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ABSTRACT

Over400publishedpapers,presentationsatscientificmeetings,andreportsrelatingto

thedeterminationofsulfurandsulfurformsincoalandcoal-relatedmaterialshavebeen

accumulated,classified,andanevaluationmadeoftheircontent.
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ANNOTATEDBIBLIOGRAPHYOFMETHODSFORDETERMINING
SULFURANDFORMSOFSULFURINCOALANDCOAL-RELATEDMATERIALS

ColinD.Chriswell,GlennA.Norton,S.SuhaiiAkhtar,
WarrenStraszheim,andRichardMarkuszewski

SUMMARY

Introduction
Effective,practical,standardmethodshavebeendeveloped,validated,andare

widelyusedfordeterminingthetotalsulfurcontentandthemajorformsofsulfurincoal.
Despitetheexistenceofthesestandardmethods,a greatdealofeffortisbeingdevoted
tothedevelopmentofnewproceduresfordeterminingsulfurandformsofsulfurincoal
andcoal-relatedmaterials.Atotalofover400papersdescribingnewormodified

=,

proceduresfordeterminingsulfurincoalhavebeenlocatedintheliterature;including
.. twenty-fivesuchpaperspublishedin 1991alone.

Inpart,theresearchonnewmethodsfordeterminingsulfurformsincoalisdirected
towardssimplifyingorreducingthecostofexistingmethods.Muchoftheresearchis
alsoaimedatdevelopingproceduresapplicabletoawiderrangeofcoalsandcoal-like
materials.Anotherareaofintenseresearchthedevelopmentof procedurestoyieldmore
informationaboutthenatureofsulfurincoal;ofparticularinterestistheformsoforganic
sulfurincoal.

ObjectivesofthePresentWork
Theprimarygoalofthepresentworkwastocompilea bibliographyofallexisting

procedurescurrentlyusedorapplicableforthedeterminationofsulfurortheformsof
sulfurincoalandcoal-relatedmaterials.Asecondgoalofthisworkwastoclassifythose
methodsina usablemanner.And,a finalobjectivewastoperforma preliminary

. evaluationoftheapplicabilityofthemethods.

- BiblioqraphyofMethods
Incompilingthebibliographyofmethods,aneffortwasmadetoincludeall

procedureswhichwereintendedtobeusedindeterminingsulfurorformsofsulfurin
coalorcoal-relatedmaterials.Inaddition,otherpaperswereincludedwhichappeared
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to haveapplicabilitytosuchanalyses,butwerenotintendedforthatpurpose.One
exampleofthelattertypeofpapersaremethodsproposedforchemicallycleaningc6al
thatappeartoselectivelyremoveonlycertainformsofsulfurfromcoal.Suchmethods
mightbemodifiedforuseindeterminingformsofsulfurincoal.Alsoincludedwere
methodsfordeterminingformsofsulfurinstreamssimilartothosethatmightarisefrom
theprocessingofcoal,buthavenotbeenappliedtocoal-derivedmaterials.Examplesof
theseincludeseveralpapersdescribingmethodsfordetermininginorganicsulfur
containingcompoundsin aqueoussolutions.

Overathousandpublishedpapersdealingwithsomefacetofsulfurincoalorother
matriceswereconsideredforinclusioninthisbibliography,andover400wereselected
asbeingapplicabletoanalysis.

ClassificationofMethods

Twodifferentapproacheswereusedinclassifyingmethodsfordeterminationof
sulfur.Methodswereclassifiedprimarilybaseduponthetechniqueorinstrumentation
used.Forexample,allx-ray-basedmethodswereplacedinaseparateclassification.
Thischoiceofa methodofclassificationwasbasedupontheexpectationthatuserswill
onlyapplythoseanalyticalmethodsthattheypossesstheequipmentandexpertiseto
perform.Inaddition,somemethodswereclassifiedbasedupontheformsofsulfurto
whichtheywereapplicable.Forexample,methodsfordeterminingelementalsulfurwere
placedina separateclassification.

AsummaryoftheclassificationofthemethodsisgiveninTable1. Ascanbeseen,
wetchemical,x-ray,andcombustionandpyrolysismethodsdominatethelistings.Within
thistable,paperswerealsoclassifiedbytheirdatesofpublicationtogivesomeindication
ofthecurrentinteresttheproceduredescribed.Asmightbeexpected,developmentofx-
raymethodsisstillanareaofactiveresearch.But,it isinterestingtonotethatagreat
dealofeffortisalsocurrentlybeingdevotedtomorethemoreclassicalwetchemicaland
combustionareasofanalysis.



Table1. SummaryofMethodsfortheDeterminationofSulfurandFormsofSulfur
inCoalandCoalRelatedMaterials

TypeofMethod NumberofCitations
Total 1991-1992 1986-1990 1981.1985

WetChemical 80 4 9 10
X-RayProcedures 132 13 47 42
MossbauerSpectroscopy 17 1 3 3
TracerTechniques 7 0 3 4
ICPandAtomicAbsorption 3 0 2 1
Infrared,RamanandNMR 9 0 2 6
SecondaryIonMS 3 0 2 1
ChromatographicMethods 25 2 7 11

" CombustionandPyrolysis 64 4 16 14
. ThermalAnalysis 10 0 1 9

Electrochemical 5 0 4 1
ElementalSulfur 16 0 7 3

ReducedSulfurCompounds 20 0 2 4
Standards 7 0 4 3
ReviewsandCommentaries 26 0 6 7

EvaluationofMethods

Theprimarytoolforevaluationofanalyticalmethodswasthedataanddescriptions
containedinthepublishedpapersthemselves.Aneffortwasmadetosummarizethe
authors'descriptionsofmethodsandresults.Baseduponourownexperience,aneffort
wasmadetoprovideadditionalinsightintotheapplicabilityofmethods.Inalmostall

. cases,thepapersevaluateddescribemethodsdevelopedtosolvespecificproblemsor
demonstratecapabilities,andinalmostallcases,at leastsomesuccesswasachieved.

Oneareaofresearchthatdoesinvitecomparisonsamongmethodsisthe
determinationoftheformsoforganicsulfurincoal.Atthepresent,thereareat leastfive
differentapproachesbeingpursued.Oftheseapproaches,theexaminationofthex-ray
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absorptionfinestructureappearstoprovidethegreatestamountof information,butthis .
techniquerequirestheuseofahigh-intensityx-raysourcethatcanonlyprovidedbya

Ssynchrotron.Theproceduresbasedupon,_tep-wlseoxidationwithperchloricacidrequire
theleastexpensiveequipmentanddodifferentiateamongdifferentorganicsulfurforms,
buttheuseofhighly-trainedis requiredduringanyworkwithperchloricacid.Methods
baseduponprogrammedreductionofsulfurformstohydrogensulfideappearto provide
theleastinformationabouttheformsoforganicsulfurincoal.Recentworkwithflash
pyrolysismethodsshowsconsiderablepromiseasausabletechniquefordifferentiating
amongorganicsulfurformsincoal.Overall,theso-calledCAPTO(controlled
atmosphereprogrammedtemperatureoxidation)mayrepresentthebestcompromisein
thatit appearsto provideusabledataonorganicsulfurformsincoal,isusablebytrained
analysts,andmakesuseofequipmentthatisaccessible.

Withallanalyticalmethodsgoodstandardsarerequired.Developingstandardsfor
determiningtheformsoforganicsulfurincoalappearstobea significantunmet

m

challenge.
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SULFURAND SULFURFORMSBYWET CHEMICALMETHODS

ModifiedASTMandBritishStandardProcedures

ASTMand BritishStandardMethodsfor thedeterminationof total, pyritic,sulfatic,
and organicsulfur in coal weredesignedto be used on normal,untreatedcoals.
Most modificationsof these methodshavebeen proposedin orderthat the standard
methodscan be appliedto abnormalcoals,treated coals,and coal-likematerials
(2,4-6,8,12,13,16-20,22).Other modificationshave been proposedfor reducingthe
time or labor involvedin performingthe determinations(3,14,21). Alterationsin the
turbidimetricproceduresfor the analysisof sulfatehave also been proposed
(1,7,10,11).Chakrabarttyhas discussedthe problemsassociatedwith applying
standardmethodsto some low-sulfurcoals (9). Kuhn (15)proposedto convert
isolatedsulfur to sulfide using lithiumaluminumhydrideas a reductant. The su;fide
is then determinedby precipitationof cadmiumsulfide.

- 1. AHMED,S.M.,WHALLEY,B.J.P.,"VOLUMETRICFINISHFORESCHKAANALYSESUSING
ARSENAZOII1,"FUEL,51(4),PP.334-335,1972.

=,,

2. ALVIN,J.,McCARTHY,D.,POYNTON,H.,"IIODIFICATIONSOFSTANDARDMETHODSFOR
COALANALYSISOFSULFURANDNITROGENDETERMINATIONSINOILSHALES,"

ANALYST,109(2),PP.131-133,1984.

3. BAUR,P.,"SPEEDUPYOURLABORATORYSULFUR-IN-COALANALYSIS,"POWER,126(7),
PP.73-75,1982.

4. BIALOBOK,S.J.,SECKEL,J.A.,"THEEFFECTSOFSOMEOXIDANTSONTHEARTIFICIAL
OXIDATIONOFCOAL,"PITTSBURGHCONFERENCEONANALYTICALCHEMISTRYAND
APPLIEDSPECTROSCOPY,PAPERNO.465,1976.

5. BUDGE,C.F.,MACKNIGHT,F.J.,"FORMSOFSULPHURINNEWZEALANDCOALS,"NEW
ZEALANDJOURNALOFSCIENCE,19,PP.237-241,1976.

" 6. BURNS,M.S.,"DETERMINATIONOFPYRITICSULPHURINAUSTRALIANCOALS,"FU_EL,
49(2),PP.126-133,1970.

7. BYKOVA,A.P.,OKHAPKINA,L.L.,"DETERMINATIONOFSULFATE-SULFURINCOALSBYA
COMPLEXOMETRICMETHOD,"IZV.NAUCH.-ISSLED.INST.NEFTL-UGLEKHIM,(BULLETIN
OFTHESCIENTIFICRESEARCHINSTITUTEATIRKUTSKUNIVERSITY),8, PP.14-19,1966.



6 m

6

8. CHAKRABARTI,J.N., "ANALYTICALPROCEDURESFORSULFURINCOAL
m,

DESULFURIZATIONPRODUCTS,"ANALYTICALMETHODSFORCOALANDCOAL
PRODUCTS,VOLUMEI,C. KARR,JR.,ACADEMICPRESS,NY,PP.279-322,1978.

9. CHAKRABARTTY,S. K., IACCHELLI,A., "THEDILEMMAOF ESTIMATINGFORMSOF SULFUR

IN LOW-SULFURLOWRANKCOALS,"CANADIANJOURNALOFCHEMISTRy,64, PP.861-
864, 1986.

10. ELENKOVA,N. G.,TSONEVA,R.A.,NEDELCHEVA,T. K., "NEWTURBIDIMETRICMETHOD

FORDETERMINATIONOF SULPHATE,"TALANTA,27, PP.67-68,1980.

11. FERRUS,R.,TORRADES,F.,"LIMITOF DETECTIONINBARIUMSULPHATEGRAVlMETRY

FORWATERANALYSIS,"ANALYST,110,PP.403-406,1985.

12. GLADFELTER,W. L., DICKERHOOF,D.W.,"DETERMINATIONOF SULPHURFORMSIN

HYDRODESULPHURIZEDCOAL,"FUEL,55(4),PP.355-357,1976.

13. GRAY,R.J., SCHAPIRO,N.,COE,G. D.,"DISTRIBUTIONANDFORMSOFSULFURINA HIGH

VOLATILEPITTSBURGHSEAMCOAL,"TRANSACTIONS,SOCIETYOF MININGENGINEERS,
PP.113-120,1963.

14. ISHIBASHI,Y., FUKUMOTO,K.,MAEDA,K.,OGAWA,A.,GOTO,K.,ISHI,T., "FULLY
AUTOMATICAPPARATUSFORPROXIMATEANALYSISANDTOTALSULFURANALYSISOF

COALANDCOKE,"JOURNALOF IRONANDSTEEL,PP.387-93,1985.

15. KUHN,J. K.,KOHIENBERGER,L. B.,SHIMP,N. F., "COMPARISONOFOXIDATIONAND

REDUCTIONMETHODSINTHEDETERMINATIONOFFORMSOF SULFURINCOAL,"
ENVIRONMENTALGEOLOGYNOTES,NO.66, ILLINOISSTATEGEOLOGYSURVEY,
URBANA,ILLINOIS,1973.

16. MOTT,R.A.,WILKINSON,H.C.,"DETERMINATIONOFSULPHURIN COALANDCOKEBY

THESHEFFIELDHIGHTEMPERATUREMETHOD,"STANDARDIZATIONOF THEMETHODS
OFANALYSISOF COALANDCOKE,Xl, PP.6-17,1954.

17. POWELL,A. R.,"THEFORMSOFSULFURIN COKE,APHYSIOCHEMICALSTUDYOF THE
SULFURHELDBYCARBONATHIGHTEMPERATURES,"JOURNALOFTHEAMERICAN

CHEMICALSOCIETY,45(1),PP.1-15,1923.
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18. RENTON,J. J.,BIRD,D. S.,"ASSOCIATIONOFCOALMACERALS,SULFUR,ANDSULFUR
" SPECIESANDTHEIRONDISULPHIDEMINERALSINTHREECOLUMNSOFTHE

PITTSBURGHCOAL,"INTERNATIONALJOURNALOFCOALGEOLOGY,17,PP.21-50,1991.

19. SECKEL,J.A., "ALTERNATIVEMETHODFORTHEANALYSISOF PYRITICSULFURIN COAL,"
PITTSBURGHCONFERENCEONANALYTICALCHEMISTRYANDAPPLIED
SPECTROSCOPY,PAPERNO.9, 1977.

20. SELVlG,W. A.,FIELDNER,A.C.,"SULFURINCOALANDCOKE: CHECKDETERMINATIONS
BYTHEESCHKA,BOMB-WASHING,ANDSODIUMPEROXIDEFUSIONMETHODS,"
INDUSTRIALANDENGINEERINGCHEMISTRY,PP.729-733,1927.

21. SZlNYEI,W.J., ELROD,S. H., "AUTOMATIONOF THEANALYSISOFSULFURINCOAl.AND
COKE,"PROCEEDINGSOFTHE FIRSTINTERNATIONALCOALTESTCONFERENCE,PP.27-

31, 1989.

22. YOUNG,R.K.,ZAWADZKI,E. A., 'q'HEDETERMINATIONOFSULFURINCOAL-BCRASHING

METHOD,"FUE____LL,46, PP.151-152,1967.

TitrimetricProcedures

Severalresearchershaveproposedtitrimetricalternativestotheturbidimetric
determinationofsulfatearisingfromcoalandrelatedproducts(1-5,7-10,12,13,15).
Ofthese,noneappeartooffersignificantadvantagesoverthetitrimetricprocedures
firstproposedbyFritzandco-workersinthemid1950's(2,3).Theoriginalmethods
yieldaccurateandreproducibleresultswhenperformedbyaskilledanalyst.'The
procedureproposedbyMakhija(7)mayhavesomeutilityif appliedtothe
consecutivedeterminationofseveralinorganicsulfurspecies,butismostapplicable
towastestreamsratherthancoalitself.Similarlytheoxidativetitrationprocedures
byKrishna,Pillai,andTiwari(6,11,16),aremoresuitedtothedeterminationof

. inorganicsulfurspeciesinstreamsarisingfromtheprocessingofcoalratherthanto
thedeterminationofsulfurspeciesincoalitself.Skooghasproposedatitrimetric

- procedureforthedeterminationofelementalsulfur(14)whichcouldhaveutilityin
instanceswhena coalsamplecontainedabnormallyhighConcentrationsof
elementalsulfur.
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1. EFFENBERGER,M.,"CHELATOMETRICDETECTIONOFSULFATESINWATERWITH

CALCEINASANINDICATOR,"COLL.CZECH.CHEM.COMM.,24, P.682,1959.

2. FRITZ,J. S., FREELAND,M. Q., "DIRECTTITRIMETRICDETERMINATIONOFSULFATE,"

ANALYTICALCHEMISTRY,26(10),PP.1593-1595,1954.

3. FRITZ,J. S.,YAMAMURA,S. S., "RAPIDMICROTITRATIONOF SULFATE,"ANALYTICAL

CHEMISTRY,27(9),PP.1461-1464,1955.

4. HAARTZ,J. C., ELLER,P. M.,HORNUNG,R.W., "CRITICALPARAMETERSINTHEBARIUM

PERCHLORATE/THORINTITRATIONOFSULFATE,"ANALYTICALCHEMISTRY,51(13),PP.
2293-2295,1979.

5. HICKS,J. E.,FLEENOR,J. E.,SMITH,H. R.,"THERAPIDDETERMINATIONOFSULFURIN
COAL,"ANALYTICACHIMICAACTA,68, PP.480483, 1974.

6. KRISHNA,P. C. P., INDRASENAN,P.,"IODAMINE-TASANOXlDIMETRICTITRANTIN
AQUEOUSMEDIUM,"TALANTA,27, PP.751-753,1980.

7. MAKHIJA,R.,HITCHEN,A.,"THETITRIMETRICDETERMINATIONOFSULPHATE,

THIOSULPHATE,ANDPOLYTHIONATESINMININGEFFLUENTS,"ANALYTICACHIMICA
ACTA,105,PP.375-382,1979.

8. MARTYNOVA,M.T., NOVlTSKII,N.V., "RAPIDCONDUCTOMETRICMETHODFOR

DETERMININGTOTALSULFURINCOALS,"KHIMIIATVERDOGOTOPLIVA,4, PP.136-137,
1968.

9. MELOUN,M.,JAVUREK,M., "MULTIPARAMETRICCURVEFITTING-Vl. MRFITANDMRLET,
COMPUTERPROGRAMSFORESTIMATIONOFTHESTABILITYCONSTANTOFTHE

PREDOMINANTMPLQCOMPLEXANDTHELIGANDPURITYBYANALYSISOF

PHOTOMETRICTITRATIONCURVES,"TALANTA,31(12),PP.1083-1094,1984.

10. NEAVEL,R.,KELLER,J., "ESTIMATIONOFSULFURCONTENTIN COALFROMTITRATION

OF CALORIMETERBOMBWASHINGS,"FUEL,58(6),PP.402-404,1979.

11. NOVlTSKII,N.V., KHROMYKH,G. I., "AMETHODFORI_PID DETERMINATIONOF TOTAL

SULPHURI1_COALS,"TEPLOENERGETIKA,18(4),PP.91-92,1971.



12. OKHAPKINA,L.L.,KUIMOVA,N.N.,KAZAKOVA,E.I.,"TITRIMETRICDETERMINATIONOF
TOTALSULFURINCOAL,"IZV.NAUCH.-ISSLED.INST.NEFTE-UGLEKHIM.SIN.IRKUTSK.
UNIV___=.,11(1),PP.101-103.

13. PILLAI,C.P.K.,INDRASENAN,P.,"IODAMINE-TASANOXlDIMETRICTITRANTINAQUEOUS
MEDIUM,"SHORTCOMMUNICATIONS,27,PP.751-753,1980.

14. SKOOG,D.A.,BARTLETT,J.K.,"TITRATIONOFELEMENTALSULFURWITHSOLUTIONSOF
SODIUMCYANIDE,"ANALYTICALCHEMISTRY,27(3),PP.369-371,1955.

15. SZAVA,J.,DELY,I.,"APPLICATIONOFOSCILLOMETRICTITRATIONINCOALANALYSIS,"
FREIBERGFORSCHUNGSH,405,PP.81-84,1967.

16. TIWARI,K.K.,VERMA,R.M.,"TITRIMETRICMICRODETERMINATIONOFCERTAIN
SULPHUR-CONTAININGORGANICCOMPOUNDSBYOXIDATIONWITHALKALINE
POTASSIUMPERMANGANATE,"TALANTA,30(6),PP.440-442,1983.

WetOxidation

Allpapersinthisgroupdescribewetdigestionprocedurestosolubilizesulfurincoal
asa preludeto itssubsequentdetermination.Withoneexception,theseprocedures
appeartobemorecomplexandhavenoadvantagesoverdigestionwithperchloric
acid(discussedina followingsection).Thisexceptionistheprocedureby
Finklernan(3)inwhichpyriteisoxidizedwithhydrogenperoxide.TheriseinpH
duringtheoxidationprovidesa rapid,semi-quantitativeestimateofthepyritecontent
ofthecoal,andquantitativedatacanbeobtained,attheexpenseofincreasedtime,
bydeterminingsulfateinthedigestate.

1. ASTHANA,S.S.,"DETERMINATIONOFTOTALSULPHURINCOAL,"FUEL,46(6),PP.425-
426,1967.

• 2. ASTHANA,S.S.,"SIMULTANEOUSDETERMINATIONOFTOTALSULPHURAND
PHOSPHORUSINCOAL,"INDIANJOURNALOFAPPLIEDCHEMISTRy,33(4),PP.222-224,
1970.

3. FINKELMAN,R.,"ARAPIDPROCEDUREFORDETERMININGPYRmCSULFURINCOAL,"
JOURNALOFCOALQUALITY,6(2),PP.50-52,1987.
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4. MIZOGUCH;,T.,ISHI,H.,"ANALYTICALAPPLICATIONSOFCONDENSEDPHOSPHORIC
ACID-IVSULPHURINSULPHATEANDSULFIDEORES,"TALANTA,27,PP.525-528,1980.

5. MIZOGUCHI,T.,IWAHORI,H.,ISHI,H.,"ANALYTICALAPPLICATIONSOFCONDENSED
PHOSPHORICACID-Ill:DETERMINATIONOFSULFUR,"TALANTA,27,PP.519-524,1980.

6. PRASAD,N.K.,"METHODS,APPARATUS:NEWPRODUCTRESEARCH,PROCESS
DEVELOPMENTANDDESIGN,"CHEMISTRYANDINDUSTRY,PP.444-445,1968.

7. RAWAT,N.,"DETERMINATIONOFTOTALSULPHURINSOMEINDIANCOALSBYOXIDISING
ACIDMIXTUREOFPOTASSIUMPERMANGANATEANDPEROXYMONOPHOSPHORICACID,"
CHEMISTRYANDINDUSTRY,17,PP.743-744,1976.

8. VASSERMAN,L.,GORELOV,P.,"ACCELERATEDDIFFERENTIATEDDETERMINATIONOF
MINERALFORMSOFSULFURINCOAL,"KOKSIKHIMIYA,6,PP.11-14,1984.

NitricAcidExtraction

OrganicsulfurisdeterminedintheASTMprocedurebythedifferencebetweenthe
valuefortotalsulfurandvaluesforpyriticandsulfaticsulfur.Thevalueobtainedfor
organicsulfuris,thus,subjecttothecumulativeeffectofanyerrorsoruncertainties
inthedeterminationoftotalsulfur,pyriticsulfur,andsulfaticsulfur.Edwards(1)and
Shimp(7)havereportedthatat leastsomepyriteremainsincoalafternitricacid
extraction.Given(3)reportedthatusingparticlesizesslightlylargerorsmallerthan
recommendedbyASTMprocedureshasnosignificanteffectonextractionofpyrite
withnitricacid.Rileyhasproposeddeterminingtotalsulfurintheresidueafterthe
extractionofpyritesasa directmeasureoftheorganicsulfurcontentofcoal(4-6).
ThisproceduremayhavesomeapplicationsforuseincheckingtheresultsofASTM
determinabnsonunusualcoalsamples,butitappearstobesubjecttothesame
uncertaintiesastheASTMproceduresandintroducesnewuncertainties.If the
ASTMextractionsforsulfaticandpyriticsulfurareefficientandnoorganicsulfuris
removedfromthecoalduringthenitricacidextraction,thentheresultsobtainedby
differenceandbyperformingatotalsulfuranalysisontheresidueshouldbe
identical.However,ifsomesulfaticorpyriticsulfurremainsinthecoal,organic
sulfurvaluesobtainedbydifferenceandbyperformingatotalsulfuranalysisonthe
residuewillbothbetoohigh.Ontheotherhand,ifthenitricacidextractionremoves
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someoftheorganicsulfurfromthecoal,theASTMprocedureshouldprovidea
" moreaccuratevaluethanisobtainedbyperformingatotalsulfurdeterminationon

theresidue.Friedman(2)hasreportedthatingeneralthevaluesobtainedby
differenceandbyperformingtotalsulfuranalysesonresiduesarecomparable.

1. EDWARDS,A.H.,JONES,J.M.,NEWCOMBE,W.,'q'l"lEEXTRACTIONBYNITRICACIDOF
PYRITESFROMVlTRAINSANDCOALSAMPLES,"FUEL,43,PP.55-62,1964.

2. FRIEDMAN,S.,"SULFURANALYSESOFCOAL-ACRITICALEVALUATION,"PROCEEDINGS:
FIRSTINTERNATIONALSYMPOSIUMONTHEBIOLOGICALPROCESSINGOFCOAL,(EPRI
GS6970),PP.1-3-1-14,1990.

3. GIVEN,P.H.,MILLER,R.N.,"DETERMINATIONOFFORMSOFSULPHURINCOALS,"FUEL,
57(6),PP.380-381,1978.

4. RILEY,J.T.,RUBA,G.M.,LEE,C.C.,"DIRECTDETERMINATIONOFTOTALORGANIC
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. WASHINGTON,D.C.,PP.231-240,1990.
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PerchloricAcidDigestion

In1932,G.FredrickSmithfirstreportedthatthetotalsulfurcontentofcoalcouldbe
determinedbyconvertingallsulfurincoaltosulfatebydigestioninperchloricacid
followedbythesubsequentdeterminationofthesolubilizedsulfate(7). Digestion
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withperchloricacidisstillthemosteffectivemeansfordissolvingorganicmatteras
apreludetotracemetaldeterminations,sulfurdeterminations,ortoother
determinationinwhichsampledissolutionisrequired.Theeffectivenessof
perchloricaciddigestionsarisesbecausehotconcentratedperchloricacidisan
extremelypowerfuloxidant.However,colddiluteperchloricacidisatbestavery
weakoxidant,andtheoxidativepropertiesofperchloricacidaredirectlyrelatedto its
concentrationandtemperature.Markuszewski(1-3)andMcGowan(4-6)have
proposedusingtheselectiveoxidizingpowerofperchloricacidto determinethe
formsofsulfurinasinglesampleofcoal.Basicallytheyfirstleachcoalwith
perchloricacidatalowtemperatureto removesulfaticsulfur,thenatahigher
temperatureto removepyriticsulfur,andfinallyatanevenhighertemperatureto
removeorganicsulfur.Thisprocedureappearsveryeffective,butappearsmore
complexthantheASTMprocedures,andspecialprecautionsarerequiredduringthe
useofperchloricacid.Despitetheselimitations,theperchloricaciddigestion
proceduredoesapoearveryusefulasanalternativeforcoalsthatcannotbe
analyzedbyASTMprocedures,andotherworkindicatesthatthemethodcanbe
extendedto differentiateamongdifferentformsoforganicsulfurincoal(2).

,,=
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OtherMethods

Avarietyofdifferentchemicaltreatmentshavebeenappliedtosulfurgroupsincoal.
ThemethodbyWillard(20)fordeterminingsulfateinchromicacidandinchromium
platingbathsisof interestbecausethismethod,whichwasdevelopedin1929,

• servesasthebasisforthosestillused.Burns(2)hasproposedaninteresting
procedureforthedeterminationofsulfatebaseduponextractionoftheionpair

- formedbetweensulfateandaquatemaryammoniumsaltintoanorganicsolvent.
Ignasiakhasproposedaclassicalwetchemicalprocedurefordeterminingdifferent
organicstructuresincoal(4). Gadyatskiiseparatedmineralsfromcoalbyhigh
temperatureextractionusingacenaphthaleneasthesolventandthedetermined
organicsulfurformsintheresiduebychemicalprocedures(5).Ozdemirextracted
coalwithisooctaneandthendeterminedorganosulfurcompoundsintheextractsby
fractionation(14).Severalresearchershavealsostudiedreactionswithmethyl
iodide(3,6-10,13,15,18).Postowskydemonstratedthatthioethergroupsincoal
couldbedeterminedbasedupontheirreactionwithmethyliodide(15).Kavcic
treatedcoalwithacetonefollowedbymethyliodidetoshowthatsulfuris
predominantlyintheformofringstructures(10).
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X-RAYPROCEDURES

X-RAYPhotoelectronSpectroscopy(XPS)/ElectronSpectros_pyforChemicalAnalysis
(ESCA)

XPSorESCAprovideselementalidentificationandoxidation/functlonalgroup
informationforallelementsexcepthydrogen_d helium(2,9,22).Itisasurface
analysistechniquewhichreachesonlythefirst3-4nmofthesamplesurface
(12,22).Themethodisbaseduponejectingacoreelectronfromasamplewithsoft,
nearmonochromatic,x-rays.Thekineticenergyoftheejectedelectr(.;nsis
dgtermined,andfromthisthebindingenergyoftheelectron.Becauseeach
elementhascharacteristicbindingenergies,individualelementscanbedetermined.
Inaddition,shiftsinbindingenergiescanbeusedtodistinguishamongdifferent
chemicalenvironmentsfora givenelement.XPSisnotgenerallyconsideredasa
quantita'_ivetechnique(7),butreproducibilitlesasgoodas10%havebeenattained
insomecases(2). Quantitativedeterminationsarehamperedbyvariationsin
surfacetopography,crystallinity,andmatrixeffects.However,relative
concentrationsofdifferentformsofthesameelement_ bedeterminedwith "
accuracybecausetheeffectsarethesameforallfunctionalgroups.Forsulfur,the
2ppeaksareexamined.Thebindingenergiesoforganicandpyriticsulfurareboth
about163-164electronvoltswhereasthatofoxidizedsulfurspecies,suchas
sulfate,areabout168-172electronvolts.Elementalsulfurhasa bindingenergy
about1electronvoltdifferentfromthatofpyriticsulfur,andthepresenceof
elementalsulfuristheoreticallydetectablebaseduponbroadeningofthepyritic
sulfurpeakorbyusingpeakdeconvolutiontechniques.

XPSismostusefulfordeterminingchangesintheformsofsulfuronthesurfaceof
coalduringtreatments.XPShasbeenusedtolookatchangesinsurface
concentrationsofsulfurduringmillingandphysicalcleaning(25).Otherstudies
haveinvolvedelucidatingtheagreementbetweenconcentrationsofsulfuratthe
surfaceobtainedbyXPSandbulkconcentrationsobtainedbyothertechniques
(,3,4,8,15,21).Mixedresultsonthedegreeofcorrelationbetweensurfaceandbulk
concentrationswereobserved.XPShasalsobeenusedtostudychangesinsulfur
formduringoxidation(5,6,8,19,24),includingchemicaloxidation(1). Onepaperhas
discussedtheuseofXPStosemiquantitativelyexaminepyriteconcentrationand
particlesizeasafunctionof particlesize(5). Particularattentionhasbeengivento
identifyingdifferentformsofsulfurincoal,includingorganicsulfurfunctionalities
(10,13,14,16-18,23).AnotherapplicationofXPStosulfurincoalisthestudyof
changesinsulfurformsduringleachingofcoalwithhydrochloricandnitricacids(11).
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ElectronMicroprobe,SEM-EDXandAutomatedImaoeAnalysisTechniques

. SulfurformanalyesbythesetechniquesisprimarilybyanalysisoftheSKA x-ray
emission.Therehavebeendifferentapproachestakenwithregardto

. instrumentation,detectorsandsamplegeometry.

Muchoftheinitialworkwasperformedusingelectronbeammicroprobeswith
wavelength-dispersivex-rayspectrometers(1,4,7,17,18,30,35).Thisinstrumentation
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wasdesignedforquantitativex-rayanalysisofmetallurgicalandgeologicalsamples
witha viewtobeamstabilityandoptimizedcountrates.Thesesystemsworked
fairlywelloncoalsamplesandmuchvaluableinformationwasobtained.Harrisand
co-workers(7)showedtheconsistentdifferencesinsulfurcontentbetweenmacerals
(exinite>vitrinite>inertiniteasarule).Harris,RaymondandGooleydevelopeda
reasonablyfastprotocolanda petroleumcokestandardforsulfur(6), Theirlater
work(17)involvedanalyzing15grainsofvitrinitealoneforaveryfastmeasureof
sulfurcontent.

Withtheadventofenergy-dispersivex-rayanalyzersandquantitativeanalysis
softwareforthoseanalyzers,it becamepossibletoextendsulfuranalysisto
scanningelectronmicroscopes(SEMs)(2,3,5,15,20,21,22),andtransmissionand
scanningtransmissionelectronmicroscopes(TEMsandSTEMs)(9-11,31-34).
Energy-dispersiveanalyzerswereneededsincetheyafforda muchhighercount
rateforthesamebeamcurrent,andtheselattermicroscopesoperateatordersof
magnitudelesscurrentthandomicroprobes. I

Straszheimandco-workerswereamongthefirsttodemonstratethistechniqueon
anSEM.Theirworkinvolvedestimatingthevariationinsulfurcontentamong
particlesandwithinparticles.Thetechniquewasalsoappliedtosamplesof
chemicallyandbiologicallyprocessedcoals.Insomecases,a decreaseinorganic
sulfurcontentwasobserved.Ina numberofcases,however,nostatistically
significantchangeinsulfurcontentwasobservedeventhoughASTMsulfurforms
analyses(appliedoutofcontextbecauseASTMprocedureshavenotbeentested
forsuchsamples)didindicateachange.Maijgrenetal.havealsoappliedthe
techniquetochemicallyprocessedcoals(14).Kaegi(13)usedessentiallythesame
techniquetostudyorganicsulfurandchlorineinIllinoisbasincoals.

Wertandco-workersproducedmanynotablepapersdealingwiththeanalysisof
organicsulfurusingaTEM.SamplepreparationismoredifficultforaTEMbecause
thesamplemustbethininordertoallowa largefractionoftheelectronstopass
throughthesample.However,useofthinsamplesdoesleadtoanincreasein
spatialresolution.Wertandco-workersusedtheincreasedresolutionto advantage
instudyingthesulfurgradientnearpyriteinclusions.Theyfoundlittleorno
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evidenceofasulfurgradientin rawcoals.However,theydiddocumentthe
" incorporationofsulfurfrompyriteasorganicsulfuruponheatingsamplesabovethe

pyritedecompositiontemperature(450°C).

Theabovetechniquesfocusedonthedirectanalysisof organicsulfur. Therehave
beensomeeffortsdirectedtowardsanalysisof allrelevantsulfurforms. Straszheim
andco-workers(23-29)haveusedimageanalysistodeterminethesulfaticand
pyriticsulfurcontentsfromthe areaofpyriteandsulfatemineralsin apolished
sectionof coalin anembeddingmedia. Solomonetal. (19)at AdvancedFuel
Researchhaveemployeda novelapproachto thesimultaneousrapidanalysisonall
sulfurforms. Theyusedapelletformedfromgroundcoalalone,i.e.,nobinder.
Theyscannedareasof asizethatwouldcontainvaryingamountsof pyriticsulfur.

Plotsofsulfurvs. ironconcentrationsfor all regionsanalyzedprovidedameasureof
iron-sulfurstoichiometryfromtheslopeofthefittedline,andthe interceptat 0%iron

. indicatedtheorganicsulfurcontent.

" Mozaet al.developeda techniquewhichlocatedparticlesandcollectedx-raydata
for representativeareascoveringtheentireparticle(16). Thus,anoverallchemical
analysiswasobtained.However,thesubjectof theseinvestigationswasash
chemistry,notsulfuranalysis.HurleyandWhite(12)usedx-rayfluorescenceto

determinethe formsofsulfurincoal. Theyusedtheshapeofthe S KB lineto
determinetotalsulfurcontentandto assignsulfurto pyriticandorganicforms. This

methodwasreasonablyfast,butof coursedidnotpermitanyspatialresolutionof
sulfurbecauseit usedan incidentx-raybeamratherthana finelyfocusedelectron
beam.
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X-RayDiffraction

X-raydiffraction(XRD) providesa meansfor identifyingandinsomecases
quantifyingcrystallinematerialssuchas pyriteincoal. Pollack(3)demonstratedthe
feasibilityofdeterminingpyriteincoalbyanalyzingmixturesof pyriteandactivated
carbon. Paris(2)determinedtotalsulfurincoalby XRF andpyritebyXRD. Asearly
as 1973, Schehl(4)computerizedan XRDsystemfordeterminingpyriteincoal.
Otherworkers(1,5-7)haveexploredthe effectsof experimentalvariablesonXRD
determinations.
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X-RayFluorescence

X-rayfluorescence(XRF)methodsforthedeterminationofsulfurincoalarebased
upontheirradiationofsampleswithhigh-intensityx-raystocausethefluorescence
ofx-rayphotonscharacteristicofelements.Theintensityof thelineat5.373
Angstromsisa measureof thetotalsulfurcontentofasample.AvariationofXRFis
proton-inducedx-rayemission(PIXIE),inwhichthecoalsampleisbombardedwith
protonstoproducethecharacteristicx-rays.

XRFisa rapid,relativelyinexpensive,techniqueapplicabletosulfurconcentrations
rangingfrompartpermilliontopercentconcentrations.Severalinvestigatorshave
reportedonitsapplicabilitytocoalandcoal-relatedmaterials(1,2,5,6,12,13,16-
20,22). XRFmethodsaresubjecttomatrixeffectswhichmustbecompensatedfor
inordertoobtainreliabledata.Muchoftheworkreportedintheliteraturediscusses
waystoovercomethoseeffects.Weber(21)oxidizedandfusedcoalintoa borax
beadcontainingleadoxidewhichwasusedasaninternalstandard.Page(14)
attemptedtodeterminepyritebasedonanXRFdeterminationof iron.Paris(15)
determinedtotalsulfurbyXRFandpyriticsulfurbyXRD. Kimura(10-11)corrected
resultsbasedontheconcentrationofotherelements.Bhan(3)supplementedPIXIE
resultswiththoseobtainedbyMossbauer.Frigge(7)reportedimprovedresultsafter
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grindingcoaltoaveryfineparticlesize.Botto(4)dissolvedcoalcompletelyand
- determinedsulfurbyXRFintheresultingsolution.Furuya(8)employeda double

crystal,highresolutionXRFtechniquetodistinguishamongdifferentoxidationstates
ofsulfurinfinelygroundcoal.Hurley(9)usedsoftx-raysandmademeasurements
ofthebackground,thetopofthepeak,andthesidesofthepeaktodeterminethe
totalsulfurcontentofcoalandobtainestimatesoftheconcentrationofformsof
sulfur.
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. GammaRayS_ctroscopy

_,4tpchniqueanalogousto usesa sources as238pu,252Cf,
XRF radioactive such

'Am,ratherthanx-raytubes.Neutronsorpromptgammaraysem=ttedfromthe
sourcecauseelementsinsamplestoemitgammarayshavingcharacteristic
wavelengths.Mostoftheworkinthisareainvolvesthedevelopmentof
instrumentationandproceduressuitableforon-linesulfurdeterminations(1,3-6-
8,16,18)ordemonstrationsofthecapabilitiesofsuchinstruments(2,9-15,17,19).
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XAFS:XANES,EXAFB

Severalresearchgroupshavedevelopedandusedaninstrumentalmethodto
investigatethemolecularstructureoforganicsulfurincoalandtoquantifythe
functionalformsoforganicsulfur.Inearlywork,HurleyandWhite(SeeX-ray
fluorescencereference9)showedthedependenceofthesulfurKB peakpositionon
theformofsulfurandattemptedtoquantifypyritic,sulfatic,andorganicsulfur.X-ray
absorptionfinestructure(XAFS)spectroscopydeterminestheelectronicstructure
andatomicenvironmentofanelementbyexaminationofthefinestructureofanx-
rayabsorptionedge.

Theregionwithinabout20to50electronvoltsoftheabsorptionedgeiscalledthex-
. rayabsorptionnear-edgespectra(XANES).Structureinthisareaisderived

primarilyfromphotoelectrontrunsitionstovacantlevelsandlow-energyscattering
resonance.TheXANESspectrais,thus,quitesensitivetothedetailednatureofthe
bondingofthesulfuratomandcanbeusedtoidentifydifferentcompoundsor
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typesofbinding.Theextendedx-rayabsorptionfinestructureorEXAFSis the
oscillatorystructurethatbeginsat30-50electronvoltsabovetheedgeandextends
toabout500to1000electronvolts.Theseoscillationsarisefrominterference
betweentheoutgoingandbackscatteredphotoelectronwavefunctions.Fourier
transformanalysesoftheseyieldsa radialstructurefunctionfromwhichinteratomic
distancesandcoordinationnumbersfortheatomicneighborsofthesulfuratomcan
bedetermined.

Essentiallyallworkusingthesephenomenaforanalyseshasbeenperformedby
Gorbatyandco-workers(2-8,17,18)andHuffmanandco-workers(9-14,19-21).
GorbatydevelopedadifferentialtreatmentoftheXANESspectraandhaveshown
thattheamplitudeofcertainfeaturesinthethirdderivativeareproportionaltothe
relativeamountsofsulfidi¢andthiophenicsulfur.Huffmanadoptedaleast-squares
approachtofittheXANESspectradirectlywithaseriesofs-ptransitionpeaks,
resonancescatteringpeaks,andfunctionsrepresentingthetransitionof
photoelectronstothecontinuum.Theyclaimthattheleast-squaresanalysismethod
iscapableofdeterminingallmajorfunctionalformsofsulfur.

AlthougheachsulfurformhasacharacteristicpeakintheXAFSspectrum,some
structuresoverlaptosuchanextentthattheyarenotpresentlyresolvable.In
addition,significantcorrectionfactorsareneededtoconvertfromrawintensitiesto
weightfractionmeasurements.Despitetheselimitations,theresultsofthese
techniquesappearquiteimpressive,butbecausehigh-intensitysynchrotronx-ray
sourceisrequired,it Isunlikelythattheseprocedureswillbewidelyused.
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MOSSBAUERSPECTROSCOPY
,e

TheMossbauereffectinvolvestherecoillessresonantemissionandabsorptionof
gammaraysbycertainnuclei.Potassiumandironaretheonlynucleicommonly
presentincoalthatexhibittheMossbauereffect.Thepotassiumspectraaredifficult
toobtainandreveallittledataofinterest.Thus,initsapplicationtocoal,Mossbauer
spectroscopyprovidesa meansfordeterminingthepresenceofironpyrite(1,3-
5,7,9-11,13-17)aswellasotherironcontainingcompoundssuchassulfates,
oxides,hydroxides,andclays(6-8,12).Atthepresent,however,thedataobtained
forformsofsulfuraregenerallylessreliablethanthosefromASTMprocedures.
ThishasledtoattemptstocombineMossbauerwithothertechniques(2,6).
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RADIOACTIVEANDSTABLETRACERTECHNIQUES

Theuseofradioactivetracersinanalysisbasicallyinvolvesdetermininga naturally
occurringor introducedelementbaseduponitsemissionsandassumingthatnon-
radioactiveisotopesofthesameelementbehaveinthesamemanner.Downeyand
Kelley(2,4)haveappliedisotopedilutiontechniquestothedeterminationofsulfur.
VarfolomeevspikedcoalwithorganosulfurcompoundscontainingS°u andfollowed
theirfateduringcoking(6). Theuseofstableisotopesreliesontheobservationthat
insomecoals,pyriticandorganicsulfurhavedifferentabundancesofnaturally
occurringisotopesofsulfur.Bydeterminingtheratiosoftheseisotopesinsulfateor
elementalsulfurinthecoal,themechanismfortheformationofthesecompounds
canbedetermined.Buchanan(1),Hackley(3),Liu(5),andWestgate(7)
determinedthesourceofelementalsulfurextractedfromcoalbaseduponthe
relativeconcentrationsofstableisotopesofsulfur.
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54,PP.2136-2139,1982.

lOPANDATOMICABSORPTION

Inductivelycoupleplasma/atomicemissionspectroscopy(ICP/AES)iscapableof
simultaneouslydeterminingmanyelementsinasinglesample.However,it isless
applicabletosulfurthantometallicelements.Caroliwasabletodeterminesulfurin
coalextractsanddigestatesbyICP/AES(1). McCurdydeterminedsulfurdirectlyin
coalbyICP/AESbygrindingthecoalto lessthan6 micronsanddirectlynebulizing
theslurryintotheplasma.

Atomicabsorptionspectroscopyisnotdirectlyapplicabletosulfur.Hocking(2)
isolatedallmajorsulfurformsincoalandoilshalebyextractingthesulfatewith10%

, perchloricacid,convertingpyritetoH2Swithlithiumaluminumhydridefollowedby
itsoxidationtosulfatewithhydrogenperoxide,andoxidizingorganicsulfurtosulfate
bythe"liquidfire"reaction.Theisolatedsulfateswerethenconvertedtobarium
sulfate,decomposedtobariumcarbonate,dissolvedin HCIandthebarium
determinedbyatomicabsorption.Surprisingly,despitethecomplexityofthe
method,relativelyaccurateresultswerereported.
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OFSULPHURINCOALPRODUCTSBYINDUCTIV_YCOUPLEDPLASMAATOMIC
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INFRARED,RAMAN,ANDNMRSPECTROSCOPIES -

InfraredandRamanSpectroscoples

Infraredspectroscopyiswidelyusedtocharacterizemineralspeciesandchemical
functionalitiesincoal,buthastoolowofdetectionlimitstodeterminesulfur
functionalitiesintypicalcoals.Baruah(1)hasclaimedtoobserveiron-sulfurbonds
incoal,butalternativeexplanationsfortheabsorbancesheusesarepossible.Non-
dispersiveinfrareddetectors(3-5)arewidelyusedininstrumentalmethodsfor
determiningSO2 ingasesevolvedduringcoaldecomposition.Itappearsthe
Ramanspectroscopyhasnotbeenapplieddirectlytothecharacterizationofsulfur
groupsincoalbuthasbeenapplied(2)tothedeterminationofsulfuranionsofthe
typesthatcanbeisolatedfromcoal,
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'_ NuclearMaqneticResonanceSpectroscol_y

Nuclearmagneticresonance(NMR)spectroscopyisgenerallyapplicabletoliquid
samplesandtofunctionalitiespresentatrelativelyhighconcentrations.Thus,sulfur-
33NMRhasbeenappliedalmostexclusivelytothecharacterizationofliquidfuels.
Evans(1)usedS33NMRinc_njunctionwith0_7NMRtocharacterize_ulfinyl,oo
sulfon¥1_sulfonlcacid,andothergroupsin.coaJliquids.Ngassoum(3)ap.pliedSCo
andC._°NMRtocharactenzesujfu[,contanlngg[oupsinpetroleum.Raf,,(4)useda
denvitlzattontechntqueusingSn_ju tocharactenzesulfurcompoundsinpetroleum.

1. EVANS,S., "OXYGEN-17ANDSULFUR-33NUCLEARMAGNETICRESONANCE
SPECTROSCOPYOF ORGANOSULFURCOMPOUNDS,"NATOASISERIES,SERIESC, 124
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SECONDARYIONMASSSPECTROMETRY

Secondaryionmassspectrometry(SIMS)generallyinvolvesbombardingthe
surfaceofasamplewithnegativeoxygenionscausingsurfacematerialto be
sputteredoff. Thatmaterialisthenanalyzedusingaconventionalmass
spectrometer.Inconjunctionwithmicroprobeanalysls,fairlynarrowbeamscanbe
directedtowardsthesurfaceyieldingaprofileofelementalcomposit!onvs.location.
Duringthesputteringprocess,surfacelayersareremoved,andthusdepthprofiling
is'possible.Thisappearstobeaverypowerfultechnique,buthasonlybeenapplied
sparinglytocoal.

1. MARTIN,R.R.,MclNTYRE,N.S.,MacPHEE,AYE,K.T., "SECONDARYIONMASS
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" CHROMATOGRAPHICMETHODS

GasChromatoaral:}hy

Gaschromatographyisapplicableonlytocompoundsorderivativesofcompounds
thatarevolatile.Theuseofgaschromatographyforthedeterminationofsulfur-
containingcompoundsisenhancedgreatlybytheexistenceofthesulfur-specific
flamephotometricdetector(2).Becauseitislimitedtovolatilecompounds,gas
chromatographyisappliedtothedeterminationofvolatileorganiccompounds
isolatedfromcoalbyextraction,degradation,orotherproceduresortothe
determinationofvolatilecompoundsInliquidorgaseouscoalproducts.Chen,
"rimpeandWhite(2,11-14)havedeterminedsulfur-containingcompoundsextracted
fromcoal.EglingtonandIbarrahaveattemptedtocorrelatethepyrolysisproducts
ofcoalwithitssulfur-containingconstituents.Eisenberg,Kong,Nishloka,andWilley
(4,7-9,15)haveusedgaschromatographytocharacterizesulfur-containing

. compoundsiscoal-derivedliquidfuels.HippoandPalmer(5,10)haveoxidizedcoal
andusedidentificationsofsulfur-containingproductsoftheoxidationtocharacterize

• thesulfur-containinggroupsoriginallypresentincoalmacerals.
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OFTHEORGANICSULFURCONTENTOFKEROGENS,COALSANDASPHALTENESBY
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e

4. EISENBERG,W.C.,SOLOMON,I.J.,"FORMATIONOFBENZENEPOLYCARBOXYLICACIDS
• INTHEOXYGENOXIDATIONOFSOLIDBY-PRODUCTSFROMCOALCONVERSION

PROCESSES(CCP)INANALKALINEMEDIUM,'FUEL,56(2),1977.
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PP,222-226,1987,

15. WlLLEY,C.,IWAO,M,,CASTLE,R.N,,LEE,M.L.,"DETERMINATIONOFSULFUR
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L_uldrandIonChromat_rsph_
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Liquidchromatographyisapplicabletonon-volatileorthermallylabilecompounds
thatcannotbeseparatedbygaschromatography.Nishtoka(9)hasusedavariation
ofliquidchromatography,knownasIigand-exch_ge,toselectivelyisolatesulfur-
containingheterocyliccompoundsfromcoalliquids.Miller(6)hasusedanother
formofliquidchromatography,know.aselectro_oresis,totheseparationofpyrite,
Ionchromatography(IC)isapplicablefortherapiddeterminationofanionsin
aqueoussolutions.Coalcanbeleachedwithaqueoussolvents,andion
chromatographythenusedtodeterminesolubleanions.Or,coalcanbe
decomposedandthetotalchlorine,nitrogen,sulfur,andphosphoruscontentofthe
coaldeterminedinanaqueoussolutionofthedecompositionproducts.Honaand
Matustewicz(4,5)reportgoodresultsforthedeterminationofsulfateincoalandash
leachates.Gent,Nadkarni,andRigin(3,7,8)havereportedgoodresultsfortotal
sulfurincoalbaseduponionchromatographicdeterminationofsulfateinsolutions4'

arisingfromthedecompositionofcoal.ChriswellandUddin(1,10)haveusedion
• chromatographytodeterminesulfurspeciesinstreamsarisingfromthechemical

cleaningofcoal,
tv

1, CHRISWELL,C,D,,MROCH,D,R.,MARKUSZEWSKI,R.,"DETERMINATIONOFTOTAL
SULFURBYIONCHROMATOGRAPHYFOLLOWINGPEROXIDEOXIDATIONINSPENT
CAUSTICFROMTHECHEMICALCLEANINGOFCOAL,",ANALYTICALCHEMISTRy,58,PP,
319-321,1986,

2, DEAN,J,R.,CHIU,N.,"EVALUATIONOFIONCHROMATOGRAPHYASARAPIDAND
PRECISEANALYTICALTOOLFORTHEDETERMINATIONOFSULFURPOTENTIAL,
NITROGEN,CHLORINE,ANDFLUORINECONTENTSOFLOWSULFURCOALS,"
INTERNATIONALCOALTESTINGCONFERENCE,LEXINGTON,KENTUCKY,PP.5-7,
SEPTEMBER11-13,1984.

3, GENT,C,,WILSON,S.,"THEDETERMINATIONOFSULFURANDCHLORINEINCOALSAND
OILSHALESUSINGIONCHROMATOGRAPHY,"ANALYTICALLETTERS,18(A6),PP.729-740,
1985.

o

4. HONMA,H,,SUZUKI,K.,YOSHIDA,M.,YANASHIMA,H.,"DETERMINATIONOFCHLORIDE,
. NITRITE,NITRATEANDSULFATEIONSINWATEREXTRACTOFCOALBYION

CHROMATOGRAPHY,"BUNSEKIKAGAKU,37, PP.T55-560,1988.
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6, MILLER,K.J.,BAKER,A.J.,"EVALUATIONOFANOVELELECTROPHORETICSEPARATION
METHODTOREMOVEPYRITICSULFURFROMCOAL,"N.T,I.S,PB.REP.NO.236377/8GA,
PP.1.19,1974.

7, NADKARNI,R.A.,POND,D,M.,"APPLICATIONSOFIONCHROMATOGRAPHYFOR
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CHIMICAACTA,146,PP.261-266,1983,

8, NISHIOKA,M.,CAMPBELL,R.M.,LEE,M.L.,CASTLE,R.N.,'ISOLATIONOFSULPHUR
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EXCHANGECHROMATOGRAPHY,"_, 65,PP.270-273,1986.

9, RIGIN,V.,'IONCHROMATOGRAPHICDETERMINATIONOFHALOGENS,NITROGEN,
PHOSPHORUS,ANDSULFURINFOSSILCOAL,'ZEITSCHRIFTFURANALYTISCHECHEM!E,
42(6),PP.1073-1076,1987.

10. UDOIN,Z.,MARKUSZEWSKI,R.,JOHNSON,D.C.,"DETERMINATIONOFINORGANIC
SULFURSPECIESINHIGHLYALKALINESOLUTIONSBYLIQUIDCHROMATOGRAPHYWITH

POLAROGRAPHICDETECTION,"ANALYTICACHIMICAACTA,200,PP.115-129,1987.
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DETERMINATIONOFSULFURBYM_ODS BASEDUPONCOMBUSTIONANDPYROLYSIS
P

Oxyaen,RukCombust!on

Combustioninanoxygenflask(Schoentgerflask)providesaveryrapidand
convenientmethodforcompleteconversionofsulfurincoalsamplestosulfate.In
thismethoda sampleofcoalisfoldedina filterpaper,thatpaperisretainedina
platinumgridattachedtothestopperoftheflask,asmallvolumeofdilute
(approximately15%)hydrogenperoxideisplacedintheflask,theflaskisfilledwith
oxygen,thefilterpaperisignited,thestopperisinserted,theflaskisinverted,and
thesampleburnsintheoxygenatmospherefora fewseconds.Sulfurinthecoalis
convertedintoSO2, dissolvesintheperoxideandisoxidizedtosulfate,andisthen
rinsedfromtheflaskwithdistilledwater.Thesulfateisthendeterminedby
conventionalprocedures.

Ahmed(2)estimatedthesulfurcontentbaseduponthepHof thesolutionarising
o fromthecombustionofcoalinanoxygenflask, inotherwork,Ahmedaddedexcess

bariumperchloratetosolutionsandback-titratedthefreebariumwithsulfuricacid
,, (1,3,4). Ionchromatographic,gravimetric,turbidimetric,andotherproceduresare

alsoapplicabletodeterminingsulfateinsolutionsarisingfromoxygen-bomb
degradationsofcoal(5.7). Whenionchromatographyisusedtodeterminesulfate,
the fluoride,chloride,nitrate,nitrite,phosphate,andotheranionsaredetermined
simultaneously.IntheunreportedworkperformedattheAmesLaboratory,an
attemptwasmadetodeterminesulfurinchemicallycleanedcoalsamplesusing
oxygenflaskcombustionfollowedbyionchromatography.Theresultsof those
attemptswereunsatisfactorybecausethelevelofsulfurinthefilterpaperwasvery
highrelativetotheverylowlevelsofsulfurinthetreatedcoal.

1. AHMED,S.M.,WHALLEY,B.J.P.,"ANALYSISOFTOTALSULPHURINCANADIANCOALSBY
AMODIFIEDOXYGEN-FLASKMETHODUSINGARSENAZO(11t),"FUEL,51(3),PP.190-193,
1971.

2. AHMED,S,M.,WHALLEY,B.J.P.,"ApHFINISHTOTHEOXYGEN-FLASKMETHODFOR
, ANALYZINGTOTALSULPHURINCOAL,'FUEL,53(1),PP.61-62,1973.

. 3. AHMED,S.M,,WHALLEY,B.J,P.,"THEOXYGEN-FLASKMETHODOFDETERMININGTOTAL
SULFURINCOAL,'ANALYTICALMETHODSFORCOALANDCOALPRODUCTS,VOLUMEI,
C.KARR,JR.,ED.,A3ADEMICPRESS,NEWYORK,PP.263-277,1978.



-48-
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TOTALSULPHURINCOALBYTHEOXYGEN-FLASKMETHOD,"FUEL,48(2),PP,217-219,
1969,

S, HOZUMI,K,,UMEMOTO,K,,"MODIFIEDMICRODETERMINATIONOFSULFATEION:ITS
APPLICATIONTOFLASKCOMBUSTIONFORORGANICSULFUR,"MICROCHEMICAL
JOURNAL,12,PP,48-54,1967,

6, MIROSHINA,V,P,,EGOROVA,T, I,, 'SIMULTANEOUSDETERMINATIONOFHALOGENAND
SULFURINORGANICCOMPOUNDS,'ZAVODSKAYALABORATORIYA,50(3),PP,14-15,
1984,

7. RATCLIFFE,D.B.,CUNNINGHAM,A.T.S.,'THESEMI-MICRODETERMINATIONOFTOTAL
SULPHURINCOALBYTHEOXYGENFLASKMETHOD,'FUE_..._LL,47(2),PP.89.92,1968.

e

High.TemperatureCombustionTechniques

A largenumberofhigh-temperaturecombustionmethodshavebeendescribedfor
determiningthetotalsulfurcontentofcoal.Themethodsarebasicallysimilarand
differonlyinthetypeoffurnaceusedforcombustionandthetechniqueusedfor
determiningtheevolvedsulfur.Inatypicalprocedure,coalisburnedinatube
furnaceunderanoxygenatmosphere,withorwithouta catalyst,attemperatureof
1000°Cto1500°Candtheamountofsulfurdioxideevolvedisdetermined.Several
procedureshavebeenusedfordeterminingthesulfurdioxideevolvedorfor
determiningthesulfateresultingfromoxidationoftheevolvedsulfurdioxide.Acid-
basetitration(correctedforchlorine),iodimentrictitrations,non-dispersiveinfrared
analysis,andprecipitationtitrationsi thetitrantareusngbariumchlorideas themost
commonmethods.Regardlessoftheexactcombustionconditionsorthemethodof
analysisfortheevolvedsulfurdioxide,resultsinvariablycompareveryfavorably
withthoseobtainedbytheASTMeschkafusionmethod.LECOandFisher
(describedbelow)sellautomatedinstrumentsemployinghigh-temperature
combustionfortotalsulfur.

1. ARAI,S.,KOSEKI,K.,KAMEGAYA,H.,KOBAYASHI,H,,HASUDA,T.,OI,E.,YANAGISAWA,Y.,
IWASAKI,Jo,"RAPIDMEASUREMENTOFASHANDCOMBUSTIBLESULPHURINCOALWITH
ANINFRAREDFURNACE,"NIPPONKOGYOKAISHI,99(1147),PP,860-862,1983.



• -49-

• 2. DRAGUSIN,I.,GAVRILIUC,A., "RAPIDMICROMETHODFORTHEVOLUMETRIC
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TOTALSULPHURINCOAL,"FUEI_59(9),PP.6544358,1980.

4. IVANOV,Y., "RAPIDANALYSISOFSULFURINSOLIDFUEL,"TEPLEONERGETIKA,(5),27,
PP.39-42,1980.

5. IVANOV,Y., PREOBRAZHENSKII,V.,"METROLOGICALCHARACTERISTICSOF RAPID

ANALYZERSFORSULFURINSOLIDFUEL,"TEPLEONERGETIKA,28(5),PP.70-72,1981.

6. KALANDADZE,N. D.,"IMPROVEMENTOFTHERAPIDMETHODFORSULFUR
DETERMINATIONINCOALS,"IZV.AKAD.NAUKGRUZ.SSR.,SER.KH!IvI.,12(4),PP.252-

, 255.

, 7. KELEMEN,S. R.,GORBATY,M.L., GEORGE,G.N.,KWlATEK,P. J.,SANSONE,M.,

"THERMALREACTIVITYOF SULFURFORMSINCOAL" FUEL,70, PP.396-402,1991.

8. KLOSE,V. E.,LANGE,G.,KALTOFEN,E.,"COMPARATIVESTUDYFORDETERMINING
TOTALSULFURINSOLIDFUELS,"FREIBERGLERFORSCHUNGSHEFTE,534, PP. 125-134,
1974.

9. LADRACH,W.,VANDERLAARSE,J. D.,"THEDETERMINATIONOFTOTALSULPHURIN
COALBYA SEMI-MICROTUBE-COMBUSTIONMETHOD,"ANALYTICACHIMICAACTA,94,

PP.213-216,1977.

10. LAWRENZ,13.ANDG.SITEK,"RAPIDHIGHTEMPERATURECOMBUSTIONFOR
DETERMININGTOTALSULFURBYMICROPROCESSORCONTROLLEDINFRARED

ABSORPTION,"PROCEEDINGSOFTHETHIRDINTERNATIONALCOALTESTING

CONFERENCE,LEXINGTON,KENTUCKY,PP.16-18,OCT.24-26,1983.

11. MORGANROTH,W.,"HIGHTEMPERATURECOMBUSTIONTUBEMETHODFORTHE

. ANALYSISOFSULFURINCOAL,"PROCEEDINGSOFTHETHIRDINTERNATIONALCOAL
TESTINGCONFERENCE,LOUISVILLE,KENTUCKY,PP.23-25,1983.
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1933.

13. PARIS,B.,"DIRECTDETERMINATIONOFORGANICSULFURIN RAWCOALS,"AMERICAN

CHEMICALSOCIETYDIVISIONOF FUELCHEMISTRYPREPRINTS,22(5),PP.22, 1977.

14. POPOV,V.A., ANDRONOVA,N. I.,TIKHONOV,I. A., PICHUGIN,V. Y.,"DETERMININGTOTAL

SULFURINCOALANDCOKE,"KOKSI KHIMIYA,12,PP.17-20,1981.

15. RICE-JONES,W.G., "SULFURINORES,CONCENTRATORS,ANDOTHERMETALLURGICAL
SAMPLES,"ANALYTICALCHEMISTRY,25,PP.1383-1385,1953.

16. THURAUF,V. W.,ASSENMACHER,H.,"RAPIDDETERMINATIONOFTHETOTALSULFUR

CONTENTOFSOLIDFUELS,"BRENSTOFF-CHEMIE,48(7),PP.206-207,1967.
I

17. VANGRONDELLE,M. C.,ZEEN,P.J., "COULOMETRICDETERMINATIONOFTOTALSULFUR
INORGANICANDINORGANICMATERIALSAFTERA TUNGSTENTRIOXIDEQUARTZTUBE ,,

DECOMPOSITIONMETHOD,"ANALYTICACHIMICAACTA,116,PP.335-343,1980.

18. WALLACE,L. D.,KOHLENBERGER,D.W.,JOYCE,R.J.,MOORE,R.T., RIDDLE,M. E.,
McNULTY,J.A., "COMPARISONOFOXIDATIVEANDREDUCTIVEMETHODSFORTHE

MICROCOULOMETRICDETERMINATIONSOFSULFURINHYDROCARBONS,"ANALYTICAL

CHEMISTRY,42(3),PP.387-394,1970.

UslnqLECOorFisherAnalyzers

FisherSdentificandLECObothofferinstrumentsusableforthedeterminationof
totalsulfurincoal.Inbothcasescoalisburnedinanoxygenatmosphere,usually
withavanadiumpentoxidecatalyst,andthesulfurdioxideevolvedisthen
determined.LECOinstrumentshaveemployedbothaniodometricanda non- •
dispersiveinfrareddetectorforthedeterminationofsulfurdioxide.TheFisher
instrumentemploysaniodometrictitrationinwhichthetitrantisgenerated
electrochemically.Theseautomatedinstrumentsprovideresultsfaster,those
resultsaregenerallymorereproducible,andthesetechniquesarelessexpensive
thanotherASTMprocedures.However,anycomponentofthecoalsamplethat
couldaltertheSO2/SO3 ratiocouldleadtoerroneousresultsininstrumentsusing



-51-
I

the IRdetector.And,theiodometrictitrationresultscouldbeaffectedby
" componentsin thecoalthatformreducingagentsuponcombustion.Highlevelsof

chlorinearebelievedtohaveadverseeffects.

1. GLADNEY,E.S.,RAYMOND,R.,BOWER,N.W.,"ANANALYZERFORDETERMINATIONOF
SULFURINCOALSANDPEATS,"AMERICANLABORATORY,17(7),PP.34-38,1985.

2. JARMELL,S.,"AUTOMATEDDETERMINATIONSOFSULFURINFOSSILFUELS,"
PROCEEDINGSOFTHETHIRDCOALTESTINGCONFERENCE,LEXINGTON,KENTUCKY,
PP.19-23,1983.

3. LAWRENZ,D.ANDG.SITEK,"RAPIDHIGHTEMPERATURECOMBUSTIONFOR
DETERMININGTOTALSULFURBYMICROPROCESSORCONTROLLEDINFRARED
ABSORPTION,"PROCEEDINGSOFTHETHIRDINTERNATIONALCOALTESTING
CONFERENCE,LEXINGTON,KENTUCKY,PP.16-18,1983.

, 4. WHITE,A.,WlTTINGHAM,J.,"ULTIMATEANALYSISOFCOALSANDCOKESUSING
INSTRUMENTALTECHNIQUES,"FUEL,62(9),PP.1058-1061,1983.

CAPTOMethod

Thecontrolledatmosphereprogrammedtemperatureoxidation(CAPTO)methodis
stillinthedevelopmentphase,buttheresultspublishedthusfarshowthatthe
methodprovidesanexcellentmeansfordeterminingmajorsulfurformsincoaland
alsodifferentiatesamongsomeformsoforganicsulfur.Inthismethod,coalis
mixedwithaninertsubstanceandsubjectedtoaprogrammedtemperature
oxidation.Thesulfurdioxide,water,andcarbondioxideevolvedaremeasured
separatelyasa functionoftimebyFouriertransforminfrared(FIR) spectroscopyto
givea thermogram.Distinctpeaksproportionaltothesulfate,pyrite,andat least
twoformsoforganicsulfurappearinthesethermograms.Analysesapparentlytake
severalhourstoperformandtheFTIRdetectorusedisexpensive.Thetime

• involvedandthe costofthe instrumentationcouldleadto high-costdeterminations.
Currentworkinvolvesreducingthecostperanalysissignificantlybyperformingeight

• oxidationssimultaneouslyusinga single,shareddetector.

1. LACOUNT,R.,ANDERSON,R.,FRIEDMAN,S.,BLAWSTEIN,B.,"SULPHURINCOALBY
PROGRAMMEDTEMPERATUREOXIDATION,"FUEL,66,PP.903-91311987.
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CHEMISTRYPREPRINTS,33(3),PP.1217-25,1991.

3. LACOUNT,R.,"DIRECTDETERMINATIONOFORGANICANDINORGANICSULPHURINCOAL
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PREPARATION,UTILIZATION,ANDENVIRONMENTALCONTROLCONTRACTORS
CONFERENCE,PITTSBURGHENERGYTECHNOLOGYCENTER,PITI'SBURGH,
PENNSYLVANIA,PP.515-522,1992.

PyrolyticMethodsforDetermini_SulfurinCoal

Pyrolyticmethodsfordeterminingsulfurmoietiesincoalarebasicallysimple.Coal
isheatedinaninertatmosphere,theamountsandtypesofsulfur-containingvolatile •
compoundsaredetermined,anddataontheamountsandtypesofvolatile
compoundsarerelatedtothetypesofsulfuroriginallypresentinthecoal.However,
thepyrolysistemperature,therateofheating,theamountofcoal,thevolumeofinert
gas,thematerialsfromwhichthepyrolysisreactorsareconstructed,andthe
methodsforanalysingtheproductsallaffectthedeterminedcomponentsinthe
volatilecompoundsevolved.Thus,thissimpleprocedure,hasa multitudeof
variations.RecentworkbyCalkinandco-workers(3,13,14)isespeciallysignificant
inestablishingflashpyrolysisattemperaturesrangingfrom750°Cto960°Casa
techniqueforthedeterminationofthreedifferentformsoforganicsulfurincoal. In
someoftheearliestwork,Masciantonio(12)showedin 1966thatduringpyrolysisat
625°Cfor2 hours,evolutionofsulfur-containingvolatilesfrommodelcompounds
wasrelatedtothestructureofthosemodelcompounds.Aitken(1)studiedthe

decompositionofthianthreneat550°C,anddibenzothipheneattemperatures
rangingfrom550°Cto 950°C.Damste (6)pyrolysedsamplesat610°Cfor10
secondsandrelatedthetypesoforganiccompoundsreleasedfromkerogen,
asphaltenesandcoaltotheparentsulfur-containingmoieties.Ibarra(9,10)has
studiedthelow-temperaturepyrolysisoflow-rankSpanishcoals.Brownreviewed
thepyrolyticmethodsavailableasof1980(2). Chou,Cleyle,andLambert(4,5,11)
havestudiedtransformationsofpyriteduringpyrolysis.
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ReductionofSulfurtoH2_S _,

Thestep-wisereductionofdifferentformsofsulfurtohydrogensulfideprovidesa
basisfordeterminingformsof sulfurin coal.Attar(1-7)andMajchrowicz(9-11)
havedonethemostextensiveworkona procedurefordeterminingtheformsof
organicsulfurincoalbaseduponstep-wisereductiontohydrogensulfide.Mason,
Purnell,andWnekowski(12,15,16)havealsoreportedcorrelationsbetween
hydrogensulfideevolutionandformsofsulfur.AsappliedbyAttar,severalpeaks
attributedtodifferentformsoforganicsulfurareproduced,butallorganicsulfuris
notreducedtohydrogensulfide.Anindependent(ASTM)analysisfortotalorganic
sulfurisperformedandthedifferencebetweenthetotalorganicsulfurandthe
evolvedformsisreportedascomplexthiophenenes.Theseso-calledcomplex
thiophenesoftenconstituteamajorfractionofalltheorganicsulfurinasample.
BecausetotalorganicsulfurisdeterminedbydifferenceintheASTMprocedure,and
complexthiophenesaredeterminedbydifferenceusingthevaluefortotalorganic
sulfur,thereisaconsiderableuncertaintyinthevaluesprovidedbythismethodfor ,,
muchoftheorganicsulfurincoal.Peeples(13,14)hasproposedaninteresting
procedurefordeterminingcertainformsoforganicsulfurincoal. Hyperthermophilic
archaebacteriadegradeonlycertainformsoforganicsulfurincoalandrelease
hydrogensulfide.Theamountofhydrogensulfideevolvedis,thus,proportionalto
theconcentrationofspecificformsoforganicsulfurincoal.
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THERMALANALYSIS

Thermoanalyticaltechniqueshavealsobeenusedtoexaminepyriteincoal.
Differentialthermalanalysis,whichshowsexothermicandendothermicoccurrences
asasampleIsheated,hasbeenusedtoidentifypyriteincoalorcoalash(5,6),but
hasnotbeenusedforquantitativeanalyses.Asimilartechnique,knownas
differentialscanningcalorimetry,hasbeenusedtoquantifythepyritecontentofcoal
bymeasuringoxidationexothermsasthesampleisheatedinanoxidizing
atmosphere(7). However,additionalworkisrequiredtoassesstheaccuracyand
precisionofthatapproach.Otherresearchersattemptedtouseevolvedgas
analysistomonitorsulfurdioxideevolvedfromcoalsamplesheatedInanoxidizing
atmosphereinathermalanalyzer(1). Thesulfurdioxideevolutionprofilescouldnot
adequatelydistinguishbetweenpyriticandorganicsulfur,althoughtheapplicationof
peakdeconvolutiontechniquesmayprovebeneficial.Inotherwork,thepyrite
contentofcoalhasbeendeterminedusingathermoanalyticaltechniqueknownas

, thermomagnetometry(1-3,6,7,10).Inthatprocedure,pyriteisdeterminedinless
thanonehourbymeasuringtheweightchangeinducedwitha magnetonFe203in,

• coalashwhilebeingreducedtoFeuina hydrogenatmosphereinathermalanalys=s
system.ThistechniqueassumesthatalloftheFe203inthecoalashwasderived
frompyrite.Ifsiderite(ironcarbonate)ispresentInsignificantquantitiesinthecoal,
acorrectionmustbemadefortheironassociatedwiththatmineral(10).
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, ELECTROCHEMICALANDOTHERME_ODS

Electrochemicalmethodshavebeenappliedprimarillytothecharacterizationof
pyriteincoal,Thesemethodsaresimilartochemicalandthermaloxidative
methods,exceptthatcontrolledoxidationisachievedbycontrolofpotential,
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DETERMINAT!ONOFELEMENTALSULFUR '1

ElementalsulfurisreportedasorganicsulfurwhenstandardASTMproceduresare
usedfordeterminingformsofsulfurincoal.Becausetheamountofelementalsulfur
inmostcoalsisverylow,theinaccuraciesInorganicsulfurvaluesaregenerally
negligible.Oxidationofpyritelikelyleadstotheformationofelementalsulfurincoal
(4,6),andCassagrande(3)hasreportedthatelementalsulfurcanbeincorporated
intocoalasorganicsulfur.Recently,Interestinelementalsulfurincoalhas
intensifiedbecauseofthedevelopmentofacoalcleaningprocessinwhicha
significantamountoforganicsulfurisremovedfromcoalbyextractionwith
perchloroethyleneandrecoveredaselementalsulfur(2,11,13,16).

Mostmethodsfordeterminingelementalsulfurincoalinvolveitsextractionwitha
solventfollowedbyitsdeterminationbygaschromatography.Richard(14)
extractedelementalsulfurfromcoalaswellasashparticlesandsoilsamplesusing
cyciohexaneasthesolventfollowedbydeterminationbygaschromatographyusing ,,
anelectroncapturedetector.RichardfoundlevelsofsulfurIncoalrangingfrom150
to1000partspermillion,inashfrom9to200partspermillion,andinwaterfroma ,,
pondatacoalwashingplantat38partspermillion.Richardalsodetermined
elementalsulfurinwatersamplesexposedtocoalbyabsorptiononAmberliteXAD-
2resin,elLrtionwithcyclohexane,anddeterminationinthesolventbygas
chromatographyusinganelectroncapturedetector.Duran(9)determined
elementalsulfurincoalbyasimilarprocedure.Hefoundconcentrationsranging
from300to1550partspermillioninagedcoalsandconcentrationsbelowhis
detectionlimitof5partspermillioninpristinecoals.Beyer(1)determinedlowlevels
ofelementalsulfurincoalwhichhadbeensubjectedtobiologicalcleaning.Several
researchershavereportedproceduresforthedirectdeterminationofelemental
sulfurinsoilsandsediments(5,8).Chen(5)extractedmarinesedimentswith
hexane,benzene,toluene,petroleumether,orananiline-benzenemixture.
Picogramlevelsofelementalsulfurwerethendeterminedintheextractbygas
chromatography.Helm(12)alsoextractedsulfurfromsedimentswithhexaneand
determineditintheextractbygaschromatography.

'11

Athoughgaschromatographyisusedmostwidelyfordeterminationofelemental
sulfur,otherprocedureshavebeenproposed.Feigl(10)proposedaspottest,and ..
Skoog(15)atitrimetricprocedure.Chriswell(7)isolatedelementalsulfurfromcoal-
derivedhumlcacidsbyacapillary-actionextractionproceduresusinga fiberglass
wick.Theessentiallypuresulfurisolatedonthewickwasdeterminedusinga
Fisheranalyzer.
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DETERMINATIONOFSULFIDES,,,SULFITES,ANDOTHERREDUCEDSULFURCOMPOUNDS

Inatypicalcoal,pyrite,organicsulfurcompounds,sulfate,andelementalsulfur
likelyaccountforwellover99%ofallthesulfur.However,othersulfur-containing
compoundscanariseduringtheprocessingofcoal.A largenumberofprocedures
areapplicabletodeterminingothersulfurformsincoalorinstreamsresultingfrom
coalprocessing.Methodsdevelopedforthedeterminationofsulfideinclude
spectrofluorometry(2);iodometrictitration(3,4,10,11,18);chemiluminescence(5);
silvertitrations(9);polarography13);andbygaspurging(14).Sulfitehasbeen
determinedcolorimetrlcally(6);bypolarography(8,13);andbychemiluminescence .,
(19).Thiosulfatemaybedeterminedbyiodometrictitration(2,3,11,18).Bald(1)has
proposedtousehalopyridiniumsaltsforthetitrationofthlols,andHorner(7)the
determinationofthioethersbyoxidationwithhypochlorite.Ikeda(9)hasdeveloped
anargenimetrictitrationforpolysulfldes.
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