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ABSTRACT

To date, no economically feasible organic sulfur and hazardous air pollutant (HAP)
precursor removal process has been developed; however, 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.  Subcritical water has been shown by the Energy &
Environmental Research Center (EERC) researchers on this project to be an extremely
effective fluid for the removal of organic sulfur from coals.

A multigram reactor designed and built at the EERC for supercritical water extraction was
used to scale up from milligram-sized samples to 10–20 grams of coal charge.  Work
performed during this project year resulted in production of low-sulfur (as low as 0.5% S)
extracted coal first at supercritical conditions, i.e., 450EC and 400 atm (5880 psig), but then
at conditions below the critical conditions, i.e., 420EC and 156 atm (2300 psig).  Still milder
conditions of 400EC and 156 atm (2300 psig) resulted in sulfur values similar to those of
obtained under the supercritical conditions.  IBC-102 extracted with supercritical water had
a sulfur value of 0.7 wt%.  Extraction of IBC-102 at subcritical conditions of 420EC and
156 atm (2300 psi) resulted in a sulfur content of 0.49%.  The tar obtained from the extracted
coal had sulfur values ranging from 1.4 to 6.5 wt%, and when treated by catalytic
desulfurization, tar was quantitatively recovered with a sulfur value of 0.6 wt%.  Float–sink
physical cleaning of IBC-102 with Certigrav 1.4 reduced the sulfur content of the coal to
1.5 wt% in a recovered float fraction of 83.3%.  Approximately 300 lb of IBC-102 was
obtained for use in preparing 100 lb of low-sulfur fuel.  Float–sink cleaning on a sample of
this "new" coal returned 87.1 wt% as float fraction, with 1.7 wt% sulfur.  158 lb of
physically cleaned IBC-102 was used for the continuous process test on the pilot scale.  An
additional 150 lb of physically cleaned coal slurry was received from Dr. R. Honaker of
Southern Illinois University (SIU) for testing in the continuous unit.

The hydrothermal process development unit (PDU) in the continuous mode was used to
prepare 100 lb of low-sulfur fuel from physically cleaned IBC-102 at three temperatures
(300E, 325E and 340EC) and a pressure of 2300 psig.  Residence time was controlled by flow
rate.  Treating a swelling coal such as IBC-102 required a slurry with low solids loading to
prevent plugging due to expansion during residence in the reactor.  In this preliminary test
with physically cleaned IBC-102, the sulfur content was decreased by as much as one-third,
few volatiles were lost, and mercury and selenium levels were decreased by 87% and 46%,
respectively.

EXECUTIVE SUMMARY



The solution to a major problem still eludes the coal utilization industry:  the lack of cost-
effective methods for precombustion sulfur and selected hazardous air pollutant (HAP)
removal from coal.  With the diminishing supply of low-sulfur coal and with more
restrictions imposed on the use of high-sulfur coal, sulfur removal from coal prior to
combustion has become important.

Despite numerous attempts to remove sulfur from coal for low-sulfur, clean coal combustion
applications, physical methods (e.g., selective agglomeration, flotation, or magnetic
separation) have enjoyed some success for pyritic sulfur removal.  Similar physical
separation methods are ineffective for organic sulfur and organically bound HAP removal
from coal.  Cost-effective and technically sound methods for removing organic sulfur from
coal are not available.  While, in principle, efficient organic sulfur and HAP removal can be
achieved through the use of expensive, high-concentration chemical reagents (e.g., molten
caustic leaching method), little attention has been given to economic feasibility and potential
environmental impact.

The main objective of this investigation at the Energy & Environmental Research Center
(EERC) is to develop an economically feasible method for the removal of organic sulfur
along with chlorine and selected air toxic trace metallic elements from Illinois Basin high-
sulfur coals for clean coal and niche-market applications.

The so-called multigram unit, a 40-cubic-centimeter reactor, which was built as an extraction
vessel and is typically charged with 10–20 grams of coal during experimentation, was used
for  scoping tests leading to determination of operating conditions for the larger pilot-scale
process development unit (PDU).  Effluent extraction fluid (water) containing coal tar was
collected.  This tar was subsequently removed from the water by liquid–liquid extraction for
analysis.  Additional tar was collected from an air-cooled condenser.  This “dry” tar was
analyzed for sulfur content.  The extracted coal was dry when collected and was analyzed
as recovered.  The total effluent gas was metered and collected and was analyzed by gas
chromatography.

Two major improvements in the batch hydrothermal desulfurization process were achieved
as a result of the bench-scale testing.  The first improvement was a reduction in effective
desulfurization temperature and pressure.  The sulfur content of IBC-102 bituminous coal
was successfully decreased at temperatures as low as 400EC and subcritical pressures of
156 atm (2300 psig).  Sulfur levels in the desulfurized coal were consistently less than
0.80%, and values as low as 0.49% were achieved.  The second major improvement was the
addition of on-line catalytic tar desulfurization, which reduced the sulfur level in the tar from
1.4–3.6 wt% to <1.0 wt%.  It was also demonstrated that the desulfurized coal could be
added back to the solids, resulting in an increase of volatiles and improved mass balance.

Experiments designed to determine mass balance from multigram tests gave results for
extractions of IBC-102 that were >90%, and the closures of the duplicates were 96 and
97 wt%, based on coal input and product output.  Sulfur content of IBC-102 solids ranged
from 0.77 to 0.46 wt%; tar was 1.4 wt% before catalytic desulfurization, and gas was
~2 wt%.



Scaleup from the multigram unit to the pilot scale was accomplished by reproducing the
batch process of the multigram unit in the pilot unit, resulting in an approximately 1000-fold
increase in coal capacity, complete with on-line catalytic tar desulfurization and a module
for testing fuel reconstitution from desulfurized tar and solids.  The EERC demonstrated the
use of an on-line desulfurization system with the larger-scale system, reducing tar sulfur
from 1.6% to 0.7%.  The EERC then reconfigured the reaction system to carry out a
continuous process.  In the final test of the project year, 100 pounds of desulfurized fuel was
produced in a continuous process from physically cleaned IBC-102 coal.  The volatiles
content of the product remained essentially unchanged, and the sulfur level was decreased
by as much as one-third over a residence time approaching 20 minutes in a temperature
range of 300E–340EC.  In addition, the mercury content  was 87% less than in the feed, and
the selenium content was 46% less than in the feed.
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OBJECTIVES

The primary objective of the study by the Energy & Environmental Research Center (EERC)
was to develop a method for removing organic sulfur along with chlorine and selected air
toxic trace metal elements from coal with super- and subcritical water techniques in
combination with effective thermal and/or chemical treatment, if required.  The goal was to
produce a coal that would emit 1.2 lb of SO2/MMBtu or less upon combustion of coals
supplied by the Illinois Basin Coal Sample Program (IBCSP).

The initial bench-scale study coupled with a pilot-scale investigation was 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 for use by
pulverized coal-fired electric utilities or superclean coal for use in combustion turbine
applications.  Therefore, the levels or extent of target pollutant precursors to be removed had
to be responsive to the final applications.  Extractions were performed at pressures and
temperatures up to and including supercritical water conditions under constant fluid flow
(dynamic) conditions, without the addition of chemical reagents, for the removal of organic
sulfur from raw and physically cleaned (reduced pyrite and mineral content) Illinois
bituminous coal.

Specific objectives of this investigation were as follows:

• Determine the optimum conditions for removal of organic sulfur and selected
hazardous air pollutants (HAPs) using water as the extraction fluid by varying
extraction temperatures and pressures.  Optimization was based on percent organic
sulfur and selected HAPs removed by varying extraction temperatures and pressures.
Removal was determined by standard U.S. Environmental Protection Agency (EPA)
procedures and was further confirmed by the computer-controlled scanning electron
microscopy (CCSEM) technique used at the EERC.

• Determine volatile matter and British thermal unit (Btu) loss under subcritical
extraction conditions.

• Perform pilot-scale tests and evaluate the product.

INTRODUCTION AND BACKGROUND

The data from bench-scale extractions followed by a pilot-scale study using an inexpensive
extraction fluid such as water provide much more focused insight into the feasibility of
removing organic sulfur from high-sulfur Illinois coal for clean coal applications.  High-
sulfur Illinois coal contains typically 50% of its sulfur as organic sulfur, which cannot be
removed by any existing physical cleaning method.  Previously 100-min bench-scale sulfur
extractions at 450EC and 400 atm were carried out to determine the mass balance for the
process.  Extraction of raw and physically cleaned IBC-102 bituminous coal resulted in coal
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solids with sulfur values < 0.80 wt%.  Tar, which was collected as part of the mass balance,
was shown to undergo successful catalytic desulfurization in which the sulfur content
decreased from 1.4 to 0.6 wt%.  Coal mass balance for multigram testing of desulfurization
of IBC-102 reached 97%.  The rigorous conditions under which the previous tests were
carried out were selected on the basis of the microscale results obtained last year.
Decreasing the temperature and pressure would significantly improve the economics of the
process, provided the level of sulfur reduction could be maintained.  Tests carried out on raw
and physically cleaned IBC-102 focused on decreasing the severity of the conditions and on
the pilot-scale hydrothermal process development unit (PDU) production of 100 lb of the
desulfurized coal.

Concurrent with desulfurization of coal by hydrothermal treatment, inorganic material was
also removed from the matrix.  Some of the inorganic matter removed is designated HAP,
making its removal an added benefit to the process.  To monitor the removal of inorganics,
four elements, chlorine (Cl), arsenic (As), selenium (Se), and mercury (Hg) were selected
as candidates for tracking.

EXPERIMENTAL PROCEDURES

Raw and physically cleaned IBC-102 was the primary substrate around which process
conditions for subcritical water extraction of organic sulfur and selected HAPs from coal
were developed.  However, IBC-101 was also used in verifying specific aspects of the
process, e.g., mass balance and location of HAPs, on the bench scale.

The initial work began with two coal samples, "old" (received 1994) and "new" (received
1995) IBC-102, which were physically cleaned using the float–sink method at a specific
gravity of 1.3–1.4.  Following cleaning, the float and sink fractions were washed with
methanol to remove remaining liquid media and then air-dried.  The float fractions were then
ready for subcritical water extraction testing.  Raw coal samples were also extracted for
comparison with the cleaned coal.

Bench-scale extractions during this year were performed on the multigram apparatus
(Figure 1) that was assembled to increase the scale of the process from the milligram to the
10–20-gram scale.  A pneumatic-operated pump capable of continuous pumping water at 10
to 300 cm3/min through the fixed bed of coal was used.  This unit, larger than the analytical-
scale (milligram) unit initially used in Year 1 of the project, allowed for the collection of
larger samples of tar and the study of the effect of scaleup on operating parameters.  All
safety precautions were taken in scaleup, including purchase of a certified reactor and
inspection and approval of the Engineering Design Group at the EERC.  Subcritical water
extraction of raw and physically cleaned IBC-102 coal was carried out in multigram
quantities on the system according to the following procedure:




















































