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ABSTRACT 

In this research project we are determining the rate of oxidation of pyrite associated 
with coaly particles (coal slurry solid) when the pH of the surrounding environment 
is held at approximately 7.8. Coaly particles that contain pyrite are generated during 
the preparation of Illinois Basin coal for market. These particles are discharged to 
an impoundment, which eventually must be reclaimed. The purpose for reclamation 
is either to prevent the generation of acidic solution as the pyrite in the coal slurry 
solid reacts with air, or to prevent the migration of the acidic solution to a 
groundwater aquifer. The reclamation is usually accomplished by covering the 
impoundment with a four-foot-thick layer of topsoil. 

One possible alternative method for reclamation of a coal slurry impoundment is to 
mix in alkaline residue from the fluidized-bed combustion of coal. This codisposal 
would slow the production of acid and would also neutralize any acid produced. If 
the codisposal method is found to be environmentally acceptable, it will save the coal 
mining companies part of their cost of reclamation, and also provide a safe and 
useful disposal outlet for a portion of the residue that is generated by the fluidized- 
bed combustion of coal. 

Pyrite oxidation experiments were conducted during the quarter in the following 
manner. Air, free of carbon dioxide, is bubbled through water in a covered beaker. 
The pH is adjusted to 7.8 and the solution is circulated by a peristaltic pump through 
the coal slurry sample contained in a cellulose thimble in a Soxhlet tube mounted 
above the beaker. The pH of the solution is continuously statted to 7.8 by addition 
of NaOH solution. Samples are pipetted from the reaction solution for sulfate 
determination. The rate of oxidation of pyrite in coal slurry solids sample CSS-2a 
was calculated from the rate of production of sulfate ion to be 1 .71~10~  pmole pyrite 
per minute per pmole of pyrite present. 
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EXECUTIVE SUMMARY 

This research project is part of an overall research program that addresses the 
codisposal of residue from the fluidized-bed combustion (FBC) of Illinois Basin coal 
with coal slurry solids (CSS) generated during the cleaning of coal in preparation for 
market. This cleaning process is conducted principally to remove pyrite from the 
coal, but other minerals, such as calcite and clay minerals, are removed to some 
degree as well. The waste stream from the coal preparation plant is discharged into 
a coal slurry impoundment, which eventually must be reclaimed, normalIy by covering 
with a minimum four-foot-thick soil cover. 

The coal cleaning process is not 100% efficient, so additional methods are used in 
coal combustion to prevent the emission of sulfur dioxide to the atmosphere. One 
such method is fluidized-bed combustion. In the fluidized-bed combustion process, 
pulverized coal is combusted in the presence of pulverized limestone. At the 
temperature of the combustor, the limestone loses carbon dioxide and produces 
calcium oxide. The calcium oxide reacts with sulfur dioxide, a product of the 
oxidation of all inorganic and organic sulfur, to produce calcium sulfate or anhydrite. 
The FBC residue, then, consists of unreacted calcium oxide, calcium sulfate, and a 
relatively minor amount of uncombusted coal particles. 

The calcium oxide in the FBC residue, when exposed to water or water vapor, 
produces calcium hydroxide. The pH of an aqueous solution of calcium hydroxide is 
about 13. Calcium hydroxide, in turn, quickly reacts with carbon dioxide from the 
atmosphere to produce calcium carbonate, -which in aqueous solution, yields a 
buffered solution with a pH of about 7.8. 

The codisposal of alkaline FBC residue with potentially acidic coal slurry solids 
appears to be a method for disposing two residues in a mutually beneficial process. 
A portion of the generated FBC residue is disposed of and the rate of production of 
acidic leachate from the coal slurry solid is decreased. 

In research just completed (Dreher et al., 1994)l we began developing a mathematical 
model to calculate the rate of oxidation of pyrite in the presence of calcium 
carbonate. The expected use of this model will be by those who design or monitor 

IDreher, G. B., W. R. Roy, J. D. Steele, and M. Heidari. 1994. Geochemistrv of a 
Reclaimed Coal Slurry Irnuoundment. Final Technical Report, August 1, 1993 
through November 30, 1994. Submitted to the Illinois Clean Coal Institute, 
Carterville, IL. 33pp + Appendix. 



coal slurry impoundments. Other researchers (Moses and Herman, 1989, 1991)z3 
have determined the rate of oxidation of pure pyrite, but the oxidation rate of pyrite 
in CSS is unknown. To effectively use the model, the latter should be known. 

We are obtaining the needed data by allowing pyrite in CSS to oxidize under 
controlled pH conditions. The pH of the solution is controlled by delivery of basic 
solution to the reaction medium by using an automatic titrator. CSS, from which 
calcium carbonate and sulfate have been removed, is maintained at a pH of 7.8 for 
a predetermined time, then the solid and solution are separated and the solid is 
allowed to partially air-dry. The solid is again exposed to the pH-controlled solution 
for another time period, then allowed to partially air-dry. Each separated solution 
is analyzed for concentration of sulfate, from which the amount of pyrite oxidized can 
be calculated. 

The experimental setup used for the oxidation rate experiments evolved during the 
quarter. Similar experiments on pure pyrite specimens, as described in the literature, 
use large particle-sized samples in a solution with controlled pH and oxygen 
concentration. A 
combination batch and plug flow reactor system was adopted here. The coal slurry 
solids sample is contained in a cellulose thimble in a Soxhlet tube which drains into 
a beaker containing a solution through which air is bubbled. The pH of the solution 
is continuously statted to 7.8 by addition of NaOH solution from an automatic titrator 
controlled by a computer program. The solution is circulated by peristaltic pump to 
the thimble where the sample is always covered by the flowing solution. 

The four coal slurry solids were tested. Results are illustrated with sulfate 
concentration data obtained in an experiment on CSS-2a which originated from an 
Illinois No. 5 coal seam. The rate of pyrite oriidation in the sample, as calculated 
from the rate of production of sulfate, was 1 . 7 1 ~ 1 0 ~  pmole of pyrite per minute per 
pmole of pyrite present. The rate of consumption of NaOH solution is recorded in 
every experiment. The data will be tested to see if there is a correlation between 
NaOH used and the rate at which pyrite oxidizes. Whether intermediate sulfoxy 
anions persist in the samples taken for analysis has not been checked. The effects 
of several parameters, including rate of air flow, sample-to-solution ratio, and 
concentration of oxidation products, must be investigated before any calculated 
oxidation rates might be usefully applied to predicting reactions in a coal slurry solids 
-- fluidized bed combustion waste system. 

_ _  

But a coal slurry solids sample mixed with water is messy. 

2Moses, C. 0. and J. S. Herman. 1989. nHomogeneous Oxidation Kinetics of Aqueous 
Ferrous Iron at Circumneutral pH." J. Soh. Chern., 18:705-725. 

%oses, C. 0. and J. S. Herman. 1991. "Pyrite Oxidation at Circumneutral pH." 
Geochim. Cosmochim. Acta, 55:471-482. 
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OBJECTIVES 

This research project is part of a multi-year program, the overall goal of which is to 
reclaim coal slurry impoundments by codisposal of residues from the fluidized-bed 
combustion of coal with the coal slurry solids from a coal preparation plant. The 
specific objective of the research project being conducted this year is to develop data 
on the rate of pyrite oxidation in the codisposal mixture. 

The tasks required to meet this objective are to expose samples of coal slurry solid 
to regular or random cycles of wetting and drying. The pW during the wetting phase 
will be maintained at 7.820.2 by titration of either dilute HCI solution or dilute 

- NaOH solution. The amount of sulfate ion generated during the oxidation will be 
assumed to represent the amount of pyrite oxidized. From these data a rate law for 
pyrite oxidation will be calculated. 

. INTRODUCTION AND BACKGROUND 

In the Illinois Basin, most of the coal mined contains pyrite at concentrations that are 
higher than are acceptable for regulation of sulfur dioxide emission to the 
atmosphere during combustion. For this reason, sulfur is removed from Illinois Basin 
coal prior to marketing it. 

For years, the principal method for removing sulfur from Illinois Basin coal has been 
c oravity separation, although this method does not remove all the pyrite. The resulting 
coal slurry soiid (CSS), which consists of coal particles, pyrite, and other minerals, is 
discharged into a coal slurry impoundment. A coal slurry impoundment is typically 
constructed on the surface in the case of an underground mine; or in the case of a 
surface mine, the coal slurry solid might be discharged into a dammed, abandoned 
mining cut. The particles settle out in the impoundment and the water is recycled 
through the coal preparation plant circuit. Eventually, the impoundment will reach 
its solids-holding capacity. When that occurs, the impoundment must be reclaimed 
by an acceptable method, preferably one that prevents either the formation or the 
migration of acidic leachate. The presently accepted method is to cover the coal 
slurry solids with a minimum four-foot-thick soil cover. 

Even though much of the pyrite can be removed from Illinois Basin coal by the 
preparation process, sulfur remains in the marketed product. Further efforts to 
prevent sulfur dioxide from entering the atmosphere must be taken in the combustion 
of the coal. One such method for combusting Illinois Basin coal, and which we 
expect to become more widespread, is the fluidized-bed combustion (FBC) process, 
in which pulverized coal is combusted in the presence of pulverized limestone in what 
is termed a "fluidized bed". The purpose of the limestone is to react with sulfur 
dioxide that is generated as the sulfur in the coal is released and oxidized during 
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combustion. Because the limestone is not combustible, large quantities of combustion 
residues are generated. These residues must be disposed of in an environmentally 
acceptable manner. 

FBC residue typically consists of 10% to 30% calcium sulfate and 25% to 45% 
calcium oxide and/or hydroxide. These materials can yield strongly alkaline solutions 
(pH 12 or higher) when mixed with water. Calcium hydroxide is readily converted 
to calcium carbonate (calcite) on exposure to air. A mixture of calcite and water 
typically has a pH of approximately 8. 

The oxidation of pyrite in a coal slurry solid, and the consequent generation of acid, 
- is appreciably slowed by the addition of alkaline material to the pyrite-bearing 

material, especially under water-saturated conditions. We demonstrated that pyrite 
oxidation can occur under unsaturated conditions, but the presence of FE3C residue 
neutralized the acid generated (Dreher et al., 1992). If the two residues can be 
codisposed, both residues would be acceptably treated and a potentially deleterious 
environmental effect would be avoided. 

If mixtures of FBC residue and CSS will support seed gemination and plant growth, 
the current requirement of a four-foot thick soil cover on a reclaimed coal slurry 
impoundment might be circumvented. This, of course, is subject to regulatory 
acceptance and approval of the codisposal method. 

One of the objectives of the overall research program is to mathematically model the 
oxidation of pyrite, the neutralization of generated acid, and the migration of the 
resulting solutes through a reclaimed coal slurry impoundment (Dreher et al., 1994). 
Some of the information required to understand the processes that occur in the 
codisposal situation is documented in the literature. There is information in the 
literature on the oxidation of pure pyrite under nearly neutral conditions (Moses and 
Herman, 1989; 1991), but information about the rate of pyrite ogdation in a coaly 
matrix at slightly alkaline pH is lacking. These data are required for the development 
and application of the predictive computer model. 

EXPERIMENTAL PROCEDURES 

Four samples of pyrite-bearing coal slurry solids, collected during previous phases of 
the research program, are being used in this research. We have two grab sampIes 
of coal slurry solids from each of two coal slurry impoundments. Samples CSS-1 and 
CSS-2 were collected in September 1991; samples CSS-la and CSS-2a were collected 
in September 1993. Samples CSS-1 and CSS-la originated from the Illinois No. 6 
coal seam, and CSS-2 and CSS-2a from the Illinois No. 5 coal seam. 
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As described in the previous quarterly report, bulk amounts of the CSS samples were 
cleaned to remove existing sulfate by treatment with hydrochloric acid solution, 
followed by washing with water and acetone. Cleaned samples were ground and 
sieved to pass 1 mm. The homogenized cleaned sample is stored under argon. 

The following procedure was developed to study the rate of oxidation of coal slurry 
solids at pH 7.8. It is not possible to operate a pH electrode in a coal -- solution 
slurry, so a way had to be devised to maintain a solution at pH 7.8 and to pass this 
solution through the waste coal sample. The coal slurry solid sampIe (about 15 
grams) is contained in a thimble in a Soxhlet extraction tube mounted above an 800 
mL beaker. The beaker is covered with a lid with holes through which are inserted 

- into the solution a pH electrode, the titrator tube delivering 0.1 N NaOH solution, 
and a fritted glass tube that delivers air. Through another hole passes a Tygon tube. 
A peristaltic pump is used to circulate the solution from the beaker into the top of 
the Soxhlet thimble. Through another hole, usually stoppered, samples are withdrawn. 
Initially, 350 mL of distilled water are put in the beaker. The beaker is covered and 
the Soxhlet extraction tube mounted in place. Ultra zero air (<1 ppm CO,) is 
bubbled at 40 mL per minute through the water beginning at least one-half hour 
before an experiment is to start. The solution is stirred with a magnetic stirrer. 

Immediately before beginning the experiment, the pH electrode calibration is 
checked. If necessary, the electrode is recalibrated before it is inserted into the 
solution. The titrator tube and the Tygon tubing are put in place. 

At the same time that the above setup is being prepared, a quantity, 15 to 16 grams, 
of a bulk cleaned coal slurry solid is weighed and transferred to a 400 ML beaker. 
Distilled water (225 mL) and 50 mL of concentrated hydrochloric acid are added. 
The mixture is heated almost to the boiling point. It is cooled slightly and filtered 
through a Buchner funnel (No. 1 Whatrnan paper). The solid sample is washed with 
at least 225 mL of water and then at least 50 mL. of hot acetone (until the acetone 
passed through the filter is clear and colorless. The solid sample, spread on a large 
watch glass, is oven-dried (110°C) for 15 minutes and cooled for 15 minutes or until 
it reaches room temperature. The sample is tared and transferred to a Soxhlet 
thimble. The thimble is immediately inserted into the Soxhlet extraction tube and the 
experiment is begun. 

A computer program is begun to control the titrator. The pH of the solution is 
adjusted by a titration to pH at least 7.7. The peristaltic pump is started. At the 
same time that the Soxhlet tube begins draining, pH statting begins to maintain the 
pH of the solution at 7.8~0.3. The pH of the solution is monitored constantly from 
this point on. Circulation of the solution is maintained at a rate sufficient to keep the 
thimble almost full. Samples (10 mL) are withdrawn by pipette at regular intervals 
and replaced with 10 mL of distilled water. If the solution is not clear, the samples 
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are withdrawn with a filtering syringe (0.2 pmeter cellulose nitrate filter). Samples 
are stored in a refrigerator until the set is analyzed. 

The longest period that an oxidation experiment has been carried out is two days, 
with 10 to 12 samples taken over the time period. Shorter times may yet prove to 
be appropriate, to ensure that the oxidation products in the solution do not begin to 
affect the rate of reaction. At the end of the experiment, the Soxhlet thimble and 
tube are thoroughly drained. Blotter paper is used to dry the thimble as much as 
possible. The thimble is broken open and the solid sample is dried on a watch glass. 
The disaggregated sample is left on the watch glass to oxidize in air during the dry 
cycle phase of the oxidation rate tests. 

The samples taken are analyzed for sulfate by ion chromatography. The results are 
used to calculate the rate of pyrite oxidation according to the following chemical 
equation: 

- 

15 7 
FeSz + 4 O2 + 2 H20 = Fe(OH)3 + 2SO4> + 4H+ 

Two moles of sulfate are generated for each mole of pyrite oxidized. 
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RESULTS AiiD DISCUSSION 

Figure 1 presents the data on sulfate generated during the solution oxidation of a 
sample of coal slurry solid CSS-2a. From the raw data we calculate sulfate generated 
to be: 

ymoles SO, = (3.4265x104)tminutes -t (3.2404~10~) 
pmole FeS, 

The rate of decomposition of pyrite is then: 
rate = -d[pyrite]/dt = (O.S)d[SO4=]/dt 

= (OS)( 3.4265~10~) 
= 1.7132x10d pmole of FeSdminute per pmole of pyrite present. 

Each of the four coal slurry soIids has been tested. Data tabulated for each 
experiment include the rate of addition and total amount of 0.1 N NaOH added to 
maintain solution pH close to 7.8. We are investigating those data to see if the rate 
of NaOH used can be correlated with the rate of pyrite oxidation. A blank test was 
run to measure the amount of NaOH needed to maintain water at pH 7.8 over time. 
This test needs to be repeated to determine the extent to which the results depend 
on the air flow rate. The reproducibility of the sulfate concentration in the blank also 
needs to be determined. 

Samples for sulfate analysis are backlogged at present. When our Coal Analysis 
Laboratory is able to resume operation in the next few weeks, samples of freshly 
cleaned coal slurry solids WiH be submitted for forms of sulfur analysis. Regardless 
of these facts, we need data from more tests before we calculate the ultimate pyrite 
oxidation rates that can be applied to the model of the oxidation of pyrite in the 
presence of calcium carbonate, i. e., to the coal slurry solids -- fluidized bed 
combustion waste system. 

DISCLAIMER STATEMENT 

This report was prepared by Joyce Frost and the Illinois State Geological Survey with 
support in part by grants made possible by the U. S. Department of Energy Co- 
operative Agreement Number DE-FC22-92PC92521 and the Illinois Department of 
Energy through the IlIinois Coal Development Board and the Illinois Clean Coal 
Institute. Neither Joyce Frost and the Illinois State Geological Survey nor any of its 
subcontractors nor the US. Department of Energy, Illinois Department of Energy & 
Natural Resources, 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 
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(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 by the U. 
S. Department of Energy. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the U. S. Department of 
Energy. 

- _  Notice to Journalists and Publishers: If you borrow information from any part of this 
report, you must include a statement about the DOE and Illinois cost-sharing support 
of the project. 
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Figure I .  Results of solution oxidation of 15.905 g 
of coal slurry solid CSS-2a which contains 13.47% 
pyritic sulfur. Volume of solution was 350 mL. 
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COMMENTS 

At the end of this quarter, approval was granted, by letter of May 23, 1995, from 
Karen L. Tucker, Business Manager, Illinois Clean Coal Institute, for a change in the 
budget of this project, as follows. The sum of $1,613, composed of $1,419 from the 
labor benefits category and $194 from the equipment category, was transferred to the 
direct labor category. These changes apply to money to be spent in the fourth 
quarter so they appear as revised totals of cumulative projected costs for the fourth 
quarter. The change provides for the cost of some of the labor that must be applied 
to the project during the fourth quarter, and covers the labor benefits. Sufficient 
monies remain in the equipment line to cover current and anticipated purchases for 
the experimental work. 
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COSTS BY QUARTER 
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SCHEDULE OF PROJECT MILESTOiNES 
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Milestones: 

A. Conduct regular-length wet-dry oxidations (Task 1) 
B. Conduct random period-length wet-dry oxidations (Task 2) 
C. Interpret data 
D. Complete Technical Progress reports 
E. Complete Project Management reports 

Comments: 

It was originally proposed that the random period-length wet-dry oxidation 
experiments would be concluded at the end of the third quarter. Experiments will 
continue as long as possible in the fourth quarter in order to obtain as much 
information as we can on the factors (oxygen concentration, time, etc.) that affect 
the oxidation of pyrite in coal slurry solids. Task C, the interpretation of data, was 
begun with the first experiment and is an ongoing process. 


