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ABSTRACT

Economically feasible organic sulfur and hazardous air pollutant (HAP) precursor removal
processes have not been developed, and an effective sulfur and selected HAP removal
process is needed to enhance the utilization of high-sulfur coals and to comply with
increasingly stringent regulations. Energy & Environmental Research Center (EERC)
researchers have developed a process using subcritical water to remove organic sulfur and
selected HAPs from Illinois Basin Coal Sample Bank coals. This technology differs from
the previous methods, since it processes the coal at lower temperatures using
environmentally friendly water solvent. Using a bench-scale system, the EERC reduced the
sulfur level by 75% and mercury by 90% by hydrothermal treatment. Based on these results,
the EERC has been working with ICCI for the past 3 years to integrate this technology with
advanced physical cleaning and scaleup of the subcritical water extraction technology.

The third year of this project was spent integrating packed-column flotation with continuous
slurry hydrothermal treatment. Several hundred pounds of product coal slurry from a 4-in.
packed column was treated at conditions near the critical temperature (<374EC) and
subcritical pressure (<3200 psia) of water using a 3/4-in.-ID tubular reactor system. Results
indicate that physical cleaning reduced the pyritic sulfur in Illinois No. 6 coal from 3.4% to
2.7% and the organic sulfur content from 2.2% to 2.0%. Hydrothermal processing at
subcritical conditions in the tubular reactor reduced the organic sulfur by 25%, from 2.0%
to 1.5%. Differences in process results between bench scale and pilot scale were attributed
primarily to changes in operation mode from batch to continuous and reduced temperature
conditions. The EERC completed limited testing with the tubular reactor configured in the
batch mode to process the physically cleaned coal with water at higher temperatures. In
addition, the EERC added an on-line catalyst module system to the process, which
desulfurized the tars. In bench-scale testing, cobalt–molybdenum catalyst reduced the sulfur
content of tar from 1.60 to 0.11 wt% in an aqueous environment, whereas the tar sulfur was
reduced from 2.4% to 1.4% by the catalyst in the pilot scale-testing. The desulfurized tars
were added back to the solids to increase the fuel recovery by 7 wt% (26% increase in
volatile matter) to give a total fuel recovery of 85% with only 3.5 wt% ash on a moisture-
free basis. Approximately one-third of the volatile matter was water-soluble or converted to
gas.  Mercury content was reduced from 0.319 μg/g in the raw coal to 0.166 μg/g in the
deep-cleaned coal, while chlorine was reduced from 950 to < 50 ug/g.

Work was interrupted by the flood of the Red River in Grand Forks, North Dakota, which
caused significant damage to the entire city, including the research facilities at the EERC.
The EERC requested and was granted a 3-month no-cost project extension for the 1996–97
program to allow EERC researchers ample time to complete the project and put their private
and professional lives back together.



EXECUTIVE SUMMARY

The primary objective of this project is to develop a continuous processing method for
removing organic sulfur along with chlorine and selected hazardous air pollutants (HAPs)
from physically cleaned coal with subcritical water techniques in combination with effective
thermal and/or chemical treatment, if required. The goal is to produce a coal that will emit
1.2 lb of SO2/MMBtu or less upon combustion from coals supplied by the Illinois Basin Coal
Sample Bank. The physical cleaning method selected for the Illinois Clean Coal Institute
(ICCI) program development was packed-column flotation using a 4-in. packed-column cell.

Year 3 objectives were to treat 500 lb of physically cleaned Illinois coal samples using the
integrated hydrothermal system at subcritical conditions. The test coals for the program were
generated using a 4-in.-diameter packed-column flotation cell developed by West Virginia
University and tested at Southern Illinois University (SIU). Flotation experiments were
completed at the Energy & Environmental Research Center (EERC) using conditions
previously determined by SIU and others for Illinois coals. On obtaining satisfactory
operation of the column, more than 600 lb of physically cleaned coal was prepared for
continuous testing on the hydrothermal process development unit.

Previous efforts by the EERC for deep cleaning physically cleaned Illinois bituminous coals
have indicated that subcritical extraction is an effective technique to reduce sulfur as well
as HAPs. Batch extractions were performed at pressure and temperatures up to supercritical
water conditions under constant fluid flow (dynamic) conditions. Analysis performed on
cleaned samples indicated that sulfur levels can be lowered to less than 0.8 wt% sulfur, with
over 90% reduction in mercury content.

Using laboratory- and bench-scale systems, the EERC refined the technology to process
physically cleaned coal on a continuous basis at the elevated temperature conditions. The
EERC enhanced the heat exchangers and high-pressure slurry pump to maintain high
residence times. The additional heat allows researchers to investigate, with continuous flow,
conditions that are closer to the critical point of water (374EC), where extraction properties
reach an optimum point. The EERC also modified the pilot-scale system to enhance product
quality and recoveries by cleaning the organic material present in the process water using
a specially designed catalyst modular system. Several commercial catalysts were tested, with
special emphasis on potential poisoning, efficiency, selectivity, and catalyst attrition. 

Work at the EERC was interrupted by the spring flood of the Red River of the North in
Grand Forks, North Dakota, which was of a magnitude never before witnessed in the region.
The entire city, including the research facilities at the University of North Dakota EERC,
was flooded. The EERC, along with the remainder of the University, was forced to close
because of water in the bottom floors of the buildings causing loss of power, water and
sewer, and equipment. Technical work at the EERC was not possible between April 17 and
May 8, 1997. From May 8, 1997, forward, the premises were cleaned, electricity was
restored, repairs were made, and equipment replacements were begun. As equipment was
put back into service, project activity gradually increased. Fortunately, the subcritical
extraction equipment used in the ICCI project was not seriously damaged and was prepared



for testing as operators became available. As time progressed, personnel dealt with flooded
homes, limited office space, and lack of equipment at work and the mental stress brought on
by both. 

Following flood recovery, shakedown testing of the continuous hydrothermal system to
determine operating parameters, including solids loading in the slurried feed, was carried
out. Process residence times were increased to over 1 hour by using a Bran-Lubbe high-
pressure pump system and adding a high-pressure reactor. Additional heat was applied with
a superheater downstream from a series of three Dowtherm preheaters. Initial plugging
problems caused by settling of the coal were corrected by increasing the solids loading from
< 10% to >30%. The EERC treated over 200 lb of cleaned coal at near-critical temperature
and pressure using the continuous slurry method.

Product coal slurry from a 4-in. packed column was treated at conditions near the critical
temperature (<374EC) and subcritical pressure (<3200 psia) of water using a 3/4-in.-ID
tubular reactor system. Results indicate that physical cleaning reduced the sulfur in Illinois
No. 6 coal from 3.4% to 2.6%, and the hydrothermal treatment in the continuous mode
reduced the sulfur content from 2.6% to 2.3%. Hydrothermal processing of a second Illinois
bituminous coal at subcritical conditions in the batch mode reduced the organic sulfur by
25%, from 2.0% to 1.5%, whereas bench-scale results had given sulfur values as low as
0.8% in the recovered coal. Differences in process results between batch bench and pilot
scale and continuous pilot scale were attributed primarily to changes in operation mode from
batch to continuous and reduced temperature conditions. The EERC completed limited
testing with the tubular reactor configured in the batch mode to process the physically
cleaned coal with water at higher temperatures. In addition, the EERC added an on-line
catalyst module system to the process, which desulfurized the tars. In bench-scale testing,
cobalt–molybdenum catalyst reduced the sulfur content of tar from 1.60 to 0.11 wt% in an
aqueous environment, whereas the tar sulfur was reduced from 2.4% to 1.4% by the catalyst
in the pilot-scale testing. The desulfurized tars were added back to the solids to increase fuel
recovery by 7 wt% (26% increase in volatile matter) to give a total fuel recovery of 85%
with only 3.5 wt% ash on a moisture-free basis. Approximately one-third of the volatile
matter was water-soluble or converted to gas and, therefore, in these tests was not recovered
in the condensed-phase fuel.

Additional testing at extended residence times and with additives had minimal effect on
sulfur content. This indicates that temperature and mode of operation are primary factors in
controlling the removal of sulfur from coal by extraction with water. Continuous operation
includes excessive close contact between solids and sulfur during the processing, resulting
in lack of sulfur removal. The batch process offers less long-term close contact and provides
a tar–water stream that can be treated by on-line catalytic desulfurization. Near the end of
the contract, the EERC completed limited testing with the tubular reactor configured in batch
mode to process the physically cleaned coal with water at higher temperatures and reduced
coal–sulfur extraction contact time. Although less than 50 lb was processed with the new
system, early results indicated organic sulfur removal to be 33% better than the continuous
mode. In addition, the EERC added to the process an on-line catalyst module system that
desulfurized the aromatic tars. In bench-scale testing, a Co–Mo catalyst reduced the sulfur



content of tar from 1.60 to 0.11 wt% in an aqueous environment. On-line pilot-scale testing
reduced tar sulfur content from 2.4 wt% to 1.4 wt%, a 42% reduction. The desulfurized tars
were added back to the solids to increase the fuel recovery by 7% and volatile matter by
26%. More fundamental and pilot testing is required to verify conditions and results from
batch mode extraction. Mercury content was reduced from 0.319 μg/g in the raw coal to
0.166 μg/g. in the deep-cleaned coal, while chlorine was reduced from 950 to < 50 μg/g.
Previous tests with IBC-101 and IBC-102 have shown Hg reduction of 58% and 99%,
respectively, indicating that Hg removal is effective by hydrothermal treatment and is
dependent on the disposition of the Hg. Chlorine was reduced from 950 μg/g in the feed, to
710 μg/g in the physically cleaned coal, to <50 μg/g in the hydrothermally treated product.

Accepting that the process still needs more fundamental and process engineering before
being ready for demonstration at the commercial level, the EERC is confident in asserting
that the technology of this project has led to several significant achievements. It was
demonstrated that:

C Subcritical water can remove 25%–70% of organic sulfur and all pyritic sulfur
remaining after physical cleaning.

C Desulfurization of coal tar can be accomplished on-line without additional energy
input.

C Removal of selected HAPs from coal can be accomplished simultaneously with sulfur
removal. 

C Tar and solids can be desulferized in a one-step process.

C Subcritical water extraction of mercury from coal is coal-specific, likely depending on
the mineral association of the element.
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OBJECTIVES

The primary objective of the study by the Energy & Environmental Research Center (EERC)
is to develop a continuous processing method for removing organic sulfur along with
chlorine and selected air toxic trace metal elements from physically cleaned coal with
subcritical water techniques in combination with effective thermal and/or chemical
treatment, if required. The goal is to produce a coal that will emit 1.2 lb of SO2/MMBtu or
less upon combustion of Illinois Basin coal.

The pilot-scale investigation is focused on developing a practical, cost-effective method for
the removal of organic sulfur from the Illinois Basin high-sulfur coal for clean coal
applications, including clean coal application by pulverized coal (pc)-fired electric utilities
or superclean coal for use in combustion turbine applications. Therefore, the level or extent
of target pollutant precursors to be removed has to be responsive to the final applications.
Extractions will be performed at pressure and temperatures up to supercritical water
conditions under constant fluid flow (dynamic) conditions, with on-line tar desulfurization,
for the removal of organic sulfur from physically cleaned (reduced pyrite and mineral
content) Illinois bituminous coal.

INTRODUCTION AND BACKGROUND

Coals having high organic sulfur content are difficult to “clean.” Organic sulfur is a
functionality of the hydrocarbon matrix that makes up the fuel portion of the coal. Physical
cleaning processes that capitalize on differences in physical properties between mineral
matter and organic matrix, some of the most important of which are density, particle size,
zeta potential, and magnetic properties, have been shown to effectively remove mineral
matter from the coal. Perhaps the most important mineral matter to remove is that which
contains sulfur, e.g., pyrite, marcasite, pyrrhotite, and sulfates, thus reducing the sulfur:coal
ratio and, therefore, the lb SO2/MMBtu during combustion of the fuel. However, since much
of the sulfur in Illinois bituminous coal is one-half or more organic sulfur, the physical
cleaning methods produce a “clean” coal that is not sufficiently free of sulfur to meet
environmental emission standards (1.2 lb SO2/MMBtu).

Since by definition the organic sulfur in coal is chemically bonded to typically high-
molecular-weight hydrocarbon moieties, effective removal of organic sulfur depends on
chemical reactions. Several organosulfur functionalities are known to exist in coal but not
always in the same ratio. Aromatic sulfur compounds, including aromatic heterocycles,
disulfides, mercaptans, sulf-oxy compounds and thioethers have all been reported. Sulfur in
the aromatic sulfur compounds and aromatic heterocycles of coal has been shown to react
with single-electron transfer (SET) reagents (Stock and Chatterjee, 1993). Similarly, sulfidic
sulfur has been effectively removed using Lochmann's base (BASE) (Stock and Chatterjee.,
1993). Owing to the cost of reagents required for these reactions, neither is feasible on a
commercial scale. However, the reactions do show that sulfur selectivity is a major
consideration in designing a process for organic sulfur removal.
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Another method that can remove >90% of sulfur from coal but must be discarded for lack
of feasibility is molten caustic leaching (MCL) (Gray and Sawy, 1990; Nowak and Meyers,
1993). Slight improvements in the feasibility of MCL treatment occurred when it appeared
that NaOH might work as well as NaOH–KOH at elevated temperatures (Chriswell et al.,
1991). NaOH and water in the condensed phase, along with temperature, play a critical role
in coal desulfurization (Nowak et al.; 1991). Oxidation is necessary to remove sulfur, but
classical reagents (KMnO4, H2O2, NaClO) are not effective in achieving high organic sulfur
removals (Cliffe and Syed, 1993). pH has been shown to have a distinct effect on oxidation
of sulfur. When KMnO4 was used as an oxidizing agent, sulfur removal was greatest when
oxidized at pH 6.5 (Attia and Fung, 1993). As with any chemical reaction, several criteria
must be met in removing organic sulfur from coal. Minimal criteria for sulfur removal from
the organic matrix include the following:

• Sufficient energy must be available for C–S bond breaking.

• If a reactant is required to remove sulfur from coal, contact between the reactive site
and the second reactant must occur (collisions between reacting particles must
occur).

• If a reactant is required to remove sulfur from coal, the orientation of the reacting
species must be correct relative to each.

• If a catalyst is used, contact between the reactive site and catalyst must occur.

• Equilibria involving C–S scission must be shifted to the products side.

• Sulfur must be converted to a mobile form for physical removal. Rather than
simple diffusion as a mechanism for removal, the presence of a mobile phase
(water) to remove sulfur greatly facilitates that removal. 

• Scavengers must be available to quench radical sites, thus preventing sulfur
backreactions.

• Sufficient time must be allowed at temperature to enable thorough heating of
the coal particle for removal of sulfur internal to the particle (residence time is
a function of thermal conductivity).

Three factors appear to be involved in designing a successful organic desulfurization
process—temperature, oxidation, and water. The design of the EERC approach included
major emphasis on these three factors based on theoretical concepts. Temperature reflects
the energy requirement for bondbreaking. Oxidation appears to be the process necessary to
break the C–S bonds. Water is involved in the oxidation process as well as serves as a
medium for removal of new sulfur species. The hydrothermal desulfurization process is not
completely new in concept (Stambaugh, 1977). Solvent extraction of organic sulfur from
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coal with organic solvents has been attempted by several researchers. Buchanan (1988) and
Hippo et al. (1990) attempted to selectively extract organic sulfur under mild conditions
using toluene, tetrahydrofuran (THF), dimethylformamide (DMF) and pyridine, and hexane,
toluene, and THF, but none of these solvents was successful in removing much of the
organic sulfur. Some other attempts to extract organic sulfur at mild conditions with THF
(Palmer et al., 1992) and THF and DMF (Riley et al., 1991) were not effective.
Perchloroethylene as a solvent for organic and elemental sulfur was examined by several
research groups, as summarized by Davidson (1993). The effectiveness for sulfur removal
by perchloroethylene extraction has not been highly successful, and it is further limited by
high cost and health hazards.

Some interesting results have been reported when extractions under more rigorous
conditions, i.e., supercritical and near-critical conditions, were investigated (Chen et al.,
1985a–c; Stambaugh, 1977; Muchmore et al., 1987; Hippo et al. 1987; Olesik et al., 1992;
Lee et al., 1989 a, b, c; Lee and Fullerton, 1992; Meffe et al., 1992). The EERC approach
was to use subcritical water to remove sulfur from bituminous coal along with selected
hazardous air pollutants (HAPs) from slurried coal at a loading of approximately 10%–20%
coal solids. Test temperature was at approximately 360EC, 14EC below the critical
temperature. The test pressure is 190 atm, below the critical pressure of 218 atm, but
sufficiently high to prevent dual-phase water. At these conditions, carbon reacts with water
to produce hydrogen and CO according to the classical gasification reaction:

C(s) + H2O(l) ------> CO(aq) + H2(g) 

As with normal bituminous coal gasification reactions at low temperatures, i.e., < 600EC,
the reaction occurs slowly. However, this reaction, along with the water–gas shift reaction
shown below, produces sufficient hydrogen to produce

CO(aq) + H2O(l) ------> CO2(aq) + H2(g)

H2S by pyrite reduction and to “cap” thermally or catalytically induced carbon and sulfur
radicals. A model reaction is shown in Figure 1.

Several other reactions, as shown below, in which this capping is required is desulfurization
of substituted thiophene with concomitant reduction of double bonds (March, 1977).

FeS2(s) + H2(g) -------> FeS(s) + H2S(aq)

   
FeS2(s) + CO(l) -------> FeS(s) + COS(aq)  

COS(aq) + H2O(l) ------> CO2(l) + H2S(aq)

FeS(s) + H2O(l) ------> FeO(s) + H2S(l) 
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Figure 1. Removal of
sulfur from

substituted thiophene
by catalytic reduction.

R-S-S-R'(s) + H2(g) -------> R-SH(s) + R'-SH(s) 

R-S-R'(s) + H2(g) -------> R-SH(s) + R'H(s)

R-SH(s) + H2(g) -------> R-H(s) + H2S(aq)

R'-SH(s) + H2(g) -------> R'-H(s) + H2S(aq)

Treatment of the coal with mild acid also reacts on pyrite to remove sulfur as H2S. Formic
and acetic acid are compatible with the organic matrix of the coal, enabling them to penetrate
the coal and react with mineral materials.

FeS2(s) + 2HC2H3O2(l) -------> FeS(C2H3O2)2(l) + H2S(aq)

FeS2(s) + 2HCOOH(l) -------> FeS(CHO2)2(l) + H2S(aq)

The combination of best conditions for removing pyritic versus organic sulfur is
contradictory. Whereas pyrite and sulfates are effectively removed through reduction
chemistry, removing the majority of the organic sulfur, especially heterocyclic forms like
thiophene and its derivatives, is a task that is most readily accomplished by oxidation
reactions as shown in Figure 2. Presence of a classical oxidizer (e.g., KMnO4, H2O2, NaClO)
may remove organic sulfur, but the oxidizer is nonselective in its attack; i.e., carbon
oxidation is more frequent than sulfur oxidation based on collision statistics resulting in Btu
loss, while sulfur removal falls short of desired levels. Leaching methods, most notably
MCL, can remove up to 70% of the organic sulfur, but are more caustic than coal and leave
a heavily saline water to clean up.
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Figure 2. C–S bond scission by oxidation [O] followed by elimination of sulfur
(Friedman et al., 1977).

A technique that successfully combined the chemistries mentioned above would be a
significant breakthrough in precombustion coal cleaning. Subcritical water extraction of
organic sulfur from coal has these characteristics:

• Condensed-phase solvent increases odds for reactant contact.

• Increased pressure enables solvent to remain in condensed phase even when at  reaction
temperature.

• Solvent (H2O) at the reaction temperature is slightly reactive and produces small, but
significant, amounts of H2.

• Solvent (H2O) is a good heat exchange medium (solvent --> coal) and thermal
exchange is necessary for C–S bond scission.

• Solvent (H2O) dissolves additives to facilitate transport to reactive sites.

• pH adjustment of H2O is easily accomplished.
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• Solvent (H2O) properties, e.g., organic solubility, dielectric constant, heat capacity,
change as critical conditions are approached.

• Coal–water slurry technology has reached the commercial stage and, therefore, is
convenient for handling coal during desulfurization.

• On-line tar desulfurization makes the process a single-step treatment. Equipment for
processing system is available.
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EXPERIMENTAL PROCEDURES

Candidates for feed to the desulfurization process testing were mine-washed Illinois coal
from the Baldwin and Industry mines. Typical analyses of the coals as determined at the
mine are shown in Table 1. Proximate analyses and sulfur analyses are performed
periodically on the coals at the EERC to ensure that excessive weathering has not occurred.

TABLE 1

Typical Analysis
Washed Basis Baldwin (Illinois No. 6) Industry

As-
Received,

wt% Dry, wt%

As-
Received,

wt% Dry, wt%
Proximate Analysis

Moisture 13.8 – 13.4 –
Ash 10.3 11.9 5.0 5.8
Volatile Matter 34.6 40.1 38.5 44.5
Fixed Carbon 41.3 48.0 43.0 49.7
Btu 10,778 12,503 12,023 13,881
Sulfur 2.93 3.40 2.92 3.37
lb SO2/MMBtu 5.4 – 4.9 –

Ultimate Analysis
Carbon 69.7 76.0
Hydrogen 4.9 5.7
Nitrogen 1.3 1.8
Chlorine 0.09 NA
Sulfur 3.40 3.37
Ash 11.9 5.8
Oxygen 8.7 7.4

Sulfur Forms
Pyritic 1.11 1.74
Sulfate 0.06 0.01
Organic 2.23 1.62

Equilibrium Moisture 10.0 13.6
Free Swelling Index 3.0 6.0
Hardgrove Grindability Index 53 57
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Illinois coals were prepared for processing by physically cleaning them with the packed
column. A method for physical coal cleaning to remove pyrite from coal with the packed-bed
column flotation cell shown in Figure 3 was developed after consulting with Dr. Richard
Honaker and Dr. David Yang. Proper coal feed rates, quantities of additives, and water and
air flow were determined for the coal to be cleaned. More than 650 lb of cleaned coal was
prepared for desulfurization testing. Near optimum conditions of the process was performed
for each coal cleaned. Variables to be set included coal feed rate, water flow rate, flotation
air, and reagents.

A schematic of the continuous slurry mode hydrothermal, or subcritical, water extraction
system is shown in Figure 4. The system was configured for removal of sulfur and selected
HAPs. Modifications to the system included a catalyst module (containing alternating half-
diameter fixed beds of catalyst) that was inserted in the line just downstream from the
reactor. Two different designs shown in Figure 5 were investigated to evaluate flow
characteristics of the slurry through the module, catalyst integrity, and effective
desulfurization. A pump specially designed to pump slurries at high pressure but slower rates
than the original pump was installed. Pump modifications were required to allow variability
in rate, which translates to finer control of residence time in the reactor. Coal particle size
was 80% < 200 mesh, and solids loading and consequent slurry viscosity was determined
by shakedown testing on the process development unit (PDU).

In addition to development with the pilot-scale unit, bench-scale work using a hot-charge
autoclave and multigram units was carried out to provide input on optimizing the test
conditions for the pilot-scale tests. Bench-scale (batch mode) extractions during this year
were performed on the multigram apparatus (Figure 6) capable of treating 10–20 grams per
test at conditions up to 500EC and 4000 psig. A pneumatic-operated pump capable of
continuous pumping was added to the system, enabling water to be pumped at 10 to
300 cm3/min. Subcritical water extraction of raw and physically cleaned Illinois coal samples
was carried out in multigram quantities on the system according to the following procedure:

A 10- to 20-gram weighed sample of coal was placed in the 40-cm3 reactor. Approximately
3.5 grams of catalyst was placed in the catalyst module and the module was attached to the
outlet of the reactor (Figure 6). Following lapse of selected residence time at extraction
temperature and pressure, the system was cooled and depressurized, and the extracted coal
was taken from the reactor. The effluent water containing tar was collected and measured,
and the tar was separated from the water using liquid–liquid methods with diethyl ether as
the solvent. The tar was analyzed for total sulfur using a Leco 532 total sulfur analyzer.
Product gas from the extraction process was collected in a gas bag after the gas passed
through air and ice-cooled condensers. Gas from selected tests was analyzed by gas
chromatography.
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Figure 3. Schematic of packed columns used in physical coal cleaning at the EERC.
(Schematic prepared by GL & V Process Equipment Group, Inc.)
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Figure 5. Designs for on-line catalyst modules. On the left is the stirred catalyst-bed
system. Static alternating catalyst beds with interbed stirring is shown on the right.

Figure 4. Hydrothermal treatment units used for subcritical water removal of sulfur and
selected HAPs from coal.
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Figure 6. Schematic of the multigram supercritical fluid extraction apparatus.

Bench-scale desulfurization testing was also conducted in the batch mode with the hot-
charge autoclave assembly. Three successful hot-charge autoclave tests were carried out on
physically cleaned Illinois bituminous coal. The system is capable of close-coupled
multistage operation. It can be configured to multiple designs, with reactor sizes ranging
from 1 to 8 liters. Maximum operating conditions are 7500 psig and 510EC. System control
and data acquisition are computerized, with the operators and computers located at a control
panel separated from the high-pressure/high-temperature equipment by a steel barricade.
Figure 7 shows a diagram of the EERC batch autoclave system used for experiments
requiring high pressure at high temperature.

In an effort to develop a one-step process which combines treated coal solids with tar
desulfurization and reconstitution of the coal, the EERC evaluated continuous and batch
processes with on-line catalytic tar desulfurization. Bench-scale catalyst screening was
completed using the multigram assembly. Several catalysts were tested to select the best
candidate from untreated and presulfided zeolite, Co–Mo, or Ni–Mo for pilot-scale testing.
Tar from Illinois bituminous coal was catalytically desulfurized in an autoclave at the
temperature and pressure of the pilot-scale test (360EC and 2300 psig). Sulfur and tar
recovery before and after desulfurization was determined and used as a critical part of the
criteria for selecting the candidate catalyst. A catalyst consisting of Co–Mo on zeolite was
prepared by impregnating zeolite with cobalt and molybdenum using the incipient wetness
method. The mixture was dried and calcined under N2 at 500EC for 4 hours.
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Figure 7. Diagram of
the EERC batch
autoclave system.

RESULTS AND DISCUSSION

The EERC acquired a 4-in. packed-column flotation cell to clean the coal for the sulfur and
selected HAP removal. This allowed the EERC more flexibility in processing a variety of
grades of coal through the subcritical extraction system, assisted process engineers in
assessing the most appropriate ways to integrate the two technologies, and added more
processing capabilities to the EERC's clean coal facilities. The operation of the column was
discussed with Dr. David Yang of West Virginia University, a recognized expert in the field
of packed-column technology. Discussions by telephone were also held with Dr. Rick
Honaker of Southern Illinois University (SIU), another recognized expert in the field of
physical cleaning of coal. Following initial shakedown, in preparation for pilot-scale testing,
packed-column flotation produced 330 lb of cleaned Illinois No. 6 filter cake and 290 lb of
cleaned Freeman Industry filter cake. The short proximate analyses of these cleaned coals
are shown in Table 2 along with their respective sulfur forms.

Preparations for pilot-scale testing of the continuous process involved several equipment
additions and modifications:

• 4-in. packed-column for cleaning coal

• Bran-Lubbe pump capable of higher pressures at lower flow rates
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TABLE 2

Physical Cleaning of Illinois Bituminous Coal by Packed-Column Flotation

Sulfur Form
Freeman Industry,

 wt%, mf
Illinois No. 6,

wt%, mf

Ash 4.77 6.03

Pyritic 1.74 0.60

Sulfatic 0.11 0.08

Organic 1.62 2.01

Total Sulfur 2.13 2.67

• Catalyst module placed after reactors

• Peristaltic pump capable of more controlled slurry flow rates

• A second reactor added to the hydrothermal unit to increase residence time during
continuous testing

Modifications to the pilot-scale system to facilitate continuous slurried coal flow were as
follows: 

• Increased the pipe diameter in heat-transfer coils to reduce potential for  plugging when
coal with a high swelling index is processed

• Decreased pressure lock hopper size to allow lower flow rate

• Altered location of steam preheater to optimize heat transfer

• Streamlined piping to reduce line restrictions

Initial shakedown tests of the PDU resulted in plugging the system as the coal settled out of
suspension from the water, collected in the preheater tubing, and swelled, stopping flow.
Several different solids loadings were prepared in the laboratory, and settling tests were
performed. The slurry with the greatest stability at ambient conditions was prepared with
approximately 40 wt% solids. When tested in the PDU, this slurry was successfully pumped
through the system.
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After completing modifications to the coal slurry high-pressure pump and preheaters and
determining flow conditions, two shakedown tests were performed with the hydrothermal
system. The first test was conducted at 340EC and 2500 psig using 10 wt% coal slurry.
Dilute acetic acid was added to the coal slurry to enhance the sulfur reduction reaction,
producing more hydrogen sulfide gas. Approximately 20 lb of physically cleaned coal was
processed at conditions for a 1-hour residence time. The results indicated that the sulfur
content was not significantly affected. Likely, the remaining pyritic sulfur was reduced;
however, the organic fraction was concentrated to create little net effect to sulfur.

The second test was conducted at higher temperatures and pressures to attempt to increase
C–S bond scission without adding strong oxidants to the slurry. Acid was not added to the
feedstock in an effort to highlight only the effect higher temperature may have on reaction
rates for sulfur removal. Analytical results indicated no change to the overall sulfur content
despite higher temperature, which translates to enhanced solvent properties.

A third and fourth set of experiments were completed using hot-charge autoclave assembly
and pilot-scale system. Three successful experiments (HA1, HA2, HA3) with a hot-charge
two-gallon autoclave were carried out. The purpose was to continue to develop proper
mixing, heating and reaction conditions for desulfurization. The autoclave tests determined
that reagents (i.e., acids and oxidizers) may enhance reducing and oxidizing reactions at
350EC and 2800 psig. Table 3 shows the results of the tests. Best conditions were scaled up
to the pilot-scale system for the next round of experiments. In addition, tests were performed
when the pilot-scale continuous system was operated at temperatures below the critical
temperature and slightly below critical pressure. This created a two-phase flow but created
few problems for controlling the continuous system; however, the temperature, as evident
from the previous tests, was not high enough to extract the remaining sulfur from the
physically cleaned coal.

The results of the hot-charge autoclave tests show the effect of extraction under static
conditions. Owing to the static conditions and extended contact of sulfur with the coal
matrix, retrograde reactions and readsorption resulted in sulfur removal from physically
cleaned Illinois No. 6 (Total S = 2.67%) of less than 25%. The dynamic process, i.e., water
flowing through the coal as it is heated under pressure, is essential to prevent these effects.
The tar collected from HA1 had a moisture-free total sulfur content of ca. 20%,
demonstrating the need for catalytic tar desulfurization prior to reconstituting the coal.

Additional parametric testing was performed on the multigram unit with both physically
cleaned Illinois No. 6 and physically cleaned Freeman Industry coal. A summary of
multigram tests to evaluate the effect of water flow rate and residence time and the resulting
sulfur content of solids is shown in Table 4. Desulfurization of 10 grams of coal required no
more than 10 mL/min of water for 30 minutes at the condition shown. Testing of an even
slower flow could not be accomplished with current valving and pump configuration.
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TABLE 3

Conditions and Results from Aqueous Extraction in the Hot-Charge Autoclave 
HA1 HA2 HA3

Conditions

Temperature,EC 350 400  350

Pressure, psig 2800 4200 1000

Additive 3% H2O2, 5%
HAc

3% H2O2,
5% HAc

Air

Product Analysis

Moisture, wt% 0.60  0.75 0.81

Volatiles, wt%, mf  38.35  22.59  24.04

Fixed C, wt%, mf  70.05  71.46  64.73

Ash, wt%, mf 6.38 6.72  11.40

Sulfur, wt%, mf 2.14 2.21 2.46

Sulfur in Tar, wt%, mf 20.14  – –
 

TABLE 4

 Hydrothermal Treatment of Freeman Industry PC Bituminous Coal

Sample ID

Flow
Rate,

mL/min
Pressure,

 psig

 
Temperature,

E C
Time,
min

Solids
Recovery,
 wt%, mf

Sulfur,
 wt%, mf

C-73 33 2300 400 60 0.58 1.0

C-74 33 2300 400 30 0.61 1.1

C-75 15 2300 400 60 0.62 0.9

C-76 10 2300 400 30 0.62 0.8

The pilot unit was configured for batch extraction of PC Illinois coal. A schematic of the
configuration is shown in Figure 8. Extraction of physically cleaned Freeman Industry coal
was carried out at the conditions and resulted in the product shown in Table 5. 

Removal of the organic sulfur from coal requires that the sulfur be freed from the organic
structure and that it be mobilized to the extent that it can exit the structure. In freeing the
sulfur, two requirements must be met; i.e., the sulfur–carbon bonds must be broken, and the
sulfur must be prevented from participating in retrograde reactions. Although thermolysis
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Figure 8. Diagram
showing
configuration of pilot-
scale hydrothermal
unit for
desulfurization of
physically cleaned
Illinois bituminous
coal.

will dissociate C–S bonds, the sulfur is left in an electrically neutral, but radical, form.
Because of this condition, it is beneficial to the process to physically contact the C–S site
with a substance capable of preventing retrograde reactions. A reactant that will pair with
the radical e! will stop retrograde reactions. However, the new sulfur moiety must be mobile,
e.g., a gas or liquid that will diffuse out of the matrix. Given the time necessary for sulfur
removal by diffusion, it is reasonable to assume that this is not the appropriate method of
removal. Using subcritical or supercritical water (Figure 9), which has a diminished viscosity
with a density approaching zero (Figure 10) and a dielectric constant near that of hexane
(1.8), enhances diffusivity and greatly improves the compatibility of water with the organic
matrix. Pressure–temperature changes enable the Kw to be changed as shown in Figure 11.
The water can wet the surface and flow through available pores, vesicles, and cleats,
contacting maximum surface inside as well as outside of the particle. Solvation of the free
sulfur species isolates it from contact with the coal and enables the sulfur to move into the
water and out of the matrix at a rate determined by the fluid movement through the matrix.

The diffusivity of water at sub- to supercritical conditions enables reagents and/or catalysts
carried by the water to achieve more intimate contact with the coal. Again, contact between
these materials and sulfur is essential to the desulfurization reaction. Solids of macroscopic
dimensions are excluded from the smaller recesses of the particle, whereas liquids and gases
can accompany the water to those sites. Reactions carried in the apparatus shown in
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TABLE 5

Pilot-Scale Hydrothermal Treatment of PC Freeman Coal

 Raw, g Raw, wt% Moist-Free, g
Moisture-
Free, wt%

Coal In 5772 3463 
Catalyst 1400 1400 
Sulfur  2.2

Solid Out 2707 2707 
    Sulfur 1.5 1.5 
    Moisture 0.1                  –
    Volatiles 27.2 27.2 
    Fixed C 69.2 69.3 
    Ash 3.5 3.5 

Tar/Oil/H2O 6036 74 
Stripping Water/Tar 122,810 166 
    Sulfur 1.4 
    Moisture 0 0 
    Volatiles 95.1 95.1 
    Fixed C 1.1 1.1 
    Ash 3.8 3.8 
Catalyst 1365 1365 

Sulfur 0.1 

Recovery
    Condensed Phase  85    
    Gas Phase, by diff.  15    

Figure 12 are effective in desulfurizing tar in the liquid form because of the commingling
of the fluid water with the fluid tar. Such a reaction is less able to affect desulfurization of
the coal solids because of lack of contact between the sulfur and the catalyst. Therefore, it
is necessary to achieve the commingling of the fluid water with the fluid tar. Such a reaction
is less able to affect desulfurization of the coal solids because of lack of contact between
sulfur and catalyst. Therefore, it is necessary to achieve sulfur removal from the solid by
thermally exciting the C–S sulfur bonds and reducing the energy of bond scission by use of
oxidation. This oxidation can best be provided by water transport of liquid or gaseous
oxidizing agents. In the case of lower-energy bond dissociation in an acidic medium,
hydrodesulfurization is also possible. Hydrogen is available from the gasification reaction
between carbon and water, albeit slow at these temperatures.
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Figure 9. Pressure and temperature of water in sub- and supercritical condition (From
Kobe Steel, Ltd.)
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Figure 10. Effect of temperature and pressure on density and dielectric constant.
(From Kobe Steel, Ltd.)

Figure 11. Ion product of water as a function of temperature at three pressures.
 (From Kobe Steel, Ltd.)
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Figure 12. PDU at the EERC.

In addition to sulfur removal, coal cleaning also removes HAPs. Table 6 shows the effect of
initial cleaning tests on Illinois No. 6 bituminous coal.

TABLE 6

Mercury and Chlorine Content of Illinois No. 6
Elemental Content, μg/g

Element Feed
Physically
Clean Float

Physically
Clean Tail PDU Product

Mercury 0.319 0.178 0.178 0.166

Chloride 950 710 650 <50

Selenium 4.3 2.5 4.3 0.6

Arsenic 2.1 1.1 2.0 4.6

Reduction of Arsenic, Lead, Mercury, Chlorine, and Selenium in feed coal and
hydrothermally treated coal samples from the Illinois Basin Coal Sample Program are shown
in Table 7 for reference.

TABLE 7
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Content in IBC-101 and IBC-102 by Supercritical Water Extraction

Sample ID:
Raw

 IBC-101
Extracted
 IBC-101

Raw
IBC-102

Extracted
IBC-102

Arsenic (As), μg/g 2.0 1.7 28.9 4.46

As Decrease, % 15 85

Lead (Pb), μg/g 3.65 26.8 128 203

Pb Decrease (increase)*, % (630) (59)

Mercury (Hg), μg/g 0.064 0.027 0.144 0.001

Hg Decrease, % 58 99

Chlorine (Cl), μg/g 1180 330 470 220

Cl Decrease, % 72 53

Selenium (Se), μg/g 1.5 0.6 1.4 1.0

Se Decrease, % 60 29
* Pb was the only element observed that had a concentration greater in the solid product

than in the feed.

Catalytic desulfurization of the tar produced during the treatment process is a necessary part
of the technology prior to reconstituting the coal. Catalysts were evaluated before carrying
out the pilot tests. The three commercial catalysts selected for on-line tar desulfurization
evaluation this quarter are discussed below. In an aqueous system, hydrolysis is a major
concern with some catalysts, e.g., minerals such as limestone and dolostone and synthetics
such as alumina. This can result in leaching of active metals and/or destruction of support.
However, silica-supported ZSM-5 is silica mixed with a small amount of alumina, which is
impregnated with CoO and MoO3 or NiO and MoO3. ZSM-5 zeolites have higher silica
contents and, therefore, are less susceptible to hydrolysis than the usual alumina supports.
These catalysts have great resistance to deactivation. Carbon-supported catalysts are
activated carbons impregnated with CoO and MoO3. Activated carbons are less likely to be
affected by water at elevated temperatures and, therefore, may be a more suitable support
for active metals in an aqueous system. Batch quantities of catalyst are required for the on-
line desulfurization of the coal tar. Co–Mo is not commonly found on supports other than
alumina. Therefore, the EERC developed a system for preparing kilogram quantities of
Co–Mo on zeolite for use in the on-line process. Preparation, calcination, and presulfidation
of Co–Mo on zeolite is to be performed at the EERC.

Catalysts tested in this study were the following:

• Emcat Elite, <<1% Pt (zeolite) (Engelhard Corporation)
• Criterion 424
• Criterion 448
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The typical properties of these catalysts are given in Table 8.

Catalysts 448 and 424 were presulfided by heating the catalyst in a mixture of hydrogen and
hydrogen sulfide for 2 hr. The catalyst (2 g) was placed in a 15-mL microreactor. The reactor
was charged with a mixture of hydrogen sulfide, 10 wt% in hydrogen. The reactor was
placed in a rocking heater. After the desired temperature was achieved, the catalyst was
heated for 2 hr.

Catalytic tar cracking–reaction conditions are the following:

• Tar = 2.00 g
• Water = 2.00 g
• Catalyst = 2.00 g
• Hydrogen = 1000 psi
• Reaction temperature = 360EC
• Reaction time = 1 hr
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TABLE 8

Properties of Commercial Catalyst Tested in This Study
Catalyst: Emcat Elite Criterion 428 Criterion 424

Shape: Trilobe Trilobe

Nominal Size, in. (mm) 1 1/20 (1.3) 1/20 (1.3)

Chemical Composition, 
wt%, dry basis

Platinum

Cobalt 3.1

Nickel 3.0

Phosphorus

Molybdenum 12.4 13.0

Alumina Balance Balance

Physical Properties

Surface Area, m2/g 265 155

Pore Vol., cm3/g (H2O) 0.54 0.47

Bulk Crush Strength, 

MPa 1.1 1.4

Compared Bulk 

Density, lb/ft3 (g/cm3) 43 (0.69) 51 (0.82)

In a typical experiment, 2.0 g of tar, 2.0 g of water (solvent), and 2.0 g of the catalyst were
placed in a tubing bomb (15-mL microreactor). The microreactor was evacuated, pressurized
with 1000 psig of hydrogen, and placed in a rocking autoclave heated to the desired
temperature. Heating was continued for 1 hr. At the end of the reaction period, the
microreactor was cooled to room temperature, degassed, and opened. The product slurry was
extracted with tetrahydrofuran and the solid catalyst removed by centrifugation. The
supernatant liquid was evaporated to remove solvent, and the resulting oil product was
analyzed by sulfur analysis. Recycle of the catalyst is a requirement of using Co–Mo
catalyst. Tests were carried out on the Co–Mo catalyst to ensure that it could be recycled.
The results are shown in Figure 13.

The first tests in the continuous processing unit were designed to test the catalyst module
design and the integrity of the catalyst. Water was pumped through the stirred zeolite
catalyst bed. Rapid stirring by the Magna-Stir caused high-energy contact between stir arms
and catalyst pellets which resulted in gradual breakage of the pellets. Owing to the stirrer
configuration, attempts to slow the stirring rate were unsuccessful, and a new catalyst
modular design was developed. A type of sieve tower which would allow passage of solids
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Figure 13. Recycle of Co-Mo catalyst for hydrodesulfurization of coal tar.

as well as liquids was designed and built to be used on future tests. In the batch pilot-scale
unit, the catalyst unit was inserted in the reactor assembly directly downstream of the
reactor, heated only by heat from the hot tarry water exiting the reactor. The tarry water
passed through a 12-in. bed of catalyst where the tar was desulfurized. The raw tar had a
sulfur content of 2.2 wt% and the desulfurized tar had a sulfur content of 1.4 wt%. Total
sulfur determinations were done with a LECO Model 532 sulfur analyzer using the
American Society for Testing and Materials D1551 method. Relevant data are given in Table
9.

TABLE 9

Catalytic Hydrodesulfurization of Tars

Catalyst, g Tar, g Water, g
Product, %
Recovered Sulfur, %

None – – – 1.60

Emcat Elite 2.0 2.0 100 0.99

Criterion 424 2.0 2.0 98.5 0.30

Criterion 448 2.0 2.0 100 0.11
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10 kilograms of Co–Mo on zeolite was prepared and tested for use in the pilot-scale tests.

CONCLUSION(S) AND RECOMMENDATION(S)

The primary objective of this study was to develop and optimize a method for removing
organic sulfur along with chlorine and selected air toxic trace metallic elements from
physically cleaned (PC) coal with subcritical water techniques. The goal was to produce a
coal that emits 1.2 lb of SO2/MMBtu or less upon combustion of coals supplied by the
Illinois Basin Coal Sample Bank (IBCSB). The ultimate goal was to produce sufficient coal
(up to 500 lb) for combustion performance testing on the pilot scale. Although this goal was
not accomplished, several of the specific objectives were met and significant advances in the
technology were realized.

Sulfur reduction was achieved at conditions as low as 360EC and 2300 psig without
chemical additives such as formic, acetic, or sulfuric acid. Reconstitution of cleaned fuel was
accomplished as part of a one-step cleaning strategy which, from the bench-scale and limited
pilot-scale data, appears technically viable. Subcritical water extraction followed by on-line
tar catalytic desulfurization were effective on both bench and pilot scale.

In addressing the specific objectives of this study, the following results were obtained:

• Conditions necessary to achieve water extraction from bituminous coal samples
were determined to be >375EC and a minimum of 2300 psig.

• An on-line catalytic module for tar desulfurization was designed and successfully
operated on the pilot scale in the batch mode. Zeolite and cobalt–molybdenum
catalysts demonstrated effective on-line desulfurization of the tar, reducing it by
over 1 wt%, from 2.4 to 1.4 wt%.

• 85 wt% fuel recovery was obtained from pilot-scale batch hydrothermal treatment
with on-line tar desulfurization. Heating value calculated from proximate analyses
of physically cleaned feed and hydrothermally cleaned coal shows a Btu recovery
of 88%. 

• Pilot-scale testing demonstrated a decrease of organic sulfur from 2.0% to 1.5% in
the solids. Chlorine was completely removed, and mercury content was reduced
from 0.178 to 0.166 μg/g (7%) and selenium from 2.5 to 0.6 μg/g (76%), while
arsenic was concentrated from 1.1 to 4.6 μg/g in the coal tested.

The accomplishments for the year include the following:

• Approximately 600 lb of filter cake containing physically cleaned Illinois bituminous
was prepared for desulfurization testing.
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• Physical cleaning resulted in reducing ash in Illinois No. 6 from 11.9 to 6.0 wt%, and
over one-half of the pyritic sulfur was removed.

• Co–Mo catalyst reduced the sulfur in tar from 1.60 to 0.11 wt% in catalyst screening
tests. 

• 10 kilograms of Co–Mo on zeolite catalyst was prepared and used for on-line
desulfurization of tar during pilot-scale batch testing.

• Continuous feed of approximately 40 wt% coal solids content in slurry caused no
plugging problems at 350EC and 3000 psig, whereas a replicate trial of approximately
10 wt% solids resulted in plugging at the same conditions. 

• The temperature attainable with the existing pilot-scale hydrothermal unit was
insufficient for maximum removal of sulfur from coal. The temperature was dependent
on Dowtherm heat-exchange fluid, which has a maximum temperature of 360EC.

• Chlorine was removed from coal by hydrothermal treatment.

• Because of the reduced quantity of desulfurized fuel produced, pilot-scale combustion
performance testing, which had been planned for approximately 500 lb of deep-cleaned
coal, was not carried out.

• Owing to the need for hydrothermal treatment under both the continuous and the batch
mode and the added expense of reconfiguration, no evaluation of extracted solid for
niche market applications was carried out. Likewise, no modeling or economic study
for commercial application was performed.

Recommendations for future work include the following:

• Additional fundamental study is required to advance this technology to the next level.

• Detailed study of effluent water is necessary to determine minimal treatment for
recycle.

• The counterflow reactor should be investigated for continuous processing.

DISCLAIMER STATEMENT

This report was prepared by Mr. Chris Anderson of the EERC, University of North Dakota,
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 Mr. Chris Anderson of the EERC, nor any of its subcontractors, nor the



28

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
in this report may not infringe privately owned rights; or

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

Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring; nor do the views and opinions of authors
expressed herein necessarily state or reflect those of the Illinois Department of Commerce
and 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 Illinois support of the project.

REFERENCES

Attia, Y.A., and A. Fung. 1993. “Chemical Desulfurization of Canadian High Sulfur Coal
with Potassium Permanganate.” In Process and Utilization of High-Sulfur Coal V, eds.
Parekh, B.K., and J.G. Groppo, Elvesier Publishing Co., pp. 263–282.

Buchanan, D.H. 1988. “Sequential Solvent Extractions of Illinois Coals.” In Proceedings of
the 1987 Workshop on Coal Structure, pp. 9-1– 9-12. Electric Power Research Institute,
EPRI-ER-6099-SR.

Chen, J.W., C.B. Muchmore, A.C. Kent, and Y.C Chang. 1985a. "Extraction and
Desulfurization of Chemically Degraded Coal with Supercritical Fluids." Am. Chem. Soc.,
Div. Fuel Chem. Prepr. 30(3):173–182.

Chen, J.W., C.B. Muchmore, T.C. Lin, and K.E Tempelmeyer.1985b. “Supercritical
Extraction and Desulfurization of Coal with Alcohols.” Fuel Proc. Tech. 11(3):289–295.

Chen, J.W., C.B. Muchmore, P.H. Hombach, B. Wu, and K.E. Tempelmeyer, 1985c.
“Supercritical Extraction of Coal with Alcohols: A Kinetic Study.” In Proceedings of the
1985 International Conference on Coal Science, Sydney, Australia, pp. 235–237.



29

Chriswell, C.D., R. Markuszewski, and G.A. Norton. 1991. “Use of NaOH Alone vs.
NaOH–KOH Mixtures for the Removal of Sulfur and Ash from Coal by the Molten Caustic
Leaching Process.” In Process and Utilization of High-Sulfur Coal IV. eds. Dugan, P.R.,
D.R. Quigley, and Y.A. Attia, Elvesier Publishing Co., pp. 385–397.

Cliffe, K.R., and M.M. Syed.1993. “Low Temperature Oxidation of Sulfur.” In Process and
Utilization of High-Sulfur Coal V. eds. Parekh, B.K., and J.G. Groppo, Elvesier Publishing
Co., pp. 297–304.

Davidson, R.A. 1993. Organic Sulfur in Coal. International Energy Agency Coal
Research/60, IEA Coal Research, London, England, pp. 63–63.

Friedman, S., R.B. Lacount, and R.P. Warzinski. 1977. “Oxidative Desulfurization of Coal.”
In Coal Desulfurization: Chemical and Physical Methods. ed. T.D. Wheelock, ACS
Symposium Series 64, American Chemical Society, pp. 164–172.

Gray, D., and A.E. Sawy. 1990. Chemical and Biodesulfurization Systems for Removal of
Organic Sulfur from Coal: A Critical Review. Contractor's Report DE 90011259, National
Technical Information Service.

Hippo, E.J., J.C. Crelling, D.P. Sarvela, and J. Mukerjee. 1987. “Organic Sulfur Distribution
and Desulfurization of Coal Maceral Fractions.” In Processing and Utilization of High Sulfur
Coals II, Elsevier Science Publishing Co., pp. 13–22.

Hippo, E.J., J.C. Crelling, S.R. Palmer, and M.A. Kruge.1990. “Organic Sulfur Compounds.”
In Proceedings of the Fourteenth Annual EPRI Conference on Fuel Science,
Electric Power Research Institute, EPRI-GS-6827, pp. 6–1 – 6–28.

Lee, S, and K.L. Fullerton.1992. “Characterization of Desulfurization Extracts from
Midwestern U.S. Coals.” Fuel Sci. Tech. Intl.10(7):1137–1159.

Lee, S., S.K. Kesavan, B.G. Lee, A. Ghosh. 1989a. “Removal of Organic Sulfur from Coal.”
In Proceedings of the Thirteenth Annual EPRI Conference on Fuel Science and Conversion,
EPRI-GS-6219, Electric Power Research Institute, pp. 1-3–1-21.

Lee, S., S.K. Kesavan, B.G. Lee, A. Ghosh, and C.J. Kulik, 1989b “Selective Removal of
Organic Sulfur from Coal by Perchloroethylene Extraction.” Fuel Sci. Tech. Intl.
7(4):443–468.

Lee, S., S.K. Kesavan, A. Ghosh, and K.L. Fullerton. 1989c. “Selective Precombustion
Desulfurization of Ohio Coals Using Supercritical Fluids.” Fuel 68(9):1210–1213.

March, J. 1977. Advanced Organic Chemistry: Reactions, Mechanisms and Structure.
McGraw-Hill Book Company, pp. 666–667.



30

Meffe, S., A. Perkson, and O. Trass. 1992. “Coal Beneficiation and Organic Sulfur
Removal.” In Proceedings of the Seventeenth International Conference on Coal Utilization
and Slurry Technologies, Coal and Slurry Technology Association, pp. 245–256.

Muchmore, C.B., J.W. Chen, A.C. Kent, and M. Liszka.1987. “Removal of Organic Sulfur
from Coal by Sequential Treatment with Alcohols.” In Proceedings of the 1987 International
Conference on Coal Science, eds. Moulijn, J.A., K.A. Nater, and H.A.G. Chermin, Elsevier
Science Publishers, pp. 439–442.

Nowak, M.A., and R.A. Meyers. 1993. “Molten Caustic Leaching (MCL) Process
Integration,” In Process and Utilization of High-Sulfur Coal V. eds. Parekh, B.K., and J.G.
Groppo, Elsevier Publishing Co., pp. 305–315. 

Nowak, M.A., D.J. Fauth, and J.P. Knoer.1991. “The Role of Water in the Caustic Leaching
of Coal.” Process and Utilization of High-Sulfur Coal IV. eds. Dugan, P.R., D.R. Quigley,
and Y.A. Attia, Elvesier Publishing Co., pp 399–406. 

Olesik, S.V., L.A. Pekay, and Larkins, W. Jr. 1992. Extraction, Separation and Analysis of
High Sulfur Coal. DOE/PC/79887-T18, DE93003192, National Technical Information
Service.

Palmer, S.R., E.J. Hippo, M.A. Kruge, and J.C. Crelling. 1992. “Characterization and
Selective Removal of Organic Sulfur from Illinois Basin Coals.” Coal Prep. 10(1/4):93–106.

Riley, J.T., M. Zhu, D.S. Coffey, S.G. Sadler, and J.M. Stidam.1991. “Distribution of
Organic Sulfur in Raw and Solvent Extracted Coals.” Am. Chem. Soc,. Div. Fuel Chem.,
Prepr. 36(2):820–829.

Stambaugh, E.F. 1977. “Hydrothermal Coal Process.” In Coal Desulfurization: Chemical and
Physical Methods, ed. Wheelock, T.D, ACS Symposium Series 64, American Chemical
Society, pp. 198–205. 

Stock, L.M., and K. Chatterjee. 1993. Am. Chem. Soc., Div. Fuel Chem., Prepr. Pap.
38(2):379.


