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This report was prepared as an account of work sponsored by the United States Government.
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or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
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name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or

reflect those of the United States Government or any agency thereof.



ABSTRACT

The Chemical and Electrochemical Coal Cleaning (CECC) process developed at
Virginia Polytechnic Institute and State University was studied further in this project. This
process offers a new method of physically cleaning both low- and high-rank coals without
requiring fine grinding. The CECC process is based on liberating mineral matter from coal
by osmotic pressure.

The majority of the work was conducted on Middle Wyodak, Pittsburgh No.8 and
Elkhorn No. 3 coals. The coal samples were characterized for a variety of physical and
chemical properties. Parametric studies were then conducted to identify the important
operating parameters and to establish the optimum conditions. In addition, fundamental
mechanisms of the process were studied, including mineral matter liberation, kinetics of
mineral matter and pyrite dissolution, ferric ion regeneration schemes and alternative
methods of separating the cleaned coal from the liberated mineral matter. The information
gathered from the parametric and fundamental studies was used in the design, construction
and testing of a bench-scale continuous CECC unit. Using this unit, the ash content of a
Middle Wyodak coal was reduced from 6.96 to 1.61% at a 2 lbs/hr throughput. With an
Elkhorn No. 3 sample, the ash content was reduced from 9.43 to 1.8%, while the sulfur
content was reduced from 1.57 10 0.9%.

The mass balance and liberation studies showed that liberation played a more
dominant role than the chemical dissolution in removing mineral matter and inorganic sulfur
from the different bituminous coals tested. However, the opposite was found to be the case

for the Wyodak coal since this coal contained a significant amount of acid-soluble minerals.



EXECUTIVE SUMMARY

A novel coal cleaning technique, the Chemical and Electrochemical Coal Cleaning
(CECC) process, has been developed at Virginia Polytechnic Institute and State
University (Yoon and Paul, 1987; Paul, 1988). This process is unique in its ability to
liberate mineral matter from coal without comminution to ultrafine sizes. The CECC
process relies on treating coal with an electrocatalyst, such as ferric ions, which creates
osmotic pressure inside the pores and crevices of coal and results in fractured liberation
of the mineral matter. The primary objective of the present work was to develop the
CECC process.

The furndamental test work was conducted on coal samples from the Middle
Wyodak and Pittsburgh No. 8 seams. Initially, Upper Freeport coal was selected as one
of the samples to be tested; however, this coal did not respond well to the CECC process
due to its highly oxidized state. Limited batch tests were also conducted on Widow
Kennedy, Elkhorn No. 3, and Illinois No. 6 coals. The Elkhorn No. 3 coal replaced the
Pittsburgh No. 8 coal in the continuous test work (Subtask 6.2).

This project started with the acquisition, preparation (Task 2) and characterization
(Task 3) of the coal samples. Parametric batch test work (Task 4) was conducted on the
Middle Wyodak and Pittsburgh Noc. 8 coals in order to moc:! the effects of particular
parameters on the CECC process. The process conditions were then optimized on the
basis of the results of the parametric tests. Studies were also conducted to investigate the
various fundamental aspects of this process. Based on the information collected, a bench-
scale continuous unit was designed and constructed (Task 5). Finally, continuous testing

of the CECC process (Task 6) was conducted using a bench-scale unit.
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In Task 2, test-size samples of each of the selected coals were created by
crushing, screening, riffling, and coning. Once prcpareq, the samples were stored under
nitrogen until needed.

In Task 3, sample characterization was conducted on representative head samples
of the Middle Wyodak, Upper Freeport and Pittsburgh No. 8 coals. Proximate and
ultimate analyses were carried out for the three coal samples, as well as for the Elkhorn
No. 3 coal. Mineral matter composition, based on ash analysis, was also determined for
these four coal samples. The surface area analyses of the Middle Wyodak coal showed it
to be higher than that of the Upper Freeport coal. Pore size distribution measurements
showed the total pore volume of the Middle Wyodak coal to be about twice that for the
Upper Freeport coal. Fourier Transform Infrared (FTIR) Spectroscopic and Scanning
Electron Microscopic (SEM) analyses were also used to characterize the coal surfaces.
The X-ray Diffraction (XRD) analysis of the head sample of the Middle Wyodak coal
was used to determine the distribution of the mineral matter. Using image analysis, the
size distribution of the mineral matter was obtained. |

Based on information derived from the project, "Advanced Systems for Producing
Super-Clean Coal," (Contract No. DE-AC22-86PC91221), the most critical CECC
operating parameters found were as follows: acid concentration, percent solids, ferric ion
concentration and temperature. In Task 4, these four operating parameters were studied
in a series of statistically designed parametric tests conducted on the Middle Wyodak and
Pittsburgh No. 8 coals.

In the parametfic testing of the Middle Wyodak coal, statistical analysis of the

results indicated that of the four parameters studied, only the eftects of acid concentration
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and temperature were significant in the mineral matter removal by the CECC process.
An increase in temperature or acid concentration improved the rejection of mineral
matter, while an increase in the ferric ion concentration or percent solids had little effect
on ash rejection. The average ash rejection (by weight) obtained in these tests was
66.4%, while sulfur rejection was negligible. The poor sulfur rejection was attributed to
adsorption of sulfuric acid by coal.

The results of the batch tests for the Middle Wyodak coal also showed that
dissolution, rather than liberation, played a major role in the ash removal. Verified by
complete mass balance studies, the predominance of dissolution was attributed to the
presence of signiﬁcant amounts of acid-soluble carbonates and carboxylates of Ca and Mg
in this particular coal sample. The XRF and chemical analysis of the feed, as well as
elemental analysis of the solution obtained after the CECC treatment, confirmed the
presence of carbonates and carboxylates of Ca and Mg.

The parametric test data for the Pittsburgh No. 8 coal indicated that mineral
matter removal increased with a decrease in percent solids or ferric ion addition. The
opposite was observed when acid concentration or temperature was decreased.
Statistically, there was a strong interaction between the effects of acid concentration and
ferric ion addition. Mineral matter rejection was favored at low ferric ion addition and
high acid concentration. The low ferric ion addition required for this coal was attributed
to the additional ferric ions generated from the disselution of ferruginous minerals (e.g.,
pyrite). The large amounts of fgrric ions present in the system require corresponding
amounts of counter ions, hence the need for higher acid concentrations. The parametric

tests showed ash and sulfur rejections (by weight) of as high as 56 and 33%.



The mass balance in these tests indicated that liberation played the dominant role
in the removal of mineral matter and pyritic sulfur from Pittsburgh No. 8 coal. This was
opposite to what was observed for the Middle Wyodak coal since the Pittsburgh No. 8
sample did not contain a significant amount of acid-soluble minerals. For the other
samples tested, such as the Upper Freeport, Widow Kennedy and Elkhorn No. 3 coals,
the mass balance studies also suggested that liberation was more responsible for the ash
rejection in the CECC process.

The optimum operating conditions for the processing of the Middle Wyodak and
Pittsburgh No. 8 coals were determined using response surface analyses of the parametric
test data. At these statistically determined optimum conditions, the predicted % ash
rejections for the Middle Wyodak and Pittsburgh No. 8 coals were 65.5 and 54.7%,
respectively. Tests conducted at the predicted optimum conditions for these two coal
samples validated the reliability of the statistical analyses.

After the optimum conditions of the CECC process were established and
validated, mechanistic studies were carried out (Subiask 4.3). Since the CECC process is
capable of removing mineral matter by both dissolution and electrochemically induced
liberation, the leaching kinetics of some of the mineral matter species present in the
Middle Wyodak and Pittsburgh No. 8 coals were studied. Samples of the solutions were
taken from these tests and analyzed for Fe, Ca, Mg, Al and Si. For the Middle Wyodak
coal, the dissolutions of the mineral matter containing these species were significant,
‘except for the Si-containing minerals. The rate constants for the dissolution of Ca, Mg,
Fe, Al and Si were determined to decrease in the following order: Ca > Mg > Fe > Al

> Si. The kinetics of the release of Ca into solution was more than 3 times higher than
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those for the other species, presumably because Ca is present in the Middle Wyodak coal
as acid-soluble carbonates and exchangeable cations.

Investigation of the leaching kinetics of the different soluble mineral matter
present in the Pittsburgh No. 8 coal showed that the amounts of the different species
dissolved, except Fe, were much lower than those from the Middle Wyodak coal. This
was expected since the Pittsburgh coal had a much higher pyrite content than the Middle
Wyodak sample. The results of the leaching studies agreed well with the conclusion
drawn from the parametric tests that liberation, not dissolution, is the major mechanism
responsible for mineral matter réjection from the Pittsburgh No. 8 coal.

In the mechanistic studies, the regeneration of the ferric ions by alternative
methods was investigated. The use of Thiobacillus ferrooxidans bacteria and air
oxidation to regenerate ferric ions was considered in this phase of the project. The
conditions for the optimum cleaning of the Middle Wyodak and Pittsburgh No. 8 coal
samples by the CECC process using the bacterial regeneration scheme were determined
using parametric tests and response surface analyses of the results. The variables studied
were pH, temperature, substrate concentration, inoculum concentration and lead time.
Validation tests conducted at the determined optimum conditions for both coal samples
showed good agreement with the predicted values.

For both coal samples, the results showed that slightly acidic conditions and low
substrate concentrations resulted in higher mineral matter rejection. This was expected
since the growth of the bacteria is known to be more favorable under less acidic
conditions. The effects of all five parameters were found to be significant for both coal

samples.
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Using bacteria to regeneraie the ferric ions, the parametric test data showed that
the removal of mineral matter was not as high as that obtained using the electrochemical
reactor. This may be attributed to a number of factors such as the higher pH and lower
temperature used in the bacterial regeneration scheme. The kinetics and efficiency of
ferric ion regeneration using the bacteria were probably not as good as those in the
electrochemical regeneration scheme; however, the sulfur removal obtained for the
Pittsburgh No. 8 coal was greater in the bacterial tests. This may be attributed to
bacterial desulfurization since the c-al samples were in direct contact with the bacteria in
the parametric tests.

The use of air oxidation for ferric ion regeneration was also investigated. Using
an apparatus specially designed for these tests, ferric ions were regenerated separate from
the coal reactor. The mineral matter and sulfur rejection observed in these tests were
also not as good as those obtained in the electrochemical regeneration scheme. The
electrochemical scheme, having been shown to be better for the CECC process, was used
in the design of the continuous unit.

Liberation of mineral matter and pyrite by the CECC process was studied using
image analysis. The feed and processed samples were analyzed for the amount of free
coal, free mineral matter, free pyrite and locked composite particles. The liberation
study for the 65 x 325 mesh Pittsburgh No. 8 coal showed that the amounts of mineral
matter and pyrite liberated by the CECC process increased significantly with processing
time; however, a significant fraction of the liberated mineral matter was larger than 325

mesh. This finding provides an explanation for the poor result obtained with this sample
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when a 325 mesh screen was used to remove the liberated mineral matter. Thus, other
methods of removing the liberated mineral matter, such as flotation, were considered.

Liberation studies on the 65 x 150 mesh Elkhorn No. 3 coal showed that the
amounts of mineral matter and pyrite liberated by the CECC process increased with time.
The free mineral matter underwent some reduction in size during the CECC treatment
and the majority of the liberated mineral particles in this sample were finer than 150
mesh. This is opposite to what was found for the Pittsburgh No. 8 coal, which may
explain the better response of the Elkhorn No. 3 coal to CECC treatment.

Two major problems were encountered in the CECC process, namely: i) the
electrocatalytically induced liberation of mineral matter did not occur when oxidized coal
was the substrate, and ii) screening was not effective for separating the coarse liberated
mineral matter from some of the coals tested. The performance of the CECC process is
affected significantly by the degree of oxidation of the feed because the liberation
mechanism is based on the incipient oxidation of the coal. This was the main reason why
Pittsburgh No. 8 coal was used, instead of Upper Freeport coal, as the second coal for
the fundamental test work. For all of the coals studied, the higher the degree of surface
oxidation of the feed sample, the lower the ash and sulfur rejection. The second
problem, as discussed above in the liberation studies, required the use of alternative
methods of recovering the clean coal. Tests conducted using flotation, instead of wet-
screening, to separate the clean coal from the liberated mineral matter showed
significantly improved results.

The data collected in the batch tests were used in the design of the reactor and

CECC circuit (Task 5}. The bench-scale CECC continuous unit was designed for



processing 1-3 1bs/hr of coal. An electrochemical regeneration scheme was incorporated
into the reactor design, which consisted of five banks. This design gave it enough
flexibility to handle different retention times.

The continuous bench-scale unit was operated at 2 Ibs/hr in the shakedown tests
and continuous test work (Task 6). Shakedown testing showed that the continuous unit
was able to reduce the ash content of a fresh Middle Wyodak coal sample from 5.37% to
as low as 1.16%.

The continuous testing of the CECC bench-scale unit was conducted on the
Middle Wyodak and Elkhern No. 3 coal samples. The Pittsburgh No. 8 coal was
replaced in the continuous test work due to problems with removing coarse liberated
mineral matter and with the samples being oxidizidation. The CECC unit was run under
the optimum conditions established for these coal samples in Task 4. For the Middle
Wyodak coal, the ash content was reduced from 6.96% to as low 1.61%, corresponding
to an ash rejection (by weight) of about 83%. The ash and sulfur contents of the Elkhorn
No. 3 coal were reduced from 9.43% and 1.57% to 1.8% and 0.9%, respectively, with
yields ranging from 72 to 75%. The average ash and sulfur rejections were calculated to
be around 84% and 47%. The CECC continuous umnit was used to treat -325 mesh
Elkhorn No. 3 coal samples and gave ash and sulfur rejection values of as high as 77%
and 66%. In these tests, the clean -325 mesh coal particles were separated from the
liberated mineral matter through microbubble column flotation, instead of wet-screening.

Thus, the CECC process offers a new method of cleaning coal efficiently. It is
one of the few processes that can be used for upgrading both low and high rank coals.

The technique can be used for producing superclean coals containing less than 2% ash
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containing less than 2% ash and very little inorganic sulfur. This can be achieved
without pulverizing the coal to micron sizes, which offers two main advantages as
compared to other advanced physical coal cleaning processes. One is the elimination of
the cost of grinding the coal to micron-sizes, and the other is that the clean coal produced
by this process can be used for producing highly-loaded coal water mixture (CWM) fuel.
There may be two other added benefits of the process, which were not explored in
the present work. One is that clean coal produced by this process should have higher ash
fusion temperature than those produced by the advanced physical coal cleaning processes
since the acid-to-base oxide ratio of the product coal is increased by the acid treatment.

The other is the CECC process may be removing substantial amounts of trace elements

from the coal since it involves a leaching-type process.
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INTRODUCTION

The Chemical and Electrochemical Coal Cleaning (CECC) process is an advanced
physical coal cleaning process that can achieve mineral liberation with a minimum
amount of grinding. This process is considered to liberate mineral matter from coal by
an osmotic pressure mechanism. Previous work (Paul, 1988; Paul and Yoon, 1990) has
shown that the CECC process can reduce the ash content of a variety of subbituminous
and bituminous coals.

In the CECC process, coal is electrolyzed in a mildly acidic medium containing 1
millimolar or less ferric ions, differentiating this process from ferric ion leaching
processes where much higher ferric ion concentrations are used. Due to the acidic
environment, the minerals present in coal are positively charged. Coal acquires a
positive charge as well, partly due to H* adsorption, but mainly due to the superficial
oxidation of the coal surface resulting from the electron loss caused by the reduction of
the ferric ions to ferrous ions on the coal surface (Dhooge and Park, 1983; Anthony and
Linge, 1983). When both coal and mineral matter are positively charged as such, counter
ions congregate in the vicinity of their surfaces, setting up electrical double layers.
Inside the small crevices or pores on the coal surface, the double layers will overlap each
other. This overlap reduces the aqueous chemical potential inside the pore below that of
the solution outside and creates an osmotic pressure (Schofield, 1946; Usui and Hachisu,
1984; Koval’chuk and Shilov, 1987). The mineral matter trapped inside the pore can be
liberated by the osmotic pressure, as theoretical computations have shown that this

pressure ranges from 0.7 to 7 atm between surfaces that are 100 to 1000 A apart (Paul



samples.
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and Yoon, 1990). Further the osmotic pressure helps initiate or propagate cracks along
the coal maceral-mineral boundaries to promote selective breakage, as evidenced by
Scanning Electron micrographs of the treated coal (Paul, 1988; Basilio er al., 1992).

Most of the liberated mineral particles are much smaller than their parent coal
particles and can be separated by a simple size-based separation technique such as
screening. The ferric ions used in the process can be regenerated by several different
methods such as aeration, microbial oxidation and electrochemical oxidation.

The objectives of the present work were to: (a) study the mechanisms by which
the Chemical and Electrochemical Coal Cleaning (CECC) process removes mineral
matter and pyritic sulfur from coal, (b) learn more about the operating parameters of the
process, (c) collect engineering information for scale-up of the process, and (d) test the

CECC process on a bench-scale continuous operation.
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TASK 1 - PROJECT PLANNING

The Cost, Management and Work Plans were approved by the DOE Technical
Project Officer. A key activity in this task was the selection of the coals for testing.
Since one of the major objectives of this project was to develop an understanding of the
mechanisms governing the operation of the process, coals were selected on the basis of
the researchers’ familiarity and experience with them. The DOE had requested that
Jittsburgh No. 8, Illinois No. 6 and/or Upper Freeport coals be considered in the test
program. After careful review of all test data, Middle Wyodak and Widow Kennedy
coals were initially selected for use in the batch testing program and the Upper Freeport,
Illinois No. 6 and Pittsburgh No. 8 coals for use in the continuous test program (Task 6).

This decision was based on past experience. The Middle Wyodak and Widow
Kennedy coals had shown mineral matter reductions ranging from 40 to 60 percent. In
view of these substantial ash reductions and the researchers’ familiarity with these
samples, it was decided to base most of our developmental research work on these coals.
By contrast, very few test data were found for the three coals recommended by DOE.
Tests conducted on these coals indicated that the Upper Freeport coal responded fairly
well to the CECC process with ash reductions of about 35%, whereas, the Illinois No. 6
and Pittsburgh No. 8 coals yielded ash reductions that were generally less than 20%.
However, a Pittsburgh No. 8 sample from Pennsylvania showed ash reductions after
CECC treatment ranging from 20 to 50%.

After discussions with DOE, the Widow Kennedy coal was replaced as a primary

sample by the Upper Freeport coal. As will be shown in Task 4, the Upper Freeport



coal, which was severely oxidized, did not respond positively to CECC treatment. This

sample was then replaced by the Pittsburgh No. 8 coal, which was used in the Batch
Tests (Task 4). There were, however, some problems found in the CECC treatment of
the Pittsburgh No.8 coal, dealing mainly with the inability of screening to separate the
clean coal from the liberated mineral matter. With the approval of DOE, the Pittsburgh

No. 8 coal was replaced in the Continuous Test Work (Subtask 6) with Elkhorn No. 3

coal. This is discussed in more detail in Tasks 4 and 6.
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TASK 2 - SAMPLE ACQUISITION, PREPARATION AND STORAGE

At the start of the project, a 55-gallon drum of Middle Wyodak coal was obtained

from the Kerr-McGee Coal Corporation in Gillette, Wyoming. As outlined in the Work

Pian, the coal was crushed to 12-mesh topsize in a hammermill and split into four parts:

Al (reserve sample), A2 (batch testing sample), Bl (retesting sample), and B2

(continuous unit test sample). Each split was analyzed for sulfur and ash content, and the

representativeness of each sample determined. Results of the sampling work, which are

summarized in Table I, indicate very excellent agreement of sulfur and ash values within

the different sample splits. Individual sulfur and ash deviations from the sample average

appear to be very good.

Table 1. Ash and sulfur analyses for sample splits of the Middle Wyodak coal.

Sample No. Ash (%) Sulfur (%) Ash Deviation Sulfur Deviation
from Average from Average
(7.770%) (0.472%)
Sample Al 7.931 0.483 0.161 0.011
Sample A2 7.955 0.465 0.185 0.007
Sample Bl 7.593 0.473 0.177 0.001
Sample B2 7.603 0.470 0.167 0.002
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A statistical analysis of the results indicates that the ash and sulfur values are
within the 95% confidence level with ash values falling between 7.80 and 8.64 and sulfur
values between 0.44 and 0.59. Since the sulfur and ash analyses confirmed that crushing
and splitting had been properly implemented, the samples were crushed to the required
test-sample size, as described in the work plan.

For Middle Wyodak, the total weight of the four splits was 123.7 kg. Split Al
accounted for 36.7 kg; split A2, 30.7 kg; split B, 28.2 kg and split B2, 28.1 kg. As
discussed in the Work Plan, split A1 was designated as the reserve sample for the
project, split B1 for use in Task 4 as part of the validation test work (Subtask 4.2), and
split B2 was targeted for use during the Continuous Unit Operation phase (Task 6). Of
the four samples, splits Al, B1, and B2 were stored in bulk under nitrogen. Although an
earlier plan had specified that split B1 was to be further crushed and riffled into test
samples, this sample was instead stored under nitrogen at a larger top size to help retard
oxidation, since it was not planned for use until Subtask 4.2, approximately one year into
the project. Completed work-up of the B1 split was rescheduled closer to the date that
the sample would be used in Subtask 4.2.

Split A2 of the Middle Wyodak coal was targeted for use in the Parametric Test
work (Subtask 4.1). As outlined in the Work Plan, this sample split was further crushed
to 65-mesh top-size and riffled into four lots labeled A2d ("d" for dry), A2w ("w" for
wet), A2c ("c" for clean) and A2s ("s" for stored). The A2d sample was dry-screened to
provide 65 x 200-mesh, 200 x 325-mesh and 325-mesh x O material; the A2w sample was

wet-screened to provide the same splits. The A2c sample was to be cleaned by a specific



gravity or flotation method before CECC treatment. But since this work was not
scheduled until the end of the Parametric Testing phase (Subtask 4.1), the precleaning
step was postponed until the sample was ready for testing in order to help prevent sample
degradation via oxidation. The A2s sample was stored to be used in the case that more
sample was needed. Table II provides an overview of the samples collected as part of

this work-up effort.

Table II. Tabulation of the samples collected through work-up of the Middle Wyodak

coal.
Split Sample Mesh size Amount  Processing Technique
collected
A2 30.7kg  Sample further crushed to 65-
mesh topsize and worked up as
follows:
A2d 7.5 kg Dry screened to provide the
following:
65 x 200-mesh 5.7 kg
200 x 325-mesh 1.6 kg
325-mesh x 0 0.2 kg
A2w 6.3 kg Wet-screened to provide the
following:
65 x 200-mesh 3.2 kg
200 x 325-mesh 0.9 kg
325-mesh x ¢ 2.2kg
A2c 8.2 kg Stored in bulk under nitrogen.
A2s 8.7kg Stored in bulk under nitrogen.
Bl ' 28.2kg  Stored in bulk under nitrogen.
B2 28.1kg  Stored in bulk under nitrogen




Through the efforts of the DOE COR, a 55-gallon drum of Upper Freeport coal

was obtained from Praxis Engineers. As outlined in the Work Plan, this coal was

crushed to 12-mesh topsize in a hammermill and split into four parts: A1, A2, Bl and

B2. Sulfur and ash analyses were conducted on each split to determine the

representativeness of the four splits. Results of the sampling work are summarized in

Table III.

Statistical analysis of the results indicates that the sulfur and ash values all lie

within the 95% confidence level with sulfur falling between 2.521 and 2.579% and ash

between 17.363 and 17.488%. Since all of these values lie within the 95% confidence

interval, these analytical results indicate good representativeness within the samples. This

confirms that the crushing and splitting were properly implemented and thus that the

samples were crushed to the required test-sample size.

Table IIl.  Ash and sulfur analyses for sample splits of the Upper Freeport Coal.

Sample No. Ash (%) Sulfur Ash Deviation from  Ash Deviation from
(%) Average (17.43) Average (2.55)
Sample Al 17.45 2.54 0.184 0.013
Sample A2 17.39 2.57 0.212 0.018
Sample Bl 17.40 2.56 0.126 0.010
Sample B2 -17.47 2.53 0.128 0.023




For the Upper Freeport coal, the total weight of the four splits was 144.75 kg.
Split A1 accounted for 36.62 kg; split A2, 39.09 kg; split B1, 34.18 kg and split B2,
34.87 kg. As with the Middle Wyodak coal, three of these splits A1, Bl and B2 were
stored in bulk under nitrogen for later use. Split A2, however, was crushed and screened

into test-size samples for immediate use.



TASK 3 - SAMPLE CHARACTERIZATION
Ultimate and proximate analyses were conducted on samples of Middle Wyodak
and Upper Freeport coal, as shown below in Tables IV and V, respectively. These
included a head sample and a sample of the four main splits for each coal.
A sample of Middle Wyodak coal was dry-ground to 65-mesh topsize in a ball
mill and the 65 x 325 mesh fractions were collected by dry-screening. The samples were
riffled into 100-g lots, sealed in air-tight plastic bags, and stored in a freezer. The ash

and sulfur analyses for the different fractions are given in Table VI.

Table IV.  Ultimate analysis of the Middle Wyodak coal (dry basis).

Analysis Head Sample  Split Al Split A2 Split Bl Split B2
Carbon 68.33

Hydrogen 4.66
Oxygen 18.17
Nitrogen 1.10
Sulfur 0.42 0.49 0.56 0.54 0.56
(total)

Sulfate 0.01

Pyritic 0.19

Organic 0.22
Ash 8.18 8.17 7.91 8.79 8.06
Moisture 24.62 19.03 25.10 27.22 26.95
Btu/lb 11722 11459 11473 11309 11491
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Table V. Results of ultimate and proximate analyses of Upper Freeport coal.

Analysis (%) Head Sample Split Al Split A2 Split B1 Split B2
Dry-loss 0.81 1.08 1.18 1.11 1.20
Carbon 70.29
Hydrogen 4.45
Oxygen 5.45
Nitrogen 1.33
Sulfur (total) 2.58 2.62 2.89 2.68 2.84
Sulfate 0.05
Pyritic 1.93
Organic 0.60
Ash 17.79 17.55 17.60 17.50 17.37
Btu/lb 12503 12518 12676 12688 12530

The ash analyses for mineral matter of the Middle Wyodak and Upper Freeport

coal head samples are given in Tables VII and VIII. The majority of the mineral matter

Table VI.  Ash and sulfur analyses for sized fractions of Middle Wyodak coal.

Fraction Weight  Weight Cum. Ash Cum. S Cum S.
(mesh) (8 (%) Wt (%) (%) Ash (%) (%) (%)
65 x 200 19.53 53.2 53.2 5.95 5.95 0.50 0.50
200 x 325 5.88 16.0 69.2 6.85 6.16 0.47 0.49
-325 11.30 30.8 100.0 9.54 720 045 0.48

composite 36.71 100.0

11



Table VII.  Coal ash analysis for mineral matter of Middle Wyodak coal.

Mineral Analysis , % Weight (Ignited Basis)
Silicon (Si0,) 38.62
Alumina (Al,0,) 14.81
Titania (TiO,) 1.39
Ferric Oxide (Fe,0,) 6.68
Lime (CaO) 20.52
Magnesia (MgO) 4.68
Potassium Oxide (K,0) 0.37
Sodium Oxide (Na,0) 0.60
Sulfur Trioxide (SO,) 8.87
Phosphorus Pentoxide (P,05) 1.07
Strontium Oxide (SrO) 0.31
Barium Oxide (BaO) 0.42
Manganese Oxide (Mn,0,) 0.02

found in the Middle Wyodak coal was oxides of Si, Ca and Al. For the Upper Freeport
coal, the mineral matter was mostly oxides of Si, Al and Fe. The amount of Fe oxide
present in the Middle Wyodak coal is much smaller- than in the Upper Freeport sample.
However, there is a significant amount of acid-soluble Ca and Mg oxides in the
subbituminous coal.

FTIR spectroscopic analyses of the Middle Wyodak and Upper Freeport coal head
samples were carried out using diffuse reflectance infrared spectrometry (DRIFTS). The
spectra were recorded using a Perkin Elmer Model 1710 FTIR spectrometer equipped

with a mercury cadmium telluride (MCT) detector. A Barnes Analytical/Spectra-Tech

12



Table VIII. Coal ash analysis of Upper Freeport coal.

Mineral Analysis % Weight (Ignited Basis)
Aluminum (Al,O;,) 24.59
Barium (BaO) 0.13
Calcium (CaO) 0.96
Iron (Fe,0,) 20.45
Magnesium (MgO) 1.03
Manganese (MnO,) 0.02
Phosphorus (P,05) 0.39
Potassium (K,0) 2.60
Silicon (SiO,) 47.83
Sodium (Na,0O) 0.26
Strontium (SrO) 0.04
Sulfur (SOs) 0.55
Titanium (TiO,) 1.15

DRIFTS accessory was used in these measurements. The 10% coal samples in KBr were
ground together in a Wig-L-Bug for 2 minutes and their spectra measured by averaging
100 scans at 4 cm™ resolution. Spectral-grade KBr, ground for 2 minutes, was used as
the reference material.

Figure 1 shows the diffuse reflectance spectra obtained for the head samples of the
Middle Wyodak and Upper Freeport coal. The trends in the spectra were typical of those
found in the absorption spectra for these types of coals in KBr pellets. The intensity of
the broad phenolic O-H stretching bands above 3100 cm decreased as the coal rank

increased. The band observed at 3050 cm™ is due to the aromatic C-H stretching
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Figure 1. Diffuse reflectance spectra of 10% Middle Wyodak coal in KBr (a) and 10%
Upper Freeport coal in KBr (b).
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vibrations, while the absorption peaks found at 2960, 2925 and 2854 cm may be
attributed to aliphatic C-H vibrations. The signal intensity ratio of the aromatic C-H
stretching band to the aliphatic C-H vibrations is known to increase with coal rank. This
was also observed in the spectra of the two head samples.

The band observed at 1589 cm™ for the Middle Wyodak coal may be attributed to the
carboxyl group vibrations. This band was not present in the spectrum for the Upper
Freeport coal. However, bands are observed at 1611, 1768 cm™, as well as sharp bands
that appear between these two bands. These may be attributed to carbonyl vibrations,
which are indicative of the oxidation of this coal sample. There are also sharp peaks at
1032 and 1012 cm™, which were more significant in the spectrum for the Upper Freeport
coal sample. These two absorption peaks are due primarily to the presence of clay
minerals. The ash analysis of these two samples verified this observation. The results
showed that DRIFTS is useful for coal surface characterization. This technique was used
later to characterize the changes in the surface of some of the treated coal samples in
Task 4.

The head sample of the Middle Wyodak coal was also characterized using X-ray
diffraction (XRD) analysis. Since this technique could not be used on pure coal samples
because the minerals present in the coal were too dilute to be directly identified, the
analyses were done on the low-temperature ash (LTA). The results showed that the
dominant minerals present in the Middle Wyodak coal samples are kaolinite (density =

2.63 g/cc) and quartz (density = 2.65 g/cc).
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Based on this information and the data from the X-ray fluorescence (XRF)
analysis of the low-temperature ash, the distribution of the mineral matter present in the
Middle Wyodak coal was estimated. Table IX shows that about 67% of the minerals
present in the coal is kaolinite and quartz. These values were obtained by assuming that
all of the Al found in the coal was in the form of kaolinite, while the rest of the Si not
found in the kaolinite was in quartz. It is interesting to note that 16.95% Ca and 5% Mg
were also present in the coal sample. Extended X-ray absorption fine structure
(EXRAFS) spectroscopic analysis by other researchers showed that these elements are
present in coal as exchangeable cations. It is believed that they are molecularly dispersed
throughout the coal maceral as the salt of carboxylic acids. The amount of pyrite was
calculated from the amount of pyritic sulfur present in the coal, while the remaining Fe

was assigned to FeO OH.

Table IX.  Distribution of mineral matter in Middle Wyodak coal.

Mineral Weight Percent
AlS8i,0 42.31
Si0, 25.84
FeS, 3.88
FeO-OH 5.80
Ca** 17.12
Mgt 5.05
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Scanning electron microscopy (SEM) was also used to characterize the surface of
the two head samples. Figure 2 shows the SEM photomicrographs of the Middle
Wyodak and Upper Freeport coal samples. Pyrite grains are visible in the Upper
Freeport coal sample, but not in the Middle Wyodak coal in this particular
photomicrograph.

The size distribution of the mineral matter present in a 28 x 0 mesh fraction of the
Middle Wyodak coal head sample was determined using a Zeiss SEM-IPS image analyzer
interfaced with a Cambridge Stereoscan 120 SEM. Back-scattered electron images were
collected from the polished cross-sections of coal particles embedded in epoxy resin. The
mineral matter was discriminated from the coal based on gray level, which is
proportional to the average atomic number of an individual mineral. Pyrite shows the
highest gray level, followed by other minerals such as clay and quartz, and then by coal.

Assuming that the mineral matter present in the Middle Wyodak coal is pyrite,
kaolinite and quartz, the area of each mineral particle was measured using the image
analyzer. These data were then converted to mass using densities of 5.01 and 2.65 g/cc
for pyrite and the other minerals, respectively. The results presented in Figure 3 show
the mass percent passing a given particle size for pyrite and total mineral matter (which
includes quartz, kaolinite and pyrite). The 80% passing size of pyrite and the total
mineral matter found in the 28 x 0 mesh size Middle Wyodak coal were approximately
45 and 125 microns. Surface area and pore size distribution measurements were carried
out for the Middle Wyodak and Upper Freeport coal samples obtained in Task 2. The

measurements were done by the Micromeritics Instruments Corporation using the head
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Figure 2. Scanning electron photomicrographs of 65 x 200 mesh fraction of Middle
Wyodak coal (top) and 100 x 200 mesh fraction of Upper Freeport coal
(bottom).
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Figure 3. Particle size distribution of pyrite and total mineral matter present in a 28 x
0 mesh fraction of Middle Wyodak coal.
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samples from the two coal seams. Table X shows the results of the BET and Langmuir

surface area and pore distribution analyses. The surface area, pore volume and pore
distribution were determined by the static-volumetric method using nitrogen gas.

The BET surface areas of the Middle Wyodak and Upper Freeport coal were
determined to be 2.43 and 1.68 m?/g, respectively. The total pore volume for the Middle
Wyodak coal was about twice t