfur, inorganic (carbonate) carbon, ash, and moisture contents of these samples are
shown in Table 4.  The concentrations of other major, minor, and trace elements are listed
in an Appendix available on request from the Illinois Clean Coal Institute or the Principal
Investigator.

Sixteen samples for particle size determinations were collected at the locations indicated on
the schematic diagram of Figure 3. The results of the particle size analyses are given in Table
5.  “Soil” textures are also indicated in Table 5.  Soil texture is a description of the water-
holding capacity or ability of a soil.  All samples were rather coarse, as indicated by the
amount of sand and are classified as loam, sandy loam, or coarse sandy loam. On the basis
of the textures of the samples collected, it is expected that water would drain readily from
the CSS, and this is what we have observed.  There appears to be no correlation between
texture class and the distribution of pyritic sulfur in the study area.  In addition, the electrical
conductivity of a 1:1 solid:liquid paste of each sample was determined.

The distribution of pyritic sulfur, inorganic carbon, ash, and moisture in the study area are
shown in Figures 4 and 5.  In these diagrams the large rectangles represent the three blocks,
and the small rectangles within the large rectangles represent the 18 plots within each block.
Pyritic sulfur and ash contents were highest through the middle region of the study area.  The
degree of correlation between pyritic sulfur and ash is high, as seen from Figure 6a.  There
was also a high degree of correlation between pyritic sulfur and inorganic (carbonate) carbon
content of the CSS (Fig. 6b), which indicated that as the pyritic sulfur content in the CSS
samples increased there was a proportional increase in the sample’s native neutralizing
ability.  Moisture content was found to be inversely proportional to ash content, probably as
a result of decreases in the organic content of the CSS.

The bulk and particle densities were determined on five CSS samples selected at random
from the 54 samples.  The FBC residue was analyzed for CCE and bulk density.  The
average bulk density of the CSS was 0.88±0.11 g cm-3, or 54.81 lb ft-3; and the mean particle
density was 1.67±0.24 g cm-3.  The average bulk density of the FBC residue was 1.63 g cm-3,
or 13.60 lb gal-1.  (The use of these units will become clear.)  The CCE of the FBC residue
was 0.65±0.016%.  From the data of Table 4 and the treatment schedule of Tables 1 and 2,
the amount of FBC residue to be applied to each plot was calculated on the basis of the
following chemical equations and example calculations:
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(1)

(2)

(3)

From the net equation [Eq. (3)] it is seen that four moles of calcium carbonate is required to
neutralize the acid produced by one mole of pyrite.  If the pyritic sulfur content of a CSS
sample is 7.08% and the inorganic carbon content is 2.41% (as in the sample from plot B4,
Table 4), then the pyrite content is 13.25%, or 100 grams of the CSS sample contains 0.1104
mole of pyrite.  The amount of inorganic carbon in the sample is equivalent to 20.08%
calcium carbonate, or 0.2006 mole per 100 grams of CSS.  The acid generated by 0.1104
mole of pyrite would consume 0.4416 mole of calcium carbonate.  The CSS does not contain
that much calcium carbonate, so for complete neutralization of the potential acid production,
0.2410 mole (0.4416 mole - 0.2006 mole) or 24.12 g of calcium carbonate would have to be
added per 100 g of CSS.  The FBC residue sample collected in May 1996 had a CCE of 0.65,
so 37.13 g of FBC residue (24.12g/0.65) is required to be added per 100 g of CSS, or 0.37
lb of FBC residue per lb of CSS.  The FBC residue was to be mixed into the top six inches
of the CSS, or a volume of 24 ft3.  This volume had a mass of approximately 1315 lb.  At a
dosage of 0.37 lb FBC residue per lb of CSS, 488 lb of FBC residue was required for this
particular plot.  The FBC residue was to be measured by volume, so at a bulk density of
13.60 lb gal-1, a volume of 71.84 gal of FBC residue was incorporated into the top six inches
of the plot.  The volume of FBC residue added to each plot is shown in Table 4.  The CCE
of the composite samples of FBC residue collected at the time of incorporation into the CSS
was 0.78±0.01, or 1.20 times the CCE of the FBC residue used to calculate the quantities of
FBC residue to add to the plots.  Therefore, rather than having incorporated 1 and 2 times
the stoichiometrically required amounts of FBC residue, the actual amounts added were 1.2
and 2.4 times, respectively.

The paste pH values of solids from the 18 plots (Table 6) into which wells and tensiometers
were installed ranged from 6.16 to 12.47.  Half of the samples had paste pH values of 12 or
above and 12 of the samples had paste pH values of 8.6 or less.  The samples with paste pH
values less than 8.6 were from plots to which no FBC residue had been applied.  All of the
samples that had paste pH values above 11 were from plots to which FBC residue had been
applied a month earlier.  We expect that as the CaO/Ca(OH)2 in the FBC residue reacts with
atmospheric CO2 and is converted to CaCO3, the paste pH of the plots that contain FBC
residue will decrease to approximately 8, as experienced in our greenhouse study (Darmody
et al., 1994).

The results of the soil penetrometer tests (Table 7) indicate the force required to penetrate
the crust to a depth of approximately 6 mm with a steel rod of approximately 5 cm diameter
(cross sectional area of 0.20 cm2). The force required to penetrate the crust was found to be
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variable, ranging from 0.34 to 2.23 kg/cm2.  The crust at plot B4 was strong enough to
support the weight of a person without breaking.  A  person weighing 91 kg (200 lb) and
whose feet cover an area of 600 cm2 (93 in2) would exert a force of 0.15 kg/cm2.  From the
data of Table 7, it is seen that the crust at plot B4 was not penetrated until a force of 0.16
kg/cm2 was exerted upon it.  We found, however, that despite the crust formation, seepage
of water into the surface was not hindered.  This being the case, we expect that carbon
dioxide will also migrate through the crust.  This is important for the conversion of CaO to
Ca(OH)2 and Ca(OH)2 to CaCO3.

Water samples were collected on two occasions, immediately after the wells were installed,
and 9 days later.  The analytical results from both sets of samples were similar.  The highest
concentrations observed were for calcium (25 to 527 mg/L), sodium (16 to 1530 mg/L), and
sulfate (926 to 2420 mg/L).  Alkalinity values in the first set of water samples were in the
range of 63 to 505 mg/L as CaCO3. The concentrations in water from the background wells
were in the same range as those from the wels in the plots.  Boron in the water samples
ranged from 0.06 to 2.8 mg/L, with one of two samples with the highest concentration from
the two-foot deep background well.  Boron is of concern as an element that can be toxic to
some plants.  In general, the analytical results for each well from the two sampling events
were similar.  Additional data are listed in the Appendix.

CONCLUSIONS AND RECOMMENDATIONS

A field study site was successfully prepared and was then characterized with respect to
chemical composition and certain physical properties.  Wells at 2-foot and 6-foot depths
were installed in various plots.  Tensiometers were installed in the same plots.

Fluidized-bed combustion residue was applied to 12 of 18 plots in each of three blocks.  The
amount of FBC residue to apply to and mix into each plot was calculated from the average
amounts of pyrite and calcium carbonate in the coal slurry solid of the respective plot and
the calcium carbonate equivalent of the FBC residue.  The  amount of FBC residue applied
was 0, 1.2, or 2.4 times the stoichiometrically required amount to neutralize the potential
acid production by pyrite oxidation.  After the plots were prepared, water was applied to
encourage the formation of a crust to minimize wind erosion of the material from the surface
of the plots.  The prepared plots are being allowed to weather to encourage the pH of the
applied FBC residue to decrease from approximately 12 to approximately 8.  

Samples of the mixed material from each of 18 plots were collected for the determination
of paste pH values.  The pH values were found to range from aproximately 6 to 12.5,
depending on whether FBC residue had been applied or not.

We plan to allow the study area to weather until October 1996 and then sow seeds of three
plant varieties according to a prearranged treatment schedule.  All plots will be fertilized and
half will be covered with an excelsior erosion blanket to test the ability of the seeds to
germinate in protected and unprotected conditions.
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This report was prepared by Gary B. Dreher and the Illinois State Geological Survey with
support, in part by grants made possible by the Illinois Department of Commerce and
Community Affairs through the Illinois Coal Development Board and the Illinois Clean Coal
Institute.  Neither Gary B. Dreher and the Illinois State Geological Survey nor any of its
subcontractors nor the Illinois Department of Commerce and Community Affairs, Illinois
Coal Development Board, Illinois Clean Coal Institute, nor any person acting on behalf of
either:

(A) Makes any warranty of representation, express or implied, with respect to the
accuracy, completeness, or usefulness of the information contained in this report, or
that the use of any information, apparatus, method, or process disclosed in this report
may not infringe privately-owned rights; or

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

Reference 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 Community
Affairs, Illinois Coal Development Board, or the Illinois Clean Coal Institute.

Notice to Journalists and Publishers: If you borrow information from any part of this
report, you must include a statement about the State of Illinois’ support of the project.
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Table 1.  Treatments to be applied to various test plots at the coal slurry impoundment

Treatment Mulch Plant
Variety

Fertilizer FBC
residue

treatment

Wells Temp
probe

Moisture
probe

1 yes 1 yes 0x yes yes yes

2 no 2 yes 1x no no no

3 yes 3 yes 2x no no no

4 no 1 yes 2x yes yes yes

5 yes 2 yes 1x no no no

6 no 3 yes 0x no no no

7 yes 1 yes 1x yes yes yes

8 no 2 yes 0x no no no

9 yes 3 yes 1x no no no

10 no 1 yes 1x yes yes yes

11 yes 2 yes 0x no no no

12 no 3 yes 1x no no no

13 yes 1 yes 2x yes yes yes

14 no 2 yes 2x no no no

15 yes 3 yes 0x no no no

16 no 1 yes 0x yes yes yes

17 yes 2 yes 2x no no no

18 no 3 yes 2x no no no
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Table 2. Application of randomized treatments in plots of three experimental blocks

Block A,
Plot

number

Treatment Block B,
Plot

number

Treatment Block C,
Plot

number

Treatment

1 13 1 10 1 11

2 7 2 2 2 3

3 17 3 13 3 9

4 2 4 14 4 4

5 16 5 5 5 13

6 18 6 12 6 6

7 9 7 7 7 2

8 5 8 8 8 7

9 12 9 18 9 1

10 3 10 4 10 14

11 4 11 1 11 12

12 14 12 9 12 15

13 10 13 15 13 10

14 11 14 3 14 16

15 15 15 6 15 8

16 1 16 17 16 5

17 6 17 11 17 17

18 8 18 16 18 18
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Table 3.  Pyritic sulfur and carbonate contents of six coal slurry samples from field study site
at Crown III mine coal slurry solid impoundment

Sample % pyritic S eq pyritic S/
100 g

% carbonate eq carbonate/
100 g

eq pyritic S/
eq carbonate

C34707 2.04 0.13 4.10 0.068 1.91

C34708 3.40 0.20 5.50 0.092 2.17

C34709 1.95 0.12 3.65 0.061 1.96

C34710 0.98 0.061 1.30 0.022 2.77

C34711 4.98 0.31 8.84 0.15 2.07

C34712 1.27 0.079 1.85 0.031 2.55
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Table 4.  Pyritic sulfur, inorganic carbon, ash, and moisture contents in coal slurry solid from
plots in Crown III study area (all values are in wt.-%)

Block and Plot
Number

Pyritic S* Inorganic C* Ash* Moisture† Volume FBC
residue applied‡

A1 2.7 1.05 40.91 4.57 24.1

A2 4.08 1.61 55.98 3.74 18.0

A3 6.4 2.21 66.62 3.27 64.1

A4 2.71 0.92 37.36 4.63 13.9

A5 2.75 1.30 40.24 4.24 0

A6 2.54 1.02 36.34 4.55 21.9

A7 2.29 1.05 35.67 4.55 8.3

A8 2.45 0.87 37.12 4.51 12.0

A9 3.66 1.69 54.10 3.92 13.0

A10 3.67 1.85 58.73 3.62 22.3

A11 4.54 2.03 64.23 3.26 34.0

A12 4.71 1.96 60.55 3.61 38.9

A13 2.90 1.26 42.39 4.76 11.3

A14 1.99 0.69 34.85 5.26 0

A15 1.81 0.60 37.31 5.12 0

A16 3.12 1.29 45.72 4.28 0

A17 2.11 0.88 35.00 4.98 0

A18 2.80 1.09 39.32 4.78 0

B1 1.91 0.68 30.48 5.36 9.3

B2 2.29 0.77 36.06 4.99 11.7

B3 4.13 1.20 45.63 4.11 47.0

B4 7.08 2.41 65.46 3.32 71.8

B5 4.55 1.76 52.23 4.05 20.5

B6 3.56 1.55 47.74 4.49 13.9

B7 3.25 1.31 43.70 3.97 14.0

B8 4.53 1.84 53.80 3.53 0

B9 5.69 1.99 58.08 4.18 56.4

B10 4.33 1.80 50.16 4.05 35.8

B11 2.77 1.00 37.98 5.44 0

B12 1.67 0.63 27.38 5.97 7.7
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B13 1.58 0.47 28.30 6.46 0

B14 3.04 1.24 38.77 5.71 25.8

B15 2.59 1.05 36.50 5.46 0

B16 1.77 0.59 31.42 5.78 18.3

B17 1.78 0.86 31.23 5.82 0

B18 1.94 0.68 33.81 5.00 0

C1 0.89 0.36 29.80 5.49 0

C2 1.01 0.72 26.79 5.79 0.9

C3 1.25 0.56 28.28 5.22 4.7

C4 3.84 1.46 52.48 4.30 35.2

C5 5.13 1.94 61.43 3.53 47.2

C6 4.25 1.58 58.25 3.85 0

C7 5.11 1.93 57.25 3.61 23.6

C8 3.37 1.18 45.07 4.55 16.7

C9 4.72 1.02 42.24 4.43 0

C10 3.54 1.11 44.12 4.41 38.3

C11 2.09 0.69 34.46 4.96 10.9

C12 2.96 1.12 44.53 4.45 0

C13 2.51 0.82 36.88 4.95 13.2

C14 2.47 0.79 39.95 4.92 0

C15 2.79 1.05 43.78 4.72 0

C16 2.16 0.83 40.07 4.49 9.8

C17 2.07 0.82 38.07 5.11 18.1

C18 1.37 0.45 33.39 5.23 14.3

*Moisture-free basis
†As-received basis
‡Gallons
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Table 5.  Particle-size distribution and electrical conductivity of coal slurry solids from study
area

0-15 cm depth 15-30 cm depth

Sample Sand Silt Clay Texture* EC† Sample Sand Silt Clay Texture* EC†

1 59 30 11 SL 3500 2 66 23 11 SL 4300

3 55 31 14 SL 3550 4 51 34 15 L 5700

5 50 34 16 L 4000 6 60 26 14 SL 5200

7 49 34 17 L 5000 8 61 25 14 SL 5300

9 65 27 8 CoSL 3220 10 75 15 10 CoSL 4100

 11 64 25 11 SL 2900 12 69 22 9 CoSL 4000

13 66 26 8 SL 3400 14 65 26 9 CoSL 3800

15 67 23 10 SL 4200 16 76 16 8 CoSL 4400

17 70 21 9 CoSL 3500 18 68 23 9 CoSL 4300

19 67 24 9 CoSL 5000 20 68 25 7 CoSL 4570

21 68 25 7 CoSL 3900 22 72 21 7 CoSL 4100

23 51 37 12 L 5000 24 66 26 8 CoSL 4400

25 55 34 11 SL 4050 26 62 29 9 CoSL 4600

27 62 30 8 CoSL 5800 28 62 29 9 CoSL 4800

29 52 36 12 SL 5600 30 58 30 12 SL 5500

31 56 33 11 SL 4300 32 40 43 17 L 5800

Avg 60 29 10 Avg 64 25 10

*L = loam
  SL = sandy loam
  CoSL = coarse sandy loam
†electrical conductivity (μmho/cm) at 25EC in 1:1 solid:liquid
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Table 6.  Paste pH values of samples from prepared plots

2.5 cm depth 15.2 cm depth

Block and Plot
Number

FBC residue
application rate

Paste pH Paste pH

A1 2x 12.30 12.03

A2 1x 11.66 12.22

A5 0x 7.35 8.21

A11 2x 12.46 12.20

A13 1x 11.78 12.13

A16 0x 6.96 6.93

B1 1x 9.23 9.87

B3 2x 12.47 12.36

B7 1x 12.17 10.00

B10 2x 12.45 12.33

B11 0x 7.36 8.60

B18 0x 6.16 7.40

C4 2x 12.41 12.23

C5 2x 12.42 12.40

C8 1x 12.38 12.05

C9 0x 7.50 8.43

C13 1x 12.38 11.28

C14 0x 7.27 7.82
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Table 7.  Results of soil penetrometer tests in treated plots

Block and plot
number

FBC residue
application rate

Applied force
(kg/cm2)

A1 2x 0.52

A2 1x 0.37

A3 2x 2.23

A4 1x 0.34

A5 0x 1.12

A7 1x 0.60

A9 1x 0.79

A10 2x 0.42

A11 2x 0.68

A12 2x 1.11

B4 2x 1.58

B9 2x 0.98

B10 2x 1.87

B14 2x 0.48

B16 2x 0.53

C5 2x 1.40



19

Figure 1.  Schematic diagram of locations of samples
collected for screening the potential field study area.  The
relation of the sampling sites to the impounded water is not
to scale.

Figure 2. Schematic diagram showing locations of
experimental blocks at field study area (not to scale)
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Figure 3.  Schematic diagram showing locations of soil sampling points (X)
and wells and tensiometers (·) in study area
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Figure 4.  Maps of the distribution of pyritic sulfur and
inorganic (carbonate) carbon in the study area.  All values
are in wt.-%.  Each small rectangle represents a plot within
one of the three blocks (large rectangles).
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Figure 5.  Maps of the distribution of ash and moisture in
the study area.  All values are in wt.-%.  Each small
rectangle represents a plot within one of the three blocks
(large rectangles).
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