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PROJECTASSESSMENT

|ntroduction

Under subcontract from CONSOL Inc. (U.S. DOE Contract No. DE-ACZ2-

89PCBg883), the University of Kentucky studied the use of X-ray

absorption fine structure(XAFS) spectroscopy,specificallythe least-

' squares analysis of the X-ray absorption near edge structure (XANES)

region of the K-shell XAFSspectra, for the quantitative analysis of the
functional forms of organic sulfur in coal derived materials. The

University of Kentucky also studied the use of H_ssbauer spectroscopy for

characterization of the iron-based sulfur-containing components in the

coal derived materials. The full report authored by the University of

Kentucky researchers is presented here. The following assessment briefly

highlights the major findings of the project, and evaluates the potential

of the method for application to coal derived materials. These results

will be incorporated by CONSOLinto a general overview of the application

of novel analytical techniques to coal derived materials at the conclu-

sion of this contract.

This study demonstrated the feasibility of using XAFS and M_ssbauer

spectroscopy for the examination of distillation resid materials derived
from direct coal liquefaction. The least-squares analysis of the XANES

region of the K-shell XAFS spectra was shownto be a technique which can

be used to determine the sulfur forms in coal liquefaction-derived resid

samples. The large amount of pyrrhotite in the resid samples (71 to 99"/,

+_10%of the total sulfur) interfered with the precise quantitative

analysis of the organic sulfur. However, a spectral subtraction routine

was successfully used to provide semi-quantitative results for sulfur

species other than the pyrrhotite.

H_ssbauer spectroscopy, considered a more accurate methodthan XAFSfor
e

the quantitative analysis of inorganic iron-sulfur species (pyrite,

pyrrhotite, iron sulfates), was successfully used to speciate these
materials in the coal liquefaction resids. Further application of XAFS

and H_ssbauer spectroscopy as process development tools appears justified
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ProgramDescription

This report describesthe work performedat the University of Kentucky

under a subcontractfrom CONSOL Inc.,Researchand Development. CONSOL's

prime contract to the U.S. Departmentof Energy (ContractNo. DE-AC22-

8gPC89883, "Coal Liquefaction Process Streams Characterizationand

Evaluation') established a program for the analysis of direct coal

liquefaction derived materials. The program involves a number of

participatingorganizationswhose analyticalexpertiseis being applied

to these materials. This ParticipantsProgramhas two main objectives.

The broad objective is to improveour understandingof fundamentalcoal

liquefactionchemistryto facilitateprocessimprovementand new process

development. The specific approachto achievingthis objectiveis to

providea bridge betweendirectcoal liquefactionprocessdevelopmentand

analyticalchemistryby demonstratingthe applicationof variousadvanced

analyticalmethodsto coal liquefactionmaterials. The methodologies(or

techniques) of interest are th_se which are novel in their _,_plication

for the supportof coal liquefactionand thosewhich have not been fully

demonstrated in this application. CONSOL is providingwell-documented

samples from differentdirect coal liquefactionproductionfacilitiesto

the program participants. The participantsare required to interpret

their analyticaldata in contextto the processingconditionsunderw_,ich

the samples were generated. The methodologyemployed is then evalu.ated

for its usefulness in analyzing direct coal liquefaction derived

materials.

Participant's Methodoloqv

The University of Kentucky used XAFS and Mfssbauer spectroscopyto

analyze five 850"F+ distil!,_tionresids. The samples were composite

850"F+ resids of samplestaken over long periodsof single runs from the

Wilsonville pilot plant. These are solids at room temperature,and

containTHF-solubleand -insolubleorganicsand mineralmatter. Samples

were taken from two locations: between the first- and second-stage

reactors and after the second-stagereactor. These samplesare expected

to represent different extents of coal liquefaction• Two major

processingparameterswere varied among the Wilsonvilleruns: feedcoal

and reactor configuration(thermal/catalyticvs. catalytic/catalytic).
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The experimentaldetailsfor the sulfurXAFS procedureand the Mossbauer

spectroscopyprocedureare describedon page 2 of the attachedreport.

participant'sMajor Findinqs

The following principal observationsfor the applicationof XAFS and

M6ssbauerspectroscopyto coal liquefactionresidswere reportedby the

University of Kentucky. An expanded discussion can be found in the

attachedreport, pages 2 through6.

Pyrrhotitewas the dominantsulfurspeciesin all fiveresids,accounting

for 71 to 99% (±10%) of the total sulfur in the samples. The large

pyrrhotitepeak dominatedthe XANESspectraand partiallyinterferedwith

regions of the spectra,where the s-p peaks for thiopheneand organic

sulfideoccur. To circumventthe limitationsimposedby the pyrrhotite

interference, a least-squaresfit of the spectra was performed to

quantify the sulfur in three broad categories: pyrrhotite,unoxidized

organicsulfur,and sulfate(insteadof the usualnine or so categories).

This approach indicated that the samples contained 0 to 23% (±5%)

anoxidizedorganic sulfurand ] to 6% {±3%) sulfatesulfur in addition

to the pyrrhotite sulfur. In an attempt to better quantify the sulfur

species, the pyrrhotitewas mathematicallysubtractedfrom the spectra

and then the pyrrhotite-subtractedspectrawere analyzedby the least-

squares fitting method. The XANES spectrum of the one resid produced

from Wyodak coal was used as the referencepyrrhotitespectrum because

the original XANES analysis showed that the sulfur in that sample was

virtually all in the form of pyrrhotite. This approachyielded semi-

quantitative values for sulfidic,thiophenic, sulfoxide, sulfone and

sulfate sulfur in the remainingfour resids. Althoughthe results are

only semi-quantitative,some trends can be observed in the data. For

example, a comparison of the Illinois No. 6 coal-derived interstage

resids from different runs shows that a much higher proportionof the

. non-pyrrhotitesulfur is thiophenicsulfur in the resid produced by a

thermal first stage (Run 250) than the resid produced from a catalytic

• first stage (Run 257) (78 vs. 38%, ±20%). The non-pyrrhotitesulfur in

the ane sample from Pittsburghseam coal is almost entirely thiophenic

(81% ±20%) and sulfate (15%±10%).
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The M6ssbauerspectraof all five sampleswere similar• A least-squares

fit was made of each spectrum and the iron-containingcompoundswere

identifiedand measured. Pyrrhotitewas found to be the dominantiron-

bearingphase present,accountingfor 84 to 95%+/- 2% of the total iron.

The vacancycontentof the pyrrhotite(Fe(i.x)S)was found to be 6 to 0%,

significantlylower than the g to 12.5% of most mineral pyrrhotites.

Several other iron phases were observed. A ferric phase,which may be

either an ironoxide or ironcontainedin a clay-derivedsilicatephase,

was found in all five resids. Ferrous sulphate (most likely

szomolnokite, FeSO4.HzO), which may have formed by oxidation of the

pyrrhotite after liquefaction, was found in three of the samples.

Magnetite was found in the one Wyodakcoal derived sample.

The resultsof the XANES and M6ssbaueranalysesof the five residsamples

were comparedto the resultsof similaranalysesof the ArgonnePremium

coals which correspondmost closelyto the feed coals used in the lique-

factionprocessingruns. The Argonnecoals were examinedpreviouslyby

the researchers at the University of Kentucky. The University of

Kentuckyobservedthat the ironspeciesin the _yodakcoal resid must be

primarily derived from the iron catalyst used in the processing run

becausethe parent coal has a very low iron content. Additionaldiscus-

sion comparingthe residsand coals can be found on pages 4 through_ of

the attachedreport.

CONSOL Evaluation

The sulfur XAFS/XANES and M6ssbauer techniques were shown to be

potentiallyuseful for the quantitativespeciationof sulfur forms in

direct coal liquefactionresid samples. The dominantpyrrhotitepeak in

the XAFS spectrapartiallyinterferedwith the organicsulfurregionand

reduced confidence in the accuracy of the quantitativedata. These

experimentsdemonstratethat for accuratequantitativespeciationof the

organic sulfur forms in coal-derivedresids, the XAFS/XANEStechnique

should be performedon the inorganic-freeportion of the sample,. The

M6ssbauertechniqueclearlyshowedthat pyrrhotitewas the dominantiron-

bearing speciespresent in the resids and providedthe stoichiometryof

the pyrrhotite. Other iron specieswere also detected,includingferric

oxides or silicates,ferloussulfateand magnetite.
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The M6ssbauer instrument used in these studies cost approximately

$50,000. lt requiresapproximatelyone day to prepare and collect data

for a single sample by M6ssbauer spectroscopy. The sulfur XAFS

experimentswere conductedat the NationalSynchrotronLight Source at

BrookhavenNationalLaboratory. Approximatetimerequirementsare ]-2 hr
i

to preparea sample and about Ihr to collectdata. Cost per sample is

approximately $1000. Data acquisition and interpretationfor both

methods require a considerableamount of time (on the order of a few

hours to one week) and the expertiseof a skilledprofessional.

F_rther.Development

The interferenceby pyrrhotitein the quantitativedeterminationof the

organic sulfurspeciesby XANES indicatesthat futureapplicationswould

be better performedwith only the organiccomponentof the resid (e.g.,

the solvent-solubleportionof the resid). The XAFS techniquealso can

be used for the direct speciationof otherelements,such as nitrogenand

p,ssiblyoxygen. Explorationof the applicabilityof the techniquefor

i,hequantitativeanalysisof these heteroatomicspecies in coal liquids

is recommended.

P.articipant'sStatementof Work

X-ray absorptionfinestructure(XAFS)Spectroscopyhas beendemonstrated

to be a powerfultechnique for the investigationof sulfur in coal and

coal derivatives. The least-squaresanalysisof the X-ray absorption

near edge structure(XANES)region of the K-shellXAFS spectraprovides

a quantitativeanalysisof the functionalformsof the sulfur. M6ssbauer

spectroscopyhas foundnumerousapplicationsin coal science,principally

for its ability to characterizecomplex samples containing iron-based

components. These techniqueshave not,however,beendemonstratedwidely

for their abilityto answerquestionspertainingto the chemistryof coal

conversion. As such, they fit well withinthe scope of the participants

program.

The applicationof XAFS and M6ssbauerspectroscopyto a small sample set

(5 samp]*.s)will allow a demonstrationof the value of these techniques

for the examinationof the sulfurcompoundsin coal liquefaction-derived
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resids. XAFS wil} allow for a quantitativemeasurementof the sulfur

forms in the samples. Since XAFS has reducedsensitivityfor the iron-

based inorganicsulfur forms,Mossbauerwill be used to supplementthe

XAFS data with quantitativemeasurementsof the iron-based inorganic

sulfur forms. This technique for the quantitativedeterminationof

sulfur forms may be useful to characterizeresids in supportof a study

of resid reactivity. These samples have been selected so that the

utilityof the techniquefor this purposecan be assessed. The samples

will be supplied to the University of Kentucky with the following

information,as available:elementalanalyses,ash content,ash elemental

analysis,phenolic OH concentration,calorificvalue, hydrogen classes

by IH-NMR,and the full historyof the sample(plant,processconditions,

age, and storageconditions). The five samplesare 850°F. distillation

residualmaterialsand containinsolubleorganicmaterial(IOM) and ash.

Sample size will be at least3 g. The five resid sampleswill be brittle

pitch-likematerialsthatwill be suppliedas approximatelyminus 60-mesh

powder.
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EXECUTIVE SUMMARY

The formsofsulfurinfiveWilsonvilleresidsampleshavebeeninvestigatedby

XANES spectroscopyand M_ssbauer spectroscopy.Three ofthe sampleswere

obtainedfromliquefactionrunsusingIllinois#6coal,and oneeachfromrunsusing

Pittsburghand Wyodak coals(Table1).

Pyrrhotiteisthedominantsulfur-containingcompoundinallfiveresids.The

M_ssbauerresultsshow thatfrom84 to95% oftheironinthesamplesiscontained

inpyrrhotite(Fe(I._)S,withx = 6 -8%),withminoramounts of£erroussulfateand

otherphasespresent(Table4).The raw sulfurK-edgeXANES spectrawereanalyzed

intothreecomponents;pyrrhotite,unoxidizedorganicsulfur,and sulfate.On the

basisofthisanalysis,pyrrhotitecontainedfrom71 to99% ofthesulfurintheresids,

whileunoxidizedorganicand sulfaticformsaccountedforup to23% and 6% ofthe

sulfur,respectively(Table2).

The dominantphase,pyrrhotite,exhibitedstrongabsorptionfeaturesinthe

regionofthe,'V_kNESwherethes_p peaksforthiopheneand organicsulfideoccur,

making it difficult to carry out a meaning_ analysis of the functional forms of

unoxidized organic sulfur. An attempt to physically separate the pyrrhotite from the

organic matrix of the resid was not successful. Therefore, a mathematical procedure

of subtracting the pyrrhotite XANES from the total resid XANES was developed. The

resulting pyrrhotite-subtracted spectra were then analyzed. The results (Table 3)

indicated that both su]fidic and thiophenic sulfur functional forms were present in

the Illinois #6 resid samples, with thiophenic sulfur being dominant, while only

thiophenic sulfur is present in the Pittsburgh seam resid. Too little organic sulfur

is present in the Wyodak-Anderson resid to be analyzed by this method. While the

accuracy of the XANES analysis for these pyrrhotite-subtracted spectra is rather

poor, the results seem to be reasonable on the basis of previous work on the

alteration of sulfur forms resulting from pyrolysis.
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I. INTRODUCTION

In recent years, it has been shown that all of the major forms of sulfur in coal

can be speciated by XAFS spectroscopy. Two principal approaches have been

developed, both of which deal with Pma!ysis of the X-ray absorption near edge

structure (XANES) region of the XAF_" __ec_ruun. Gorbaty and co-workers have

developed a third derivative treatment o_' ti_e XANES which allows the relative

amounts of thiophenic and sulfidi,_ sulfur to be determined [1,2]. Our group has

developed a direct least squares analysis treatment of the XANES which allows up

to nine forms of sulfur to be quantitatively determined [3-5]: pyrrhotite, pyrite,

elemental sulfur, organic disulfide, organic sulfide, thiophenic sulfur, sulfoxide,

sulfone, and sulfate. In the case of the inorganic iron-sulfur phases (pyrite,

pyrrhotite, iron sulfates), however, MSssbauer spectroscopy is normally a more

accurate method of analysis [6]. ConsequentJy, for samples containing both organic

and inorganic sulfur species, we usually employ both techniques.

In the current study, five resid samples from the Wilsonville pilot plant have

been investigated. These samples are listed in Table 1. They include a second stage

product resid from a catalytic/catalytic (C/C) run that utilized an Illinois #6 coal, and

four interstage resid samples from runs using Illinois #6 (T/C _nd C/C), Pittsburgh

. seam (C/C), and Wyodak coals (C/C). Pyrrhotite was the dominant sulfur-containing

phase observed in all samples, representing from 70 to 100% of the total sulfur. The

large amount of pyrrhotite present hampered our efforts to obtain accurate results
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forthepercentagesoforganicandothersulfurformspresent.However,byemploying

spectralsubtractionprocedures,itwas possibletoobtainatleastsemiquantitative

resultsforthesulfurspeciesotherthaxlpyrrhotite.As discussedintheremainder

ofthereport,thiophenicand sulfaticsulfurarethedominantsecond_ry_Formsof

sulfurpresent.

II. EXPERIMENTAL PROCEDURE

The MSssbauer spectrometerused in theseexlaerimentswas a constant

accelerationspectrometerofstandarddesign[6].The radioactivesourceconsistedof

50-100mCi of5_Coin a Pd matrix.The MSssbauersampleswere intb.eform of

powder samplesmounted in plexiglasscompressionholders.Ali spectrawere

_b,tainedatroom temperature.Sincetheroom.temperatureM_issbauerspecln-awere

readilyinterpretable,itwas feltthatspectraobtainedatothertemperatrureswerenot

necessary.

The sulfurXAFS experimentswere conductedat beamlineX-19A at the

NationalSynchrotronLightSource(NSLS)atBrookhavenNationalLaboratory.X-

19A maintainsthex-raypath from thesynchrotrontothemonochromatortothe

experimentalhutchentirelyinthestorageringvacuum inordertomb_ni.zebeam

absorption.Additionally,a heliumpathwaywas maintainedforthebem_nwithinthe

hutch,tofurthermimmize unnecessaryabsorptionby air.Electroncu_en1_inthe

ringwere typically100-200mA. The x-rayenergywas variedfrom appro_qmately

100eV belowthesulfurK-shellabsorptionedge(2472eV)to400 eV abovetheedge

usingadoublecrystalSi(111)monochromator.The solidresidpowdersampleswere

loadedin thin(6micron)mylar bags and fluorescentsulfurXAFS spectrawere

obtainedusinga Stearn-Healdtypeofdetector[7].

III.RESULTS AND DISCUSSION

III.lXANES Results

The suiteofsulfurXANES spectraofallsamplesisshown inFigure;1. The

uppermostspectrum,obtainedfrom thefirststageWyodak resid,isrepresentative=
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of essentially pure pyrrhotite, the only sulfur species present in this sample in

significant quantity. By comparison c,i'this XANES to the other spectra, it is seen

that a large, broad absorption feature in the pyrrhotite spectrum overlaps and

- obscures most of the other XANES peaks. This makes it difficult to accurately fit _tjc

unoxidizedorganicsulfurXANES peaks,whichoccurbetween0 and 3 eV [3-5].

• Nevertheless,alloftheraw XANES fileshave beenfittedand the resultsdo not

appeartobeunreasonable.'l_ypicalfitsareshowninFigures2 and 3;allspect_are

compiledinAppendixA. As discussedelsewhere[3,4],theXANES arefittedtoa

I seriesofpeaks(50% Lorentzian,50% Gaussian)and Ln arctangentfunction.The
t

peaks represents--,pphotoelectrontransitionsand scatteringpeaks,whilethe

arctangentfunctionrepresentstransitionsofthephotoelectronstothecontinuum.

The s--#ppeakshave characteristicenergiesand canbe used toidentifydifferent

sulfurforms.The areasunderthesepeakscanthenbeusedtodeterminetherelativ_

amounts ofsulfurcontainedin each sulfurform identified[3-5].Unfortunately,

becauseofthelarge,broadmaximum contributedbythepyrrhotitespectrumforall

ofthesesamples,theaccuracyofthismodelissubstantiallydecreased.Referringto

Figures2 and 3,thes-4ppeaksderivedfrompyrrhotite(-1.5eV),thiophenicsulfur

(7..3eV),and sulfaticsulfur(10.0eV)areseentobefairlywell-resolved.Peaksfrom

elementalsulfur(0.0eV)and fromorganicsulfurspeciessuchaspolysulfidicsulfur

(0.2-0.4eV),(mono)sulfidicsulfur(0.4-{}.7ev),sulfoxide(3.4e_, and sulfone(7.5-

8.0eV),which,ifpreteritatall,would be expectedtobe much lessintensethan

peaksfrom pyrrhotite,thiophene,orsulfatein residsamples,areverydifficultto

determineaccuratelyfro_ the currentdata becauseof interferencefrom the

pyrrhotiteXANES. Consequently,in the data summary forthe residsamples

presentedinTable2,we havenotattemptedtosubdividetheorganicsulfurspecies,

buthave simplypresentedthesulfurpercentagesasdividedbetweenthreedominant

components:pyrrhotite;unoxidizedorganicsulfur(believedto be principally

thiophene),whichwouldalsoincludeany elementalsulfur;and sulfate.

Two attemptsweremade todecreasethepyrrhotitesignalin ordertogeta

• betterspeciationoftheorganicsulfur.One effortwas aimed atsimplyphysically

3



separating the pyrrhotite from the resid samples. _amples were crushed to -200

mesh a_d centrifuged in liquids having specific gravities of 1.5 and 2.5. While this

procedure is us u_:,_lysuccessful in separating pyrite from coal, it was completely

ineffective in _::!:_ara_ing pyrrhotite from resid. The centrifuge tubes were uniformly

black after centrifugation and no separation was effected. Perhaps the py,_rhotite and

other ash particles are so uniformly coated by the resid that there is no tendency for

fracture to occur along the mineral-organic matrix boundary, as there is in coal.

In the second atten!,i_t, the pyrrhotite contribution to the sulfur XANES

spectrum was removed mathematically. As mineralogical specimens of pyrrhotite are

known to exhibit significant variation in composition and crystal structure and

generally do not simulate well the pyrrhotite found L. liquefaction experiments, it

was decided to use the sulfur K-edge spectrum of the Wyodak resid as the standard

for the mathematical subtraction. Hence, the spectrum of the Wyodak resid, run 258,

which was, essentially ali p,_Trhotite,was weighted appropriately and subtracted from

the other spectra. 'l%e weighting was varied until the pyrrhotite s-_p peak at -1.5 eV

was reduced as cTosely as possible to zero. Typical least squares fits of these

pyrrhotite-subtracted XANES spectra are shown in Figures 4 and 5; ali such spectra

are shown in the compilation in Appendix A. The results of the least squares

analyses are given in Table 3. While the sulfur form percentages in Table 3 are not

unreasonable, they are considered semi-quantitative. In particular, the sulfide and

sulfoxide components are in regions of the :_pectra where incorrect subtraction

procedures could cause substantial errors.

111.2 Miissbauer results

The M6ssbauer spectra of ali five samples were quite similar and clearly

showed pyrrhotite to be the dominant iron-bearing phase present. Typical spectra

are shown in Figure 6; ali spectra are included in the compilation in Appendix A.

The solid curves are the least squares fits to the spectra, which were modeled by

three six-peak magnetic hyperfine spec,',raand one or two quadrupole doublets. The

locations and relative intensifies of the peaks from each of these components is

indicated by the bar diagrams in Figure 6.
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From the relative areas under the peaks of each fitted spectral component, the

approximate percentages of the total iron contained in each phase can be determined

[6]. The results of this analysis are given in Table 4. Also given in Table 4 are the

• observed M_ssbauer parameters for each component• Pyrrhotite (Fe<I.,)S)contributes

three magnetic hyperfine components with magnetic hyperfine fields (H) of

approximately 311, 289, and 264 kiloGauss. These values and the quadrupole

splitting (Q.S.) and isomer shift (I.S.) parameters are in agreement with those

previously reported for pyrrhotite. The standard deviations are approximately as

follows: H - ± 2 kG; I,S. - ± 0.02 minis; Q.S. - ± 0.02 minis; %Fe - ± 2%. It is seen

that the total percentage of the resid iron contained in pyrrhotite ranges from 84%

to 95%. The relative percentages of the three pyrrhotite magnetic components

indicate that the vacancy content of the Fecl.x)S phase is x = 6 - 8%. This is a

significantly lower vacancy content than is found in most natural pyrrhotites in which

x is normally between 9 and 12.5%.

While pyrrhotite is the dominant iron-bearing phase, minor amounts of two

other phases are also observed: a ferric phase, which may be either an iron oxide or

iron contained in a clay-derived silicate phase; and ferrous sulfate, most likely

szomolnokite, FeSO4.H20. The latter phase may have formed from the pyrrhotite due

to exposure to air since the liquefaction run was made.

111.3 Previous Sulfur Speciation Results for the Argonne Premium Coals.

In previous work [3,8], we have investigated the sulfur forms in the Argonne

premium coals by XANES and M_ssbauer spectroscopy. The results of those studies

for the Pittsburgh seam, Illinois #6, and Wyodak coals are given in Table 5. It is

seen in Table 5b that pyrite is the only significant iron phase in the Pittsburgh and

Illinois coals, while the Wyodak coal contains 26% of its iron in siderite and 75% in

pyrite. It is clear that pyrite is devolatilized to form pyrrhotite during liquefaction.

The siderite apparently transforms to a mixture of magnetite and pyrrhotite, the

latter forming by reaction with H2S. Such results have been reported previously [9].

It should be noted, however, that 2 wt% of iron oxide plus sulfur was added for the

Wyodak liquefaction run. Since the Wyodak coal is very low in pyrite and total iron

5
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content, it is clear that most of the pyrrhotite and iron oxide observed in the

MSssbauer spectrum of the resid is derived from the reaction products of the added

iron catalyst.

The XANES results show sulfide and thiophene to be the only significant forms

oforganicsulfurpresentintheArgonnePremium coals.They alsoindicateno sign

ofsulfuroxidation.For theIllinoisand Wyodak coalssulfidicand thiophenicsulfur

accountfor about 35 and 65% of the organicsulfur,respectively,whilethe

correspondingvaluesforthePittsburghcoalare 27 and 73%. On thebasisofa

previousstudyofthealterationofsulfurdistributionresultingfrompyrolysis[5],the

sulfidiccomponent would be expectedto decreasemore than the thiophenic

componentduringliquefaction.Forreasonsgivenabove,however,ourresultsforthe

relativeamountsofsulfidicand thiophenicsulfurintheresidsarenotconsideredto

be accurateenoughtoreachanyconclusionsonthispoint,ltisseen,however,from

a comparisonofTable2 and Table5a,thata significantlylargerpercentageofthe

sulfurisinorganic(pyrrhotite)inthe7._sidsthaninthecoals,ltisapparentthat

organicsulfurisbeingreleasedduringhquefaction,whiletheinorganicsulfuris

apparentlystabilizedatapproximatelyhalfitsinitialvalueaspyrrhotite.

IV. RECOMMENDATIONS

Examination of the resids by sulfur K-edge XAFS spectroscopy showed that the

least-squares method for determining sulfttr forms was not very accurate for organic

sulfur forms because of the dominance of the inorganic sulfur (pyrrhotite) in the

resid. If improved accuracy on the organic sulfur functional forms in the resids is

desired, there are several possible approaches. One would be to examine organic-rich

extracts obtained from the resids by extraction with either pyridine or with tetra-

hydrofuran (THF). A second possibility is to develop a method of removing the

pyrrhotite from the resid by physical means. A final method would be to prepare new

samples in bench scale tests from a coal of negligible pyrite content, such as the

DECS-17 or DECS-6 Blind Canyon sample in the Penn State coal sample bank.

6
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Table 1. Resid samples investigated by XANES and MSssbauer spectroscopy.

Ref. No. Coal Feed Source/Conditions Comments

1 Illinois 6 W; Run 250; T/C Interstage "
2 Illinois 6 W; Run 257; C/C Second-Stage Product
3 Illinois 6 W; Run 257; C/C Interstage .
4 Pittsburgh W; Run 259; C/C Interstage
5 Wyodak Anderson W; Run 258; T/C Interstage

Note: Ali samples are 850°F + distillation resids; C/C = Catalytic/Catalytic;
T/C = Thermal/Catalytic; W = Wilsonville

Table 2. Percentages of the total resid sulfur contained in three principal
forms determined by analysis of the sulfur XANES.

p_ Unoxidized Organic Sulfate(± 10%) (± 5%) (± 3%)

IL #6, Run 250, R1236 71 23 6
IL #6, Run 257, V1067 88 7 5
IL #6, Run 257, R1235 83 11 6
Wyodak, Run 258, R1235 99 0 1
Pitts., Run 259, R1235 78 16 6

Table 3. Relative percentages of the non-pyrrhotite sulfur in the resids determined
by analysis of the pyrrhotite-subtracted sulfur XANES.

Sulfidic Thiophenic Sulfoxide Sulfone Sulfate
(±20%) (±20%) (±20%) (±5%) (±10%)

IL#6, Run 250, R1236 13 78 2 0 7
IL#6, Run 257, V1067 21 28 17 2 32
IL#6, Run 257, R1235 21 38 15 3 23
Pitts., Run 259, R1235 0 81 3 0 15

|



Table 4. Mtissbauer Parameters for Wilsonville Residues

SAMPLE Phase H(kG) !.S.(mm/s) O.S.(mm/s) %F._.._e

" Run 258 Pyrrhotite 312 .75 -.07 34
R-1235 " 292 .73 .02 20

Wyodak " 266 .70 .05 36
Magnetite 468 .25 4
Fe3+silicate --- .40 1.07 6
or Oxide

Run 259 Pyrrhotite 311 .75 -.07 43
R-1235 " 289 .73 .01 25
Pitts. " 264 .70 .06 27

Fe _ silicate --- .33 1.02 5
or Oxide

Run 250 Pyrrhotite 309 .76 -.06 36
R-1235 " 284 .73 .03 24
Ill #6 " 263 .70 .07 24

Fe_ sil./oxide --- .31 1.01 9

Fe2+sulph. --- 1.22 2.61 7

Run 257 Pyrrhotite 311 .75 -.06 39
V-1067 " 289 .74 .02 17
Ill #6 " 266 .70 .06 28

Fe _ sil./oxide --- .36 .90 9

Fe2+sulph. --- 1.18 2.68 7

Run 257 Pyrrhotite 311 .74 -.07 41
R-1235 " 287 .73 .03 21
Ill #6 " 264 .69 .06 24

Fe_+sil./oxide --- .30 1.03 8
Fe2+sulph. --- 1.22 2.58 6

H is the magnetic layperfme splitting in kGauss; I.S. is the isomer shift, relative to metallic iron, and Q.S. is the
quadrupole splitting in mm/s. These parameters are used to identify the iron-bearing phase from the M0ssbauer spectrum.
%Fe is the percentage of iron present in a particular phase based on the relative areas under the peaks in the M0ssbauer
spectrum.



Table 5a. Derived Percentages for Forms of Sulfur in Argonne Premium Coals.

,m .

Wt% ' ]' " _, ,. .

Total Sulfur forms, %
,, ,. . ,, -- ,..,

Sample Sulfur Pyrite Sulfide Thiophene Sulfoxide Sulfone Sulfate
,, , ,,.

m ,, . ,

Pitts., PA 2.19 52 13 35 0 1 0
, -- ..,

nlinois #6, IL 4.83 48 19 33 0 0 0
,.... , ,,

Wyodak- 0.63 24 29 46 0 0 0
Anderson, WY

"' i : ' '' = •

Table 5b. M_ssbauer Data for Argonne Premium Coals.

,., ,. ' .,,

Wt%
..... pyritic ....

sulfi_r .... % Fe in

Sample Clay Siderite Pyrite.,,... , , , , ,,,.

,, ,, , ,,. .

Pittsburgh 1.26 1 0 99
,, ,,,

Illinois 2.14 3 0 97
,.. , , ,,.

Wyodak 0.13 0 26 74
,, ,, ,
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i Figure 6. Typical Mossbauer spectra of Wilsonville Residues.16



APPENDIX A

COMPILATION OF XAFS AND MOSSBAUER SPECTRA
FOR WILSONVILLE RESID SAMPLES

1. Compilation of least-squares fitted sulfur K-edge XANES spectra for ali five
Wilsonville resid samples investigated.

2. Compilation of least-squares fitted sulfur K-edge XANES spectra with
pyrrhotite spectral component subtracted for four Wilsonville resid samples
investigated. [The fifth resid sample, Wyodak, was used as the pyrrhotite
standard for the spectral sub_raction, since -100% of the sulfur was present
as this phase. Also see text.]

t

I_ 3. Compilation of M_ssbauer spectra for ali five Wilsonville resid samples

investigated.
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AI-4 Least-squares fitted sulfur XANES spectrum of Pittsburgh seam residue, R-1235,
, Run 259
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Figure A2-1 Least-squares fitted, pyrrhotite-subtracted, sulfur XANES spectrum of
. Illinois #6 residue, R-1236, Run 250
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Figure A2-3 Least-squares fitted, pyrrhotite-subtracted, sulfur XANES spectrum of"
• Illinois #6 residue, R-1235, Run 257

25



,i
m

i ; i ," I t

,E, j

_ j -
, \

- I _ '__" -/_ -____-/"", -"-'- / _ -

/ !,I

l\ 1 \
"11 • I e,

t :' ' "" ' "/ t" \
• sj I .J,..p e." ----_' %

CHISQR VARIATI ILESS THEN 0, 1000 PERCENT TYPE <CR> TO CONTINUE

1, 6, 11. 16

. ENERBY (EV)

Figure A2-4 Least-squares fitted, pyrrhotite-subtracted, sulfur XANES spectrum of
Pittsburgh seam residue, R-1235, Run 259

26



Fisure A3-1: Mos°bauer spectrum of Illinois #6 residue, R-1235, Run 250
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Figure A3-2: Mossbauer spectrum of Illinois #6 residue, V-I067, Run 257
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Figure A3-3: Mossbauer spectrum of Illinois #6 residue, R-1235, Run 257
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Figure A3-4: Mossbauer spectrum of Pittsburgh seam residue, R-I735, Run 259
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Figwre A3-5: Hossbauer spectrum of Wyodak_restdue, R_1235, Run 258






