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ABSTRACT

The Midwest Ore ProcessingCo. (MWOPC)has reporteda precombustioncoal
desulfurizationprocessusing perchloroethylene(PCE) at 120"C to remove
up to 704 of the organic sulfur. However, this process has not been
proven to be as successfulwith Illinoiscoals as it has been for Ohio and
Indianacoals. Also, the high levelsof organicsulfur removalsobserved
by the MWOPC may be due to certainerrors involved in interpretingdata
from the American Society For Testing and Materials (ASTM) method for
forms-of-sulfur analysis. The purposes of this research are to
independentlyconfirmand possiblyto improvethe organic sulfur removal
from Illinoiscoalswith the PCE desulfurizationprocessand to verifythe
forms-of-sulfurdeterminationusing the ASTM method for evaluationof the
PCE process. One problemthat limits commercialapplicationof the PCE
process is the high chlorinecontentin the PCE-treatedcoals. Hence,an
additional goal of this investigationis to develop a dechlorination
procedureto remove excess PCE from the PCE-treatedcoal.

MWOPC's results have been repeated on our tests for the fresh IBC-I04
coal. Oxidation of coals was found to affect subsequent PCE
desulfurization.Elementalsulfuris more amenablethan organicsulfurto
removal by PCE. Ohio 5/6 coal appearsto produce elemental sulfur more
readilythan Illinoiscoal duringoxidation. Data from x-ray diffraction
analyses indicate that sulfate in the oxidized Illinois IBC-I04 coal
occursmainly as gypsum,whereas,sulfatein a sampleof oxidizedOhio 5/6
coal occcurs mainlyas szomolnokite(FeSO,'H20).These data suggestthat
the oxidation reaction for Ohio 5/6 coal might occur under catalytic
conditions which readily convert pyrite to produce FeS04 and elemental
sulfur. The higherelementalsulfurcontentin the Ohio 5/6 coal results
in higher ASTM apparent organic sulfur removalby PCE extraction. From
mass balance calculations,968 of the total sulfur and more than 954 of
total iron were accountedfor during our PCE tests with both long-term
ambient-oxidizedIBC-I04 coal and ambient-oxidizedOhio 5/6 coal. The
amount of elementalsulfur generatedduring short-termoxidationof coal
or pyrite in this study is controlledby reaction temperature,moisture
conditions,and an oxidantwe introduced. The elemental sulfur produced
during ambient air oxidation appears to originate mainly from pyrite
oxidation. This elemental sulfur complicates the material balance
concerningorganicsulfur removalwhen dependingon ASTM analysisalone.

A procedurewas developedto wash PCE from the PCE-treatedcoals. This
procedureproducedcoals with chlorinecontents as low as 0.038.

U.S. DOE Patent Clearance is NOT required prior to the publication of this docu,nent. _



EXECUTIVESUMMARY

The development of economical and practical processes to remove both
organicand pyriticsulfur undermild reactionconditionswould be highly
beneficialto the Illinoiscoal industry. The MidwestOre ProcessingCo.
(MWOPC)has reporteda precombustiondesulfurizationprocessoperatingat
120"C using perchloroethylene(PCE) to remove up to 704 of the organic
sulfur as elemental sulfur. The MWOPC stresses the importance of
oxidation and drying conditions as well as temperaturecontrol. The
process is effective in extractingorganic sulfur and separatingpyrite
fines from coal by float-sink; the process can be operated at low
temperatureswith minimalloss of solvent (Leeheand Sehgal,1988; Leehe,
1989; Lee et al., 1989) and was reported to effectivelyremove organic
sulfur from high-sulfurcoalsobtainedfromOhio and Indiana. However,it
has not yet proven to be as successfulwith Illinoiscoals (Lee et al.,
1989; Buchanan et al., 1990). The MWOPC processevaluationwas based on
interpretationof data obtained by the ASTM method for forms-of-sulfur
determinations.

Over the past few years, the IllinoisState GeologicalSurvey (ISGS)and
Eastern Illinois University (EIU) have jointly developed analytical
methodsto measureforms-of-sulfurin the PCE extractsfromPCE extraction
of high-sulfurIllinoiscoals. Some elementalsulfurand limitedamounts

of organic sulfur have been removed from oxidized Illinoiscoals during
these studies; however,these sulfur removals (<324)were much lower than
those reportedby the MWOPC (>434). Severalhypothesesmay explainthese
differences,but until now, no exDerimentalsupport has been reported.
MWOPC assumedthat organicsulfurremovalwas due mainlyto the removalof
aliphatic sulf r, and that the aliphatic sulfur component of organic
sulfur in the .llinois coals may be less than that of the other coals
tested. We have postulatedthat certainerrors in interpretingASTM data
may result in the higher organic sulfur removalsreportedby the MWOPC.

One hypothesis, which is based on the assumptionsunderlying the ASTM
analysis, is that elemental sulfur extracted by the PCE may be that
derivedfrom pyriteoxidationduringcoal preoxidation,not organicsulfur
removed by the PCE. The ASTM forms-of-sulfur analysis does not
distinguishbetweenorganicsulfur and elementalsulfur. Another similar
hypothesis is that preoxidationof coal may convert pyrite into PCE-
extractablesulfur, and a pyrite-derivedform of iron not extractableby
HCI but extractableby HNO_. If so, this ironwould be countedas pyritic
sulfur during the ASTM analysis. Since the ASTM "pyriticsulfur"appears
to remain constant after PCE extraction and the ASTM organic sulfur is
obtained by the differenc_between total sulfur and the sum of pyritic
sulfur and sulfatic sulfur, this calculationwould lead to an error in
interpretingthe ASTM results,making it appearthat sulfurremovedby PCE
extraction is organic in nature,when it is not.

The goals of this research._re:i) to independentlyconfirm and possibly
to improve the organic sulfur removal from Illinoiscoals with the PCE
desulfurizationprocessclamed by the MWOPC, 2) to verify the forms-of-
sulfur determination by the ASTM method in evaluating the PCE
desulfurizationprocess, and 3) to developa procedureto remove excess



PCE from PCE-treatedcoals. This is a joint effort by the ISGS, EIU, the
Universityof lllinoi_at Urbana/Champaign(UI-UC),and the Universityof
Kentucky (UK). Tasks I-5 were completed,and tasks 6-8 will be carried
out next year.

In the beginningof this investigation,PCE desulfurizationwas evaluated
by measuringthe level of total sulfur reductionin the PCE-treatedcoals
and by measuring the amounts of elemental sulfur obtained in the PCE
extracts. The removal of elemental sulfur from coal is enhanced by a
preoxidationtreatment. The extractableelementalsulfurobtainedfrom a
long-termambientoxidized IBC-I04coal is 25-75 times greaterthan that
from the unoxidizedor short-termoxidized IBC-I04coal samples.

Largerscale (50g)PCE desulfurizationson a short-and long-termambient
oxidized IBC-104 coal, and on an ambient oxidized Ohio 5/6 coal were
conducted to obtain enough sample for ASTM analysis, non-ASTM sulfur
analyses and a mass balance analysis. The data from non-ASTM sulfur
analyses includingXANES analysiswere examined and compared to that of
the ASTM analysis. XANES analyses indicate that long-term ambient
oxidationmay have oxidized some organic sulfur in coal, and that PCE
desulfurizationremovesall the elementalsulfur from coals. The results
also suggest that no organic sulfide nor thiophenic forms of organic
sulfur in coal were removedby PCE. This is supportedby the data from a
wet chemical analysiswhich uses a lithiumaluminumhydride reductionto
delineate the interference of elemental sulfur during a combustion
techniquefor the determinationof organic sulfur.

Mineralogicaldeterminationby x-raydiffractionindicatethat sulfatein
long-termambientoxidized IBC-I04coal existsmainly as gypsum,whereas,
sulfate in oxidized Ohio 5/6 coal exists mainly as szomolnokite(FeS04,
H20). These data suggestthat the ambientoxidationreactionfor Ohio 5/6
coal might occur under catalyticconditionswhich readilyconvert pyrite
to produce FeS04and elementalsulfur. This interpretationalso supports
the observation that Ohio 5/6 coal appears to more readily produce
elemental sulfur than Illinois coal during short-term oxidation.
Oxidation of coals was found to facilitate subsequent PCE
desulfurizations,and the higher elementalsulfur content in that coal
results in higher apparent removalof organic sulfur by PCE extraction
when monitoredby the ASTM forms-of-sulfurmethod.

Resultsfrom the mass balancecalculationsindicatethat 964 of the total
sulfur and more than 954 of total iron were accountedfor both long-term
ambient-oxidizedIBC-I04coal and Ohio 5/6 coal duringPCE desulfurization
tests.

PCE desulfurizationunder various short-term oxidation conditions was
examined. The resultsof this oxidationstudy show that the increasein
elementalsulfur is relatedto reactiontemperature,moisture conditions,

- and the presence of an oxidant we introduced. These are three key
: operatingvariablesreportedor claimedby Lee, et al., at the University

of Akron, and Leehe, et al., at MWOPC. Oxidationof coal producesmore
elementalsulfur to be removedby PCE extraction. The elementalsulfur
produced during ambient air oxidationappears to originatemainly from
pyriteoxidation. This elementalsulfurcomplicatesthe materialbalance
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concerning organic sulfur removal when dependingon the ASTM method of
analysis alone. The source of the increasedelemental sulfur and the
nature of the pyritic and organic sulfur in the sample treated by the
technique using an oxidant we introduced are currently underinvestigation.

Finally, a washingprocedurewhich producedcoals with chlorine contents
as low as 0.034 was developedto remove PCE from PCE treatedcoals.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
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mendation, or favoring by the United States Government or any agency thereof. The views
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OBJECTIVES

The goals of this researchare: I) to independentlyconfirm and possibly
improve the removal of organic sulfur from Illinois coals with the
perchloroethylene(PCE) processdevelopedby the MWOPC, 2) to verify the
ASTM method for forms-of-sulfur determination,and 3) to develop a
procedureto removeexcess PCE from PCE-treatedcoals. Successfulremoval
of organic sulfur by PCE extraction or by other methods developed to
improve PCE extraction of Illinois coals can greatly improve the
marketabilityof high-sulfurIllinoiscoal.

Specificobjectivesare:

A. To conduct the PCE desulfurizationof two coals [IBC-I04
(IllinoisBasin Coal Sample Program);Ohio 5/6 coal(Horizon
Coal Company)]under the properprocess conditions.

B. To carry out an extensivematerialbalance study on the feed
materialsand products from the two coals tested in the PCE
desulfurizationprocess.

C. To conduct non-ASTM analyses and compare the results with
z those from the ASTM method for forms-of-sulfur.

D. To investigatecoal oxidationchemistryand its effect on the
mechanisms of sulfur removal by the PCE desulfurization
process.

E. To examine the role that pyrite in coal plays during the PCE
desulfurizationprocessand its influence,if any, on process
optimization.

F. To evaluateand possiblyimprovethe effectivenessof the PCE
desulfurizationprocessfor Illinoiscoals.

BACKGROUND

MWOPC has reported a method of removingorganicsulfur from high-sulfur-- •

coal using PCE extraction at 120 C (Starbuck,1980; Leehe and Sehgal,
1988; Leehe, 1989). Processstudies,partiallysupportedby the Electric
Power Research Institute(EPRI),have been made in a pilot plant of one
ton/day capacityby MWOPC at Plainville,IN. In addition,a mini-pilot
ant of five-lb/hrcapacity is being operatedat The Universityof Akron

I_A, Lee, et al., 1989). Resultsfromthe mini-pilotplant indicatedthat
the PCE process effectively extracts organic sulfur, and is equally
effectivein separatingpyrite fines from coal. The process is reported
to operate at low temperatureswith a minimum loss of solvent (Lee, et
al., 1989). The importanceof oxidationand dryingconditionsas well as
temperaturecontrol is stressed by MWOPC. Efficiencyof organicsulfur
removal is affected by the initial moisture content of the coal
(Fullerton,et al., 1990). A "catalyst"involvedin the process,which_

-
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renders organic sulfur more accessible to the PCE extraction,has been
suggested (personalcommunicationto PI, G.A. Atwood,MWOPC, 1991).This
process has been found to effectivelyremove organic sulfur from high-
sulfur coals obtainedfrom Ohio and Indiana. However, it has not proven
to be as successfulwith Illinoiscoals (Lee, et al., 1989).

A cooperativestudy (Buchanan,et al., 1990) between EIU (Buchanan)and
ISGS (Chavenand Hackley)was initiatedin 1988. The proceduredeveloped
was different from that of MWOPC in that (-60 mesh) coals were used
without preoxidationprior to PCE extraction. Also, these experiments
were mainly conducted in a Soxhlet extraction apparatus using a small
sample size (i-24g)as comparedto the other experimentsin which 50g or
more was used. The authorsconcluded that the source of the elemental
sulfur extracted from coal by PCE under these conditionswas pyrite and
that little organic-sulfurwas removed (Buchanan,et al., 1990). These
resultsdiffer from those of MWOPC'sstudy in which as much as 43% removal
of organic sulfur from an Illinoiscoal was reported (Buchanan,et al.,
1990).

The differences between the results of the MWOPC and EIU/ISGS may have
been due to the use of differentprocessconditionssuch as preoxidation,
extraction apparatus,and sample size. For example, soxhlet extraction
rather than batch extractioncould decreasethe activityof the catalyst
that assistsorganicsulfur removalduring PCE extraction, lt could also
decrease the consistencyof the temperaturecontrol. However, we have
postulatedthat some possibleerrors in the ASTM analyses of sulfur may
explain the discrepancies in the results. For example, during
preoxidation, pyritic sulfur might be converted into PCE-extractable
elementalsulfur and the pyrite-derivediron might be left behind. This
iron might remain insoluble in HCI but soluble in HN03 during ASTM
analysis. In this case, a portionof the iron no longer associatedwith
sulfurwould be calculatedas pyrite. Becausethe elementalsulfurwould
have been removedby PCE, the total sulfur contentwould decreaseand the
calculated amount of organic sulfur would decrease. This calculation
would lead to an error in interpretationof the results from the ASTM
method, making it appear that the PCE extractionremoved organic sulfur
(Buchanan,1990). These hypothesesneed verification.

EXPERIMENTALPROCEDURES

Eight tasks are being conductedto meet our objectives. Tasks I-5 were
completedduring 1991-1992.

Task I: Processinqof IllinoisCoals and a Mass BalanceStudy (ISGS/EIU)-
The purpose of this task was to perform PCE desulfurizationon the
selectedIllinoiscoalunder conditionsdescribedby the MWOPC procedures.
Thus, the products from before and after PCE extractioncan be used to
evaluate the fate of sulfurduring the PCE extractionprocessand also to
verify the resultsfrom the ASTM method of analysis.
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Task 1.1: Processing of Coals - Two coals, one from the Illinois Basin
Coal Sample Program (IBC-I04)and the other from the HorizonCoal Company
(Ohio 5/6 coal) were selectedfor this task. Coal selectionwas based on
the availabilityof the samplesand on the desulfurizationdata reported
by the MWOPC and the UA. This gave a baselineof comparisonbetweenthe
data generated in this investigationand those reported (Lee, et al.,
1989). The two coals selected were tested as received and in their
oxidizedform in the firstquarter. These tests were performedin a batch
mode. A flow diagram for the PCE batch extractionis shown in Figure 1.
Coal sampleswere groundat room temperatureto 60 mesh. The coal sample
was fed into the PCE extractormaintainedat 120"C, the boilingpoint of
the PCE. The extractioncontinuedfor 30 minutes,then the treatedcoal
was filteredthrough a glass fiber filter. The filter was maintainedat
the same temperatureas the extractor. After filtration,dechlorination
reagentswere introducedto the filter to wash the treated coal sample.
The resultingcoal productwas dried under vacuum.

Larger scale PCE extractions (50g) on one short-term oxidized IBC-I04
coal, one long-termoxidizedIBC-I04coal, and one oxidizedOhio 5/6 coal
were completed during the second quarter. The feeds and products from
these scale-up operationswere split and distributedto co-investigators
for independentanalyses(Task2) and a mass balanceanalysis (Task 1.2).
In addition, a procedure for removing chlorine from the PCE-processed
coals was developed.

Duringthe third quarter,PCEextractionwas conductedin conjunctionwith
short-term oxidations of coals. The coal was oxidized by bubbling
filtered air or air/S02 (Pasiuk-Bronikowsa,et. al., 1989) through a
coal/PCE slurry with or withoutwater added. The reactionwas conducted
at various temperaturesfrom room temperatureto 90"C and for durations
rangingfrom 2-20 hours. After oxidation,the temperaturewas increased
to 120"C and maintainedat this temperaturefor 30 minutes. The extracts
producedfrom PCE extractionwere then isolatedfrom the residues by hot
filtration.

The PCE filtrate was first purified by passing the solution through a
FlorisilColumn. The elementalsulfurcontentswere then determinedwith
a Perkin-ElmerModel LC65 high performance liquid chromatograph (HPLC)
with an ultraviolet-visiblelight (UV-VIS)detector.

Chlorinecontentof the feeds,and productcoals was measured with a Leco
chlorine analyzer. Moisture, volatile matter, ash, and fixed carbon
contents were determined by the ASTM proximate analysis. Sulfatic-,
pyritic-,and total-sulfurcontentsin the feeds and final productswere
obtained using the ASTM D-2492procedure (1991).

In the forms-of-sulfurexaminationby the ASTM methodD2492 the (-60mesh)
samplewas first digestedwith a dilute HCI solution. The acidic solution
was filteredand sulfaticsulfurwas precipitatedand quantifiedas BaS04.
After washingwith distilledwater,the HCl-freeresiduewas digestedwith
diluteHN03. The suspensionwas filteredand the filtratewas adjustedto

: volumefor atomic absorption(AA)determinationof iron. The iron content

|
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Figure i. Flow Diagram for PCE Batch Extraction

was used to calculatepyritic sulfur. To obtain the total concentration
of sulfur, a separate split of coal was combusted in a Leco model SC32
total sulfur analyzerequippedwith an on-line IR detectorwhich was used

to monitor SO2 production. The organic sulfur content was obtained by
calculatingthe difference betweentotal sulfur content and the sum of
pyritic and sulfatic sulfur contents. Any elemental sulfur present is
counted as organic sulfur, since it was not reported as pyritic orsulfatic sulfur.

Task 1.2= A Mass Balance Study - A complete material balance study was
conducted on the two coals for the PCE extraction process. Elemental
sulfur in the PCE extract was determined by high pressure liquid
chromatography(HPLC)with an UV-VISdetector. Total sulfur in feeds and
in the PCE-treatedcoals was used in the sulfurmass-balancecalculation.

Sulfatesulfurconcentrationin the dechlorinationliquidswas obtainedby
inductivelycoupled plasma analysis(ICP).

Total iron contents in feeds and in solid products were obtained after
fusionof the ashed samplein lithiummetaborate. The samplewas ashed at
750"C for 20-24 hours or until no carbonaceous residue remains. The
preparedashes were fused with lithiumtetraborate(a mixtureof one part
ash by weight and nine parts of Li2B_07' 5H20 by weight) in platinum
cruciblesat 1000"C. The fusedmixturewas dissolvedin water and diluted
to a volume for iron analysis by AA. Iron content in the samples of
dechlorinationliquidswas determinedby ICP.
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Task 2: Non-ASTM Analysis for Forms-of-SulfurDetermination (!SGS/U!-
UC/UK) - The purposeof Tasks 2.1-2.5was to examinethe transformationor
removal of pyritic sulfur,aliphaticsulfur, and aromatic sulfur during
PCE desulfurization. The data collectedfrom these tasks allowed us to
explore the identityof organicsulfurremovedby PCE extractionand that
of ASTM forms-of-sulfuranalysis.

: Task 2.1: A Wet-ChemicalAnalysis (HCl/LAH)(ISGS) - This method,which
combines a lithium aluminum hydride (LAH) reduction technique for the
direct determinationof pyriticsulfurand a combustiontechniquefor the
determinationof organicsulfur (Westgateand Anderson, 1982; Liu,et al.,
1987), was conductedand comparedwith the ASTM results in Task 1.2.

A representativesplit of the coal samplewas pulverizedto -230mesh.
The powdered coal sample was first dried and then sulfatic sulfur was
extracted using a dilute HCI solution. The acidic solutionwas filtered
and sulfatic sulfurprecipitatedas BaSO_. If any mono-sulfidesulfurwas
present, it was released as H2S during the HCI leaching step and
precipitatedas Ag2S (Liu,et al., 1987). To remove pyritic sulfur,the
HCl-leachedcoal residuewas treatedwith LAH. The pyritic sulfur was
released as H2S,trapped,and precipitatedas Ag2S. Any elementalsulfur
present in the residue was reported as pyritic sulfur. The sulfur
remaining in the HCl/LAH-leachedcoal residue is assumed to be organic
sulfur. To obtain the organic sulfur, the LAH-leached residue was
combusted in a high temperaturefurnace.Organic sulfur was oxidized to
S02, trappedand precipitatedas BaS04. The amount of each form of sulfur

J was then calculatedbasedon the quantitiesof BaSO_and Ag2Sobtainedfrom
each extraction. An analysis of total sulfur, independent of the
cumulative total from the HCI, LAH, and oxidation procedure, was also
determinedby high-temperaturecombustion(HTC). The forms of sulfurwere

- reportedon a dried basis as wt_ sulfur.
_

Four non-destructivespectroscopictechniques (Tasks 2.2-2.5) were used
for determiningthe fate of organicsulfur,pyritic sulfur, and sulfur-

- containingiron salts in each step of the PCE desulfurizationprocess.-

Task2.2: SulfurK-EdgeX-Ray AbsorptionNear EdgeStructuresSpectroscopy
- {XANES) (UK)- This method was developed(Huffman,et al., in press) for

the quantitativedeterminationof all major suliur forms in coal, both
organic and inorganic. The method is based on the least-squaresanalysis
and deconvolutionof the x-ray absorptionnear-edgestructure,or XANES,
into a series of peaks that representIs -_ np photoelectrontransitions.
The major sulfur forms occurring in coal (pyrite, organic sulfide,

- thiophene, sulfoxide,sulfone, and sulfate) have characteristics -, p
transitionenergies. The relativepeak area contributedto the XANES by_

each sulfur form can be determined. These peak areas are convertedto
weight-percentagesof sulfur using calibration constants derived from
XANES data from standardcompoundmixtures. Because the XANES signal is

_ derived from the bulk of the sample, detailed information concerning
various groups of organicsulfurremovedduring PCE desulfurizationwere
obtained.
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Task2.3: X-Ray Diffraction(XRD)- The XRD method has beenwidely used as
a reliable techniquefor the identificationof mineral matter in coals.
The coal samplesreceivedfor this studywere groundand x-rayedas "whole
coals." McCrone grinders were used for specimen preparationto assure
reliable XRD measurement. The sampleswere also x-rayed after removing
the organicfractionby low temperatureashing. Determinationof pyrite,
various iron sulfidesand sulfates,clay minerals,and other common non-
clay minerals were performed (Hughes and Warren, i989). Results were
reported on a 1004 mineral-matter-free basis and as a percentage of
whole-coal.

Task2.4: M6ssbauerSpectroscopy(UI-UC)- MSssbauerspectroscopywas used
to differentiatethe Fe sulfide/sulfatespeciespresentin feed, oxidized,
and PCE-treated coal samples. By comparing isomer shifts, quadrupole
splitting, and magnetic hyperfine fields of the spectral components
obtained,the mineralspyrite(FeS2),troilite(FeS),and pyrrhotite(FexSy,
where x-y varies between approximately0.8 and 0.95), which displayvery
different MSssbauer spectroscopic features, are discernible in mixed
samples. Pyrite in feed, intermediate,and final productswas determined
at room temperature.The instrument used is also capable of variable
temperature and magnetic M_ssbauer measurements for monitoring iron-
containing sulfates in oxidized coal samples. Spectra were acquired in
the triangularwaveformmode using a RangerScientificMS-900spectrometer
with a 50 mCi STCosource (in 104 Rh matrix). Resultswere analyzedon a
VAX computer using a least-squarescurve-fittingprogramsimilar to that
describedby Chrismanand Tumolillo(1971),which assumedLorenzianline
shapes.

Task 2.5: Scanning Electron Microscopy and Energy Dispersive X-Ray
FluorescenceAnalysis {SEM-EDX)- SEM-EDX was used to determine non.
pyritic sulfur content within a statisticallyrepresentativenumber of z
maceral componentsin samplesof feed and PCE-extractedcoal (Harveyand
Demir, 1990). Representativemacerals were first selectedfor analysis
and identified optically, then analyzed at high magnificationswith a
scanning electron microscope equipped with an energy dispersive x-ray
analyzer (SEM-EDX).

Sulfur determinationswere made at representativespot locationswithin
each selected maceral. The spots were approximately1-4_Lm across and
possibly 3-5_Lmdeep within the maceral. Spots withoutx-ray signal from --
iron or calciumwere acceptedand recordedas organicsulfur. Elemental
sulfur can not be distinguishedby this method and the resultantvalue
includesany elementalsulfur that is present in the tested sample. The
determinedvalue is on the dry mineral-matter-freebasis and was converted
to the whole coal basis by the commonlyused Parrequation. This equation
uses the ash and total sulfur values from routineASTM analyses.

Task 3: Evaluatinq the Effectivenessof Usinq the PCE Desulfurization
Process on the Selected Illinois Coal, and Verifyinqthe ASTM Forms of
Sulfur Analyses (ISGS/EIU/UI-UC/UK)- The data obtainedfrom Tasks i and --
2 on sulfur removalfor the two coals processedwere examined,evaluated,
and interpreted. Data from ASTM analysis (Task 1.2), LAH analysis (Task

_
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2.1), and XANES analysis (Task 2.2) for sulfur removal using the PCE
desulfurizationprocesswere compared. Data from spectroscopicanalyses
(Tasks 2.2-2.5) were examined with respect to the transformationor
removalof pyritic sulfur,organicsulfide,and thiophenicsulfur during
PCE desulfurization. These data allowedus to explore the identity of
sulfur removed by PCE extraction and that of ASTM forms-of-sulfur
analysis.

Task 4" Conducting PCE Desulfurizationunder Various Process Conditions
(EIU/ISGS)- The purpose of this task was to determinethe effects that
variousprocessconditionshave on PCE desulfurization.The study on the
effectsof ambientoxidationon the sulfurremovalby PCE extractionwere
concluded. In addition to ambientoxidation, various short-term, air-
oxidationeffects (achievedby varyingthe amount of water, temperature,
time, and oxidizinggas composition)were examined. The proceduresfor
these short-termoxidation/PCEextractionswere describedin Task 1.1.

- ConductingPCE desulfurizationunder proprietarypreoxidationconditions
will be extended into the second year for more detailed fundamentaland
applicationstudies.

Task 5. Evaluatinq the ParametersStudied and Their Effect on Process
_ Optimization(ISGSLEIU/UI-UC/UK)- This task was completedin the first

year for the fresh and ambientoxidizedsamples. The resultsof the ASTM
forms-of-sulfuranalysesin oxidizedcoalswere comparedwith those in the
non-oxidized coal. The effects that preoxidationconditions have on

- sulfur removal during PCE extractionwere assessed.

Tasks 6-8 will be completedduring the second year of the project.

z

z

i
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RESULTSANDDISCUSSION

Confirmation Study

Preliminary PCEDesulfurization Based on ASTMAnalysis - Shown in Table 1
are the ASTM analysis resultsof an IllinoisNo. 6 coal before and after
PCE extraction. The Illinois coal sample, which was processed by the
developer, Universityof Akron (shownon the top: UA), is comparable to
the fresh IBC-104coal used by this investigation(shownon the bottom:
ISGS/EIU). The data of the Universityof Akron show a removalof 5_ for
total sulfur content and a decrease of 12_ in the ASTM organic sulfur
content. From this investigation,the ASTM data on fresh IBC-I04 coal
show a total sulfur removal of 4-9_ and an organicsulfur removal of 9-
14_. These data confirmthat we have repeatedthe developer'sresultson
our tests for fresh IBC-I04coal based on the ASTM analysis.

Table 1. Wt_ sulfur on moisture-freewhole coal basis

ASTM
Sample Sulfatic Pyritic Orqanic Total

UA
Illinois#6(F-IBC-I04) 0.01 2.54 1.55 4.10
After PCE 0.01 2.52 1.36"_2_ 3.89-_

ISGS/EIU
F-IBC-I04 0.07 2.22 1.94 4.23
After PCE,I 0.04 2.24 1.77-_ 4.05-_
After PCE,II 0.04 2.15 1.66-_ 3.85_

F-IBC-I04,fresh IBC-I04coal sample

Oxidation and PCE Desulfurization Based on HPLC Analysis - PCE
desulf_;rizationwas also evaluated based on the amounts of elemental
sulfu,obtainedin the PCE extracts. The removalof elementalsulfurfrom
coal by PCE extraction is enhanced by subjectingcoal to a long-term
ambientoxidation. The extractableelementalsulfurobtainedfrom a long-
term ambient oxidized IBC-I04coal is 25-75 times greater than that from
the unoxidizedor short-termoxidizedcoal samples. These resultsconfirm
that preoxidationis importantto PCE desulfurization.

Scale-Up PCE Desulfurization- A larger scale (50g) PCE desulfurization
was conductedon three oxidized coal samples (Task 1.1). The purpose of
this scale-upoperationwas to produceenough samplefor analysis. These
sampleswere subjectedto ASTM analysis,non-ASTMsulfur analyses,and a
mass balanceanalysis. The three oxidizedcoal samplesare a short-term
(2 weeks) oxidized IBC-I04,a long-term (>5 years) oxidized IBC-I04,and

.=
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an oxidizedOhio 5/6 coal. Both total iron and total sulfurmass balance
were examined for the two highly oxidizedcoal samples.

ASTM Analysis and HPLC Analysis - Table 2 shows the resultsof the ASTM
analysesof the feed coals and the treatedcoals and the HPLC analysesof
the PCE extracts. The data indicatethat the extractableelementalsulfur
obtained from the two highly oxidizedcoal samples is greater than that
from the mildly oxidized sample. The sample from 2W-IBC-I04 oxidation
shows no detectable amount of elemental sulfur in the PCE extract.
However, the two samples from a long-termambient oxidation(>SY-IBC-104
and O-Ohio 5/6) show a noticeableamount of elementalsulfur in the PCE
extracts. The elemental sulfur of 0.07>Owas extractedfrom >5Y-IBC-104

and the elemental sulfur of 0.I0>Owas extractedfrom O-Ohio 5/6 sample.

The ASTM data also show a greater reductionin organic sulfur after PCE
extraction for the highly oxidized coal samples. These results are
consistentwith those obtained from the smaller scale extractions. The
sample from two weeks oxidationshows no total sulfur removal. A slight
increase in organicsulfur contentof this sample shown by ASTM analysis
is attributed to an error of the ASTM analysis. In the ASTM forms-of-
sulfur determination (ASTM D-2492, 1991), the error in organic sulfur
content is a cumulative error from sulfate, pyrite, and total sulfur
determinations. The reduction in sulfur content from the two-week
oxidized samples by PCE extraction may be too small to offset this
cumulativeerror. However,the highlyoxidizedIllinoissample,>5Y-IBC-
104, shows a noticeable reductionin both total sulfur (20>O)and organic
sulfur (10>o). Similarly, the highly oxidized Ohio sample, O-Ohio 5/6,
shows a noticeabletotal sulfurreductionof 204 and a noticeableorganic
sulfur reductionof 214.

Table 2. ElementalSulfur from PCE Extractionand ASTM Forms-of-Sulfurin
Three Ambient Oxidized Coal SamplesBefore and After PCE Extraction

Weioht Percent (__ mnistur_-fre__whnle-rna]

A_TM fnrm_ nf R,_Ifur IIHPlCII 1

Sample Sulfatic Pyritic Organic Total SO
,

2W-IBC-I04 0.12 2.17 1.68 3.97
, .

After PCE 0.05 2.18 1.75*_ 3.98.°'_ 0.00
,,

i i ii r

>5Y-IBC-104 O.87 I.40 1.84 4.11
II l l

After PCE 0.25 1.40 1.66"_°_ 3.31"2°_ 0.07
l l .. l ,l l . l l

l l l fill

- O-Ohio 5/6 0.63 0.79 2.08 3.50

After PCE 0.28 0.87 1.64"21_ 2.79-2°_ 0.10

.2o_,percent of reductionin total sulfur or organicsulfur
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Based on ASTM analysis,the organicsulfurremovedfrom the Ohio 5/6 coal
is about twice as much as that removedfrom the Illinoiscoal. These data
confirmthe developer'sobservationthatthe PCE processis more effective
for the Ohio coal than for the Illinoiscoal, and that oxidation is an
importantfactor in PCE desulfurization.

A relationshipis indicatedbetweenthe amountsof elementalsulfurin the
PCE extracts analyzed by HPLC and the amount of organic sulfur removal
determinedby ASTM analysis. A higher level of elementalsulfuT'in the
PCE extractindicatesa higherlevel of organic sulfur removalaccording
to ASTM interpretation. From O-Ohio 5/6 coal, 0.104 of elementalsulfur
was extracted,and the sample shows a 214 of organicsulfur removal. From
>5Y-IBC-104,0.074 of elementalsulfur was extracted,and the data show
that 104 of the organic sulfurwas removed.

Mass BalanceAnalysis- Table 3 shows the sulfurmass balancedata for the
long-termoxidized IBC-104coal and the oxidized Ohio 5/6 coal samples.
The data indicatethat elementalsulfur in the PCE extract from oxidized
Ohio 5/6 coal was greaterthan that from long-termoxidized IBC-I04coal.
Dechlorinationliquids were analyzed for sulfate sulfur and elemental
sulfur content• No elemental sulfurwas detected in the dechlorination
liquids. Organic sulfur in PCE and in the dechlorinationliquidswas not
measured due to the absence of a reliable method. However, the data
obtained (964recovery)indicatea goodsulfurmass balancefor both long-
term oxidized IBC-I04and oxidizedOhio 5/6 coals.

Table3. TotalSulfurMassBalanceforthe Long-Term
OxidizedIBC-104and OxidizedOhio5/6 CcalSamples

Long-termoxidizedIBC-I04 coal OxidizedOhio 5/6 (100g)
(lOOg)

,,,
,,,,

Totalsulfurbeforeextraction,4.11g Totalsulfurbeforeextraction3.5g, ,,

...pCE extract(S_) O.07g PCEextract(S°) . O.10g

Dechlorination Not available Dechlorination Not available
reagentA reagentA,, ,, ,,,

Dechlorination O.56g Dechlorination O.46g
reagentB reagentB

Dechlorination Not available Dechlorination Not available
reagentC reagentC

Treatedcoal....... 3.31g. Treatedcoal 2.79g,,,

TotalSulfurafterextraction,3.94g TotalSulfurafterextraction3 35g, , , , , ,,i • ,,,

Percentof recovery96_ Percentof recovery96_
•,. --_-- _

Totalironmassbalancedatashowanaccountabilityof greaterthan95_ forboth
the longtermoxidizedIBC-I04coalsampleand theoxidizedOhio5/6coalsample
(Table4).
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Table 4. Total IronMass Balancefor the Long-Term
Oxidized IBC-I04and OxidizedOhio 5/6 Coal Samples

..... 11 ....Long-term oxidizedIBC-I04(I00o) OxidizedOhio 5/6 (lOOg),,

Total Iron before extraction2.76g Total iron before extraction1.57g

PCE extract Not PCE extract Not availab,e
available

,, , , ,,, , ,

Dechlorination OoOOg Dechlo_'ination O.04
reagent A reagentA,,, ,,

DechIoiination O.08g DechIorination O.47g
reagent B reagentB

Dechlorination Not available Dechlorination not available
reagent C reagentC

,,,,

Treated coal 2.60g Treatedcoal 1.00g

Total iron after extraction2.68g Total iron after extraction1.51g

Percent of recovery97_ Percentof recovery 964
• ,,,,,

Non-ASTM sulfur analyses- Severalnon-ASTMmethods were used to analyze
the two oxidized coal samples (>5Y-IBC-I04and O-Ohio 5/6) before and
after PCE extraction. M6ssbauer spectroscopy and x-ray diffraction
spectroscopywere appliedfor mineralmatter analysis. SEM-EDX,HCl/LAH,
and XANES analyseswere appliedmainly for organic sulfur determination.
The results of these organic sulfur analyses were compared with that
obtained from the ASTM analysis.

Data from both M6ssbauer spectroscopy(Table 5) a_Idx-ray diffraction
spectroscopy(Table6) indicatea loss of Fe(II)SO_in the productcoals.
This is becauseferroussulfatewas removedduring the dechlorinationstep
after PCE-ext'raction.

Data from x-ray diffractionspectroscopyfurtherindicatethat sulfatein
the >SY-IBC-104 sample is mainly in the form of gypsum (CaS04' 2H20),
whereas sulfate in O-Ohio 5/6 sample is mainly in form of szomolnokite
(FeSO,,H20). These data suggestthat the oxidationreactionfor Ohio 5/6
coal might occur under Fe(III)catalyticconditionswhich readilyconvert
pyrite to produceFeSO,and elementalsulfur. This interpretationseems
to supportthe observationobtainedduringthe short-termoxidationstudy
that Ohio 5/6 coal is more likely to produce elemental sulfur than
Illinoiscoal.

m
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Table 5. IronAnalysis by M6ssbauerSpectroscopy

Sample Peaks Fe IS D relative line )C2
state area width

(mm/s)(mm/s) (mm/s)

>Sy-IBC-I04 1,4 Fe(II) 1.127 -2.748 4.6 0.139 0.86
2,3 FeIIII) 0.276 -0.617 95.4 0.315

After PCE 1,2 Fe(III) 0.261 -0.637 100 0.329 1.20

O-Ohio 5/6 1,4 Fe(II) 1.222 -2.550 30.6 0.332 1.52
2,3 Fe(III) 0.264 -0.608 69.4 0.317

After PCE 1,2 Fe(III) 0.242 -0.558 100 0.251 1.39

IS, Isomer shift; D, Quadropolesplitting;)C2, Statisticalparameter.

Table 6" MineralMatter Compositionby X-Ray DiffractionAnalysis

Sample Quartz Calcite Pyrite Gypsum Szomolnokite Nonclays

(Weight4)

F-IBC-104 18.8 3.1 3.9 0.3 - 26.1

>5y-IBC-104 12.8 1.4 2.5 3.3 0.5 20.4
After PCE 12.9 0.2 2.5 1.1 0.0 16.8

O-Ohio 5/6 1.8 0.0 1.4 - 3.4 6.6
After PCE 1.3 0.0 1.5 - 1.5 4.3

F-IBC-104.Fresh IBC-104coal sample

Least-squaressulfurK-edgex-ray absorptionnear edge structures (XANES)
spectroscopyanalysiswas used to resolve the sulfur other than pyritic
and sulfatesulfurintoelementalsulfur (S°),organicsulfide(O-sulfide),
thiophenicsulfur (Thioph.),and oxidizedorganicsulfur (Oxid.),such as
sulfone and sulfoxide. Mi_ssbauerspectroscopicanalysis tends to have a
larger determinationerror than the ASTM analysis. Thus, consideringthe
most precise data on sulfur forms, the data from XANES analysis were
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combined with wt_ pyritic sulfur in coal from the ASTM analysis. The
results are listed in Table 7. The data show that a two-week oxidation
has littleeffecton elementalsulfurextraction,consistentwith the HPLC
analysis result. However, the data for the 2-week oxidized sample,
similar to the data from ASTM analyses,do not exhibit any decrease in
initial forms of organic sulfur (organicsulfideand thiophenicsulfur).

Table 7" Analysisof Sulfur Forms by XANES in Three
OxidizedCoals Before and After PCE Desulfurization

Total Wt_ Wt_ sulfur in differentforms (XANES)
Coal Sulfur" Pyritic" S° O-Sulflde Thioph. Oxid. Sulfatic

2W-IBC-I04 3.97 2.17 0.00 0.61 1.07 0.00 0.12
After PCE 3.98 2.18 0.00 0.61 1.12 0.00 0.07

>5Y-IBC-104 4.11 1.40 0.17 0.54 0.86 0.13 1.01
After PCE 3.31 1.40 0.00 0.56 0.88 0.07 0.40

O-Ohio 5/6 3.50 0.79 0.26 0.50 1.00 0.14 0.81
After PCE 2.79 0.87 0.00 0.54 1.04 0.04 0.30

= "Totalsulfur and pyriticsulfurdeterminationsfrom ASTM.
-

-

The five-year oxidized sample differs significantlyfrom the two-week
oxidized sample in that 354 of the pyritic sulfur has been oxidized to
sulfate plus elementalsulfur. In addition,the initial forms (organic
sulfideand thiophenicsulfur)of organicsulfurappearto be 104 lower in
the five-year oxidized sample than in the two-week oxidized sample,

= suggestingthat some organic sulfur may have been oxidized. The XANES
data also indicatethat PCE treatmentremovesall the elementalsulfurand

about half of the oxidized organic sulfur. The apparent difference in
sulfate content before and after PCE extraction is attributed to the
dechlorinationstep after the PCE treatment,which also removes soluble
sulfates.

The oxidizedOhio 5/6 samplebehavessimilarlyto the >5Y-IBC-I04coal in
that the PCE treatmentremovesall the elementalsulfur and some oxidized
organic sulfur (from 0.14-0.044). The PCE treatment has little or no
effect on other formsof sulfur. Similarto the oxidized>5Y-IBC-I04coal

- sample, the large decline in sulfate content is again attributed to the
dechlorinationstep after PCE extraction.

XANES results as well as the results from ASTM, SEM-EDX, and HCI/LAH
analyses are listed in Table 8. Sulfur other than pyritic and sulfatic
sulfur was graphedas organicsulfur versus the method of analysis shown
in Figure 2. The amount of organic sulfur in coal samples before and
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after PCE extraction was examined and compared with that from ASTM
analysis.

As mentioned earlier, XANES analysis can differentiatethe sulfur other
than pyriticand sulfatesulfurintoelementalsulfur (S°),organicsulfide
(O-sulfide),thiophenic sulfur (Thioph:),and oxidized organic sulfur
(Oxid.), such as sulfone and sulfoxide. The organic sulfur shown for
XANES (A) in Figure 2 containsonly the initialforms of organic sulfur.
On the other hand, the organic sulfur shown for XANES (B) in Figure 2
contains the initial forms of organic sulfur plus elementalsulfur and
oxidized form of organic sulfur. From the XANES (A) graph, no reduction
of the initial forms of organic sulfur by PCE extraction for either
Illinoiscoal or Ohio coal is indicated.

However, as shown for XANES (B) graph (Figure2), some level of organic
sulfurremovalby PCE extractionis indicated. And, the amountof organic
sulfur removedfrom Ohio coal sample is greaterthan that removedfromthe
Illinoiscoal sample. These trendsin organicsulfur variationshown for
XANES (B) are similar to those observed by the ASTM analysis. This
suggests that the higher elemental sulfur content of the Ohio coal
provides more sulfur that can be extractedby the PCE, and results in a
higher apparentlevel of organicsulfurremovalby the ASTM analysis. The
O-Ohio 5/6 coal contains0.264 elementalsulfur and >5Y-IBC-104contains
0.174 elementalsulfur.
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Table 8: The Overall Data Obtained from ASTM,
SEM-EDX,HCI/LAH,and XANES Analyses

Wt4 on moisture-freewhole coal basis

Method Sulfat_ Or anl _

>5Y-IBC-104 SEM 2.30
ASTM 0.87 1.40 1.84
HCI/LAH 0.90 1.48 1.59
XANES (A) 1.01 i.40° 1"40a
XANES (B) I.7Ob

After PCE SEM 2.00
ASTM 0.25 1.40 1.66
HCI/LAH 0.27 1.43 1.68
XANES (A) O.40 1.40° 1.44a
XANES (B) I"51b

O-Ohio 5/6 SEM 2.20
ASTM 0.63 0.79 2.08
HCI/LAH 0.66 0.96 1.59
XANES (A) 0.81 0.79' 1.50°
XANES (B) 1.90b

After PCE SEM 2.40
ASTM 0.28 0.87 1.64
HCI/LAH 0.13 0.86 1.72
XANES (A) 0.30 0.87° 1"58_
XANES (B) 1.62b

o Pyriticsulfur from ASTM analysis
• Organic sulfideand thiophenicsulfur
b Organic sulfide,thiophenic,elemental,and oxidizedorganic sulfur

Some 214 of the organicsulfur was removedfrom the O-Ohio 5/6 coal and
104 of the organicsulfur was removedfrom the Illinoiscoal during the
ASTM analysis. If all or part of this elemental sulfur in the coal
originated from sources other than organic sulfur, then any elemental
sulfur in a coal will complicatethe evaluationof the PCE processby the
ASTM analysis.

The XANES data show no removal of either organic sulfide or thiophenic
sulfur, but they do show that there was total removalof the elemental
sulfur.

m
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WT % ORGANIC SULFUR
F_C'fIO_ OF _TKOD

Figure 2.Organic sulfur in coals before and after PCE extraction as
a functionof analyticalmethod.

The organic sulfur variation obtained from HCI/LAH analysis is fairly
similar to that indicatedby the XANES (A). The data show no organic
sulfur reduction with respect to the PCE extraction. This is because
during HCl/LAHanalysis,elementalsulfurin the coal was first removedby
LAH digestionduring the pyrite determination. Thus, the organic sulfur
obtainedfrom HCI/LAHanalysisconsistsmainly of initialforms of organic
sulfur. Similarly, organic sulfur in XANES (A) represents only initial
forms of organic sulfur. The data obtained from the HCl/LAH analysis
confirmthose obtained from the XANES (A) analysis.

The results of the SEM-EDX analyses show a slight loss of organic (plus
elemental)sulfur in the Illinoiscoal after PCE extraction;but, for the
Ohio coal, a slightincreasewas observed. The reasonfor this difference
for the two samples is thought to be due to the enhanced amount of
elemental sulfur that formed in the more readily oxidized Ohio sample.
While this method of analysis is not well suited to evaluate the PCE
extractionprocess,the data do not supporta significantloss of organic
sulfur in the extractedresidue.

_

--

_

-
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Preoxidati on

As mentionedearlier,XANES data indicatethat no initialforms of organic
sulfur removal occurs during PCE extraction, lt simply dissolves
elemental sulfur from the coal sample. Thus, the amount of So in coal
determinedby XANES analysismay be estimatedby the amountof S° extracted
by the PCE. From the analyticalstandpoint,the HPLC analysis is more
convenient than the XANES analysis,thus, HPLC analysis was used as a
method to evaluate the effect of pre-oxidation conditions on PCE
extraction.

In additionto ambientoxidation,PCE desulfurizationunder variousshort-
term oxidation conditions, including those recommended by the MWOPC
(Atwood,et al., 1990, Task 4) were examined.

Allthe short-termpre-oxidation/PCEextractionexperimentswere conducted
by oxidizing in the presence of PCE. Shown in Table 9 are short-term
oxidationconditionsand oxidationresults for a fresh IBC-104 coal, an
oxidizedOhio coal, two oxidized Illinoiscoals, and a mineral pyrite.

The fresh IBC-104had 0.018 of elementalsulfur in the PCE extractbefore
short-termoxidation. This sample shows no increasein SO contentin the
PCE extractafter bubblingair into a PCE coal slurry for two hours with
or without trace amounts of S02 at room temperature. However, when the
experimentwas conductedat 90"C, withwater present,by bubblingair for
two hours, the So productionwas doubled. By additionof a small amount
of S02as an oxidant,the Soproductionwas furtherincreasedby four-fold.
Furthermore,when the durationwas extended from 2 hrs to 20 hrs, the So
productionwas increasedby 18 times.

For the purposeof comparingthe oxidationsensitivitiesof IllinoisIBC-
104 coal and Ohio 5/6 coal, the two ambient-oxidizedcoal samples were
used for the short-termoxidation.

The ambient-oxidizedIBC-I04 coal (>5Y-IBC-104)had 0.074 S° in the PCE
extractbefore furtheroxidation(Tableg). By bubblingair under moist
conditionsfor two hours at 90"C, the SO contentwas slightly increased
from 0.074 to 0.104. Under the same conditions,by adding a small amount
of S02 oxidant, a further increasein S° content from 0.I0_ to 0.134 was
produced. Overall, the amount of elemental sulfur in the sample was
increasedabout two-fold.
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Table 9. The Effects of Oxidation Condition on the
Amountsof Elemental Sulfur Removedby PCEExtraction

Starting PCE/H20 OxidationMethod Time Temp. S°
coal (mL/mL) (°C)

F-IBC-I04 100/0 none - - 0.01

F-IBC-I04 long-termambient-airoxidation > 5 Room 0.07
years Temp.

F-IBC-104 100/0 bubblingair, 20 ml/sec 2 liours 24 0.01

F-IBC-104 100/0 bubblingair/S02 2 hours 24 0.01

F-IBC-I04 100/20 bubblingair,20 ml/sec 2 hours go 0.02

F-IBC-I04 100/20 bubblingair/S02 2 hours 90 0.04

F-IBC-104 100/20 bubbling air/S02 20 hours 90 O.18

5Y-IBC-I04 100/0 none - - 0.07

5Y-IBC-I04 100/20 Bubblingair, 20 ml/sec 2 hours go 0.10

5Y-IBC-104 100/20 Bubbling air/SO2 2 hours go O.13h,,

O-Ohio 5/6 100/0 none - - 0.13

O-Ohio 5/6 100/20 bubblingair, 20 ml/sec 2 hours 90 0.10

O-Ohio 5/6 100/20 Bubblingair/S02 I 2 hours 90 0.35ii

O-IBC-I01 100/0 none - - 0.06

O-IBC-I01 100/0 Bubblingair, 20 ml/sec 2 hours 90 0.06

O-IBC-101 100/0 Bubblingair/S02 2 hours 90 0.10

O-IBC-I01 100/20 bubblingair, 20 ml/sec 2 hours go 0.10

O-IBC-I01 100/20 bubblingair/S02 2 hours 90 0.11

Mineral 100/0 none - - 0.02
Pyrite

Mineral 100/0 bubblingair, 20 ml/sec 2 hours 90 0.02
Pyrite

Mineral 100/20 bubblingair, 20ml/sec 2 hours 90 0.02
Pyrite

Mineral 100/0 bubblingair/SO2 2 hours 90 0.03
Pyrite

Minearl 100/20 bubblingair/SOz 2 hours 90 0.05
Pyrite

F-IBC-I04,fresh IBC-I04 coal; O-IBC-I01,slightly ambient-oxidizedIBC-101coal; So _,
Elementalsulfurby HPLCanalysisof PCE extracts,in wtr, moisture-free,whole-coalbasis.

The ambient-oxidizedOhio 5/6 coal (O-Ohio5/6) had 0.134 elementalsulfur
in the PCE extract before furtheroxidation (Table 9). Oxidation under
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conditions similarto those used for the O-Ohio 5/6 coal sample with L
small amount of S02 present increasedthe S° content in the sample from
0.13% to 0.35%. Overall,the amountof elementalsulfur productionin the
O-Ohio 5/6 coal sample was increasedalmost three-fold. These results
indicate that Ohio 5/6 coal appearedto more readily produce elemental
sulfur than the Illinoiscoal duringoxidation.

To determinethe possiblesource of S° generatedduring coal oxidation,a
sample of pure mineralpyritewas subjectedto short-termoxidation. The
sample before short-termoxidationhad 0.02% S° in the PCE extract (Table
9). After treatmentwith bubbling air for two hours at 90"C with and
without water present,no increasein S° productionwas indicated. With
a small amount of SO2presentand no water, the concentrationof elemental
sulfur increasedslightlyfrom 0.02%to 0.03%. However,with both S02and
water present,the elementalsulfurconcentrationincreasedfrom 0.03% to
0.05%.

Overall, these experiments demonstratedthat oxidation increased the
amount of SO in coal that could then be extractedby PCE. The amount of
elementalsulfurproducedin coal duringoxidationis relatedto reaction
temperature,moistureconditions,and the presenceof oxidant. These are
three key operationvariablesreportedor impliedby Lee, et al., 1990 (at

- Akron); Leehe, et al., 1990 (at MWOPC); and G. Atwood, 1990 (personal
communicationto J. Lytle and M. Chou). The Ohio 5/6 coal appeared to
more readilyproduceelementalsulfurthan Illinoiscoal duringoxidation.
Also, pyrite oxidationprobablycontributedto some of the S° in the coals
that was extractedby PCE treatment.

-- The source of the increased elemental sulfur and the identity of the
pyritic and organicsulfur in the sampletreatedwith the SO2 oxidantthat
we introducedare currentlyunder investigation.

Oechl ori nati on

If PCE is used for desulfurization,thendechlorinationof the PCE-treated
coal is also a concern for the success of this implicit process. As
indicated in Table 10, the raw fresh coal, F-IBC-104, has a chlorine
content of 0.03%. The PCE-treatedcoal (F-IBC-IO4-PCE)without applying
any dechlorinationprocedure, can have a chlorine content as high as

' 4.68%. When hot water washing was used in the dechlorinationstep, the
resultantcoal had a chlorinecontentof 2.96%. Steam dechlorinationwas
used by the Universityof Akron for dechlorinationof an Illinoiscoal,

= and the reported chlorine content for that coal was 0.9% (Atwoodand
- Leehe, 1991). These chlorine contentsare too high for the coals to be

used in an industrialutilityboiler. We have developeda procedure(ISGS
method), which washes PCE-treatedcoal sequentiallywith hot methanol,
water, and acetone. The procedurecan remove the excess PCE and yield a

- coal with a chlorinecontent as low as the original coal, 0.03% (Table
_ 10).
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Table 10" Dechlorinationof PCE-TreatedCoals

Sample Method of washing Total Chlorine

F-IBC-I04 0.03
F-IBCIO4-PCE none 4.68
F-IBC-IO4-PCE Hot water 2.96
F-IBC-IO4-PCE Hot methanol 0.17
F-IBC-IO4-PCE ISGS method 0.03
>5Y-IBC-IO4-PCE ISGS method 0.03

SUMMARYANDCONCLUSION

MWOPC'sresults have been repeated on our tests for fresh IBC-104 coal.
Oxidation of coals was found to affect subsequent PCE desulfurization.
Elemental sulfur are more amenable to removal than initial forms of
organic sulfur by PCE desulfurization. Ohio 5/6 coal appears to more
readilyproduceelementalsulfurthan Illinoiscoal duringoxidation. The
higher elemental sulfur content in the coal results in higher organic
sulfur removalby PCE extractionas measured by the ASTM forms-of-sulfur
method. Results of mass balance calculationsindicate that 96_ of the
total sulfur and more than 95_ of the total iron can be accountedfor in
both the long-termambient-oxidizedIBC-I04coal and the ambient-oxidizedOhio 5/6 coal during PCE desulfurization.

The resultsof the oxidationstudiesshow that the increase in elemental
sulfur is related to reactiontemperature,moisture conditions,and the
presence of oxidant. These are key operating variables reported or
implied by Lee, et al (at Akron), and Leehe, et al.(at MWOPC). The
elementalsulfur producedduring air oxidationappears to originatefrom
pyrite oxidation. This elemental sulfur complicates the process
evaluationconcerningorganicsulfurremovalby ASTM analysis. The source
of the increased elementalsulfur and the identity of the pyritic and
organic sulfur in the sample treatedwith an oxidant that we introducedare currentlyunder investigation.

PCE-treatedcoals contain high residual chlorine cont However, an
effectivedechlorinationprocedurewas discoveredfor e;ctE"removal which
yields a coal with chlorinecontentas low as 0.03_.
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