
CATALYST DISPERSION AND

ACTIVITY UNDER CONDITIONS

OF TEMPERATURE STAGED

LIQUEFACTION _o_/_/__--_
DE93 012402

Final Report

by

Alan Davis, H.H. Schobert, G.D. Mitchell

and L. Artok

PENNSTATE _,__,_.,,,

,Coaland Organic Petrology Laboratories Pennsylvania State University
University Park, PA 16802



iii

ABSTRACT _" " "

Thisresearchprograminvolvesthe investigationof the use of highly

dispersedcatalystprecursorsfor the pretreatmentof coalsby mild

" hydrogenation•Duringthe courseof thiseffortsolventpreswellingof the

coalwas evaluatedas a meansof deeplyimpregnatingcatalystsintocoal,
0

activephasesof catalystsunderreactionconditionswere studiedand the

impactof thesetechniqueswere evaluatedduringpretreatmentand

temperature-stagedliquefaction.

Two coals,a Texassubbituminousand a Utah highvolatileA

bituminous,were usedto examinethe effectsof solventswelling

pretreatmentand catalystimpregnationon conversionbehaviorat 275°C,

representativeof the first,low-temperaturestagein a temperature-staged

• liquefactionreaction. Ferroussulfate,ironpentacarbonyl,ammonium

tetrathiomolybdate,and molybdenumhexacarbonylwere usedas catalyst

precursors•Withoutswellingpretreatment,impregnationof both coals

increasedconversion,mainlythroughincreasedyieldsof preasphaltenes.

Methanol,tetrahydrofuran,tetrabutylammoniumhydroxide,andpyridinewere

usedas swellingagents• In the absenceof catalyst,swellingthe

subbituminouscoal beforereactionimprovesconversionby enhancingoil and

gas yields;the effectivenessof the solventsin enhancingconversionis in

the sameorderas theirswellingratios• Swellingwithmethanolor

• pyridinehas littleeffecton reactionof the bituminouscoal,but both

tetrahydrofuranand tetrabutylammoniumhydroxidetreatmentsincrease

conversionas a resultof higherpreasphalteneyields• The combinedeffect
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of catalyst addition and swelling enhances conversion, as much as two-fold,

of the subbituminous coal and increases yields of all products. On the

other hand, little benefit was obtained by combining catalyst addition and

swelling for the bituminous coal, though it is possible to effect changes

in the relative amounts of the various products. Tetrabutylamonium
Q

hydroxide not removed from the coal after pretr_Jtment appears to decompose

to the good solvent tributylamine, suggesting the possibility of using

swelling agents as "solvent precursors," first swelling the coal and then

thenna!ly decomposing to a strong solvent that is emplaced inside the coal.

The action of iron pentacarbonyl is sensitive to the reactive gas

atmosphere used; in hydrogen lt decomposesto an oxide that mainly

facilitates hydrogenation of the heavy products to lighter oils, whereas in

hydrogen sulfide / hydrogen mixtures the iron pentacarbonyl is sulfided and

mainly facilitates depolymerization of the coal to heavy products. This

finding suggests the possibility of tailoring the behavior of the catalyst

by appropriate selection of catalyst precursor and reactive atmosphere.

The same two coals impregnated with ferrous sulfate were subjected to

temperature-staged liquefaction (30 minutes each at 275° and 425°C) in

hydrogen and hydrogen sulfide / hydrogen atmospheres. Addition of H2Sto

the reaction gas increased the conversion of both coals, through higher

asphaltene yields from the bituminous c_al andhigher yields of all liquid

products from the subbituminous coal. Generally the addition of ferrous

sulfate to the coals, followed by liquefaction in hydrogen, had about Che

same effect as addition of H2Sto the gas, though the systems with added

FeS04 had lower yields of preasphaltenes than obtained by use of H2S:H2.
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The additionof H=Sto the gas combinedwith impregnationwith FeSO,

providedsignificantenhancementof conversionof both coals. For both

coalsthe effectof usingthe two additivestogetherwas to enhancethe

. asphalteneyields. The resultsof thiswork suggestthe possibilityof
0

selectivelytailoringthe behaviorof the catalystin differentstagesof

the liquefactionprocessby selectingthe appropriategaseousatmosphere.

The two coalswere also usedto examinethe effectsof solvent

swellingand catalystimpregrationon behaviorin temperature-staged

reactionsin H2 and 5:g5H2S:H= atmospheres.Methanol,pyridine,

tetrahydrofuran,and tetrabutylammoniumhydroxidewere used as swelling

agents. Molybdenum-basedcatalystprecursorswere ammonium

tetrathiomolybdate,molybdenumtrisulfide,molybdenumhexacarbonyl,and

bis(tricarbonylcyclopentadienylmolybdenum).Ferroussulfateand

bis(dicarbonylcyclopentadienyliron)servedas iron-basedcatalyst

precursors.In addition,ion exchangewas used for loading_rononto the

subbituminouscoal. For most experiments,liquefactionin H2S:H2 was

superiorto that in H2, regardlessof the catalystprecursor.The benefit

of the H2Swas greaterfor the subbituminous,presumablybecauseof its

higherironcontentrelativeto the hvAb coal. Tetrabutylammonium

hydroxidewas the only swellingagentto enhanceconversionof the hvAb

• coal significantly;it alsocauseda remarkableincreasein conversionof

the subbituminouscoal. The combinedapplicationof solventswellingand
o

catalystimpregnationalso improves]iquefaction,mainlythroughincreased

oil yieldsfromthe hvAbcoal and increasedasphaltenesfromthe

subbituminouscoal.
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• Optical and electron microscopy techniques are employed to evaluate

the influence of swelling solvents on coals and the interrelationships

between catalysts and coals in the presence and absence of preswelling

solvents. These studies help to identify the fact that swelling solvents

such as tetrahydrofuran, pyridine and tetrabutylammonium hydroxide can lead

to differentdegrees of coal particle agglomeration,which in turn can

negativelyaffect catalyst dispersionand coal hydrogenationunder

pretreatmentconditions. In the case of tetrabutylammoniumhydroxide,

reactionproducts form during contactwith the bituminouscoal that

adversely influencecatalyst dispersionand lower conversion. In addition,

under two specific conditionscatalyst!precursorsand/or the catalyst

active phase is seen to be dispersedat a submicron level and in each of

these occurrencesconversionand product yields are maximized for the

particularcatalyst, i.e. ion-exchangediron on the subbituminouscoal and

ammonium tetrathiomolybdateadded to pyridine preswollencoal. For most

other combinationsof catalystsand preswellingsolvents,the catalyst
_'.

precursorsare found as discreteparticles looselyheld to the exterior

surfaceof coal particles,or followingpretreatmentor temperature-staged

liquefactionare found as discrete particleseither intimatelyassociated

with the organic residue fractionor as individualparticles. The use of

opticaltechniques to describe catalys_/coalassociations,the influenceof

preswellingagents and the distributionof active catalystmaterials

throughout liquefactionresiduesprovides the need evidence of the value of

catalyst impregnation/distributionon the efficiencyof liquefaction.
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Finally,cooperativeresearchwith Wilsonvilleand Hydrocarbon

Research Incorporatedprovidedstudy samplesfrom largerscale liquefaction

units. In particular,the Wilsonvillesamplesdemonstratedthat finely

. divided iron oxide catalyst produce large pyrrhotiteaggregatesthat remain

in the reactorsection as plugs and wall scales. This serves as a warning

that other finely dispersed iron catalystsmay contributeto the same

problem. Characterizationof the HRI and Wilsonvillesamples showed the

propensity for solid carbon formation (mesophaseand pyrolytic)during the

use of low-rankcoals.
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SUMMARY

This programof researchwas undertakento investigatewhethermild

" catalytichydrogenationwhichresultsin limitedcoalsolubilizationis an

advantageouspretreatmentfor coal liquefaction.Emphasiswas placedonw

the improvementsand chemicalreactionsthatmay occurduringthe low-

temperaturepretreatmentstage(275°C).Of particularinterestwas

investigationof the use of highlydispersedcatalystsfor the pretreatment

of coal by mild hydrogenation,the testingand evaluationofmethods for

improvedcatalystimpregnation/dispersionthat includedthe use of

preswellingsolvents,the identificationof the activeformsof the

catalystsunderreactionconditionsand the establishmentof the relative

impacton conversionand productyieldsobtainedduringtemperature-staged

liquefactionfor two differentrankcoals(DECS-I,a TexassubbituminousC

coal and DECS-6,a Utahhigh volatileA bituminouscoal).

Duringthisstudy,swellingreagents(methanol,tetrahydrofuran

(THF),pyridineand tetrabutylammoniumhydroxide(TBAH))were employedto

expandthe coalmacromolecularnetworkphaseduringa periodwhen catalyst

precursorswere addedto the system, lt was thoughtthatthis approach

wouldallowfor improvedimpregnation/dispersion.Molybdenum-and iron-
w

based,water-and organic-liquidsolublecatalystswere used including

• ammoniumtetrathiomolybdate(ATTM)[alsoinsolublemolybdenumtrisulfide],

molybdenumhexacarbonyl,bis(tricarbonylcyclopentadienylmolybdenum)(CPMC),

ferroussulfate,ironpentacarbonyland bis(dicarbonylcyclopentadienyliron)
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(CPIC). Bothpretreatment(275°C,30 min) and temperature-staged(275°C,

30 min; 425°C,30 min) liquefactionexperimentswereconductedin hydrogen

and/orhydrogensulfide:hydrogen(5:g5)atmospheres.

The physicaleffectof preswellingsolventson eachcoalwas studied
w

by opticaltechniquesand showedthatmethanolhad no or littleinfluence.

However,preswellingwithTHF and pyridine(beingstrongersolvents)

resultedin separationof solvent-solublefractionsthatwere foundas

coatingson coal-particlesurfacesand thatwere responsiblefor some level

of particleagglomeration.A greateramountof extractwas producedfrom
f

the bituminouscoalusingpyridineand the leastamountoroducedfromthe

subC coalwhen THFwas used. The use of I0_TBAHwith the subCcoal

providedthe only evidenceof true large-scaleswellingof a coal,

correspondingwith the highestswellingratiomeasured. For the hvAbcoal,

opticalmicroscopyrevealedthatTBAH reactedwith the outeredgesof the

coal particles(vitrinite)leavingbehinda tacky,pitch-likereaction

productthat promotedsignificantagglomeration.Particleagglomerates

were observedin most of residuesfollowingpretreatmentcatalytic

liquefaction.Agglomerateparticleswhichenduredthe preswelling/

impregnationproceduremay havenegativelyinfluencedcatalystdispersion

as well as mass transportof hydrogenduringthe reaction.

In the casewhereswellingsolventswere not employed,impregnation

of bothcoalswithcatalystprecursorsincreasedconversionat 275° mainly

as a resultof increasedpreasphaltenesyield. Catalystprecursorsthat

were not sulfidedbeforeimpregnationwere lesseffectivein a hydrogen
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atmospherecomparedto whenH2Swas addedto the system. The molybdenum

catalyst typically outperformed the iron catalyst during pretreatment

liquefaction, except in the case of Fe(CO)s in an H2S:H2 atmospherefor the

subCcoal. The reason for this responsewas that ferrous sulfate, and to

- somedegree Fe(CO)5 did not convert to an _ctive sulfide phase in H2 at

275°C. For the molybdenumcatalyst, Mo(CO)6 in H2S:H2 performed better

than ATTM. In the absenceof catalyst, swelling of the subCcoal before

liquefaction improved conversion, with the increase resulting mainly from

additional oil+gas yield. The relative effectiveness of various solvents

for improving conversion was in the samegeneral order as their

effectiveness in swelling the coal. Preswelling with methanol or pyridine

had little effect on pretreatment liquefaction of hvAbcoal, but both THF

and TBAHprovided increased conversion as a result of improved

preasphaltene yields. With this coal, the effectiveness of solvents at

improving liquefaction was not in the sameorder as their ability to swell

the coal, perhaps a direct result of the higher level of particle

_:i agglomeration experienced with the hvAbcoal. The combinedeffect of

catalyst addition and swelling with TBAHwas to double the conversion of

the subCcoal. The yields of all products also were enhanced. In

contrast, little improvementin total conversion of the hvAbcoal was

obtained by combining catalyst impregnation and solvent swelling, but

" changes in the relative proportions of the products were obtained.

The results with Fe(CO)5 in the different gas atmosphereswere

noteworthy becausethey suggestedthe possibility of tailoring the catalyst
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action to the characteristics of the coal and the kind bf transformations

desired. Nith impregnated Fe(CO)s, an H2 atmospherepromoted the

hydrogenation of asphaltenes and preaspha]tenes to oils, whereas use of a

HzS:H2 atmosphereincreased conversion to asphaltenes and pre:sphaltenes.

Thus, the choice of atmosphere (H2 vs H2S:H2)provides the opportunity of

generating an active catalyst that acts either for coal breakdownor for

shifting the product slate to lighter materials.

Investigation of catalyst impregnation of solvent-swollen or moist

coals with SEWdemonstrated that ferrous sulfate and ATTMform only surface

dispersions. Pretreatment in methanol or THFappearedlto have ]ittle

influence on improved impregnation. Impregnation with ATTMbefore and

after solvent swelling with methanoland THFresulted in a surface

dispersion.Aggregatesof smallcrystalswere observedon the surfaceof

singleparticlesand on particulatesamples. Molybdenumand sulfurpeaks

were not detectedin areaswherethesecrystalswere absent. Molybdenum

was foundto be dispersedon a submicronlevelfollowingpreswellingof

bothcoalswithpyridineand impregnationwith ATTN. A uniformdispersion

of molybdenumwas latterconfirmedin the residuesfromtemperature-staged

liquefaction.The positiveinfluenceof pyridineon the dispersionof

molybdenumcatalysts may be the reason_or someimprovement in conversion

with the subCcoal. Particle agglomeration resulting frompyridine
,,

preswe]]ing may have reduced conversion for the hvAbcoal under

pretreatment conditions.
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Another benefit of solvent swelling could be the formation of good

solvent insidethe coal. In most cases, preswelling in TBAHgreatly

influencedconversionof the subC coalwith all catalystsand was

unpredictablewith the hvAbcoal,probablyowingto the severeparticle

. agglomerationit caused. Duringthis investigationit was foundthat

thermaldecompositionof TBAH resultedin the fo1_ationof tributylamine

which,as with otheramines,may be a verygood promoterof coal

liquefaction.The use of a goodswellingagentas a "solventprecursor",

with subsequentin-situgenerationof a goodextractivesolvent,could

increasethe amountof mobilephasemovingout of the coal and reduceits

viscosity. In addition,combiningan excellenthydrogendonor

(tetrahydroquinoline)intothe samemolecularspeciesas a catalyst

precursorfacilitateshydrogenationby keepingthe donorin,or near,the

catalyst. Hencethe prospectexistsfor futuredevelopmentsof combined

"solvent-and-catalystprecursors".

It is importantto recognizethatthe first-stageliquefactionmay

producechangesin coal structureor behaviorthatsignificantlyenhances

conversionin the second,high-temperaturestage,but whichare not

necessarilyevidentin the macroscopiccharacteristicsof the productsof

the firststage. That is, a particularcoal-catalyst-solventcombination

may providesmallconversion_or yieldsof solubleproductsat the end of

" the firststage,yet may haveexperiencedsubtlechangesof structurewhich

then facilitatesignificantconversionin the secondstage. Hencethe

ultimateassessmentof the utilityof catalystimpregnation,solvent
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swelling, or both in improving liquefaction behavior intemperature-staged

processes is through determination of conversions and product yields at the

end of the secondstage.

Generally, results from temperature-staged liquefaction of two co4]_

of differentrank,two gas atmospheres,sevencatalystprecursors,and four

swellingsolventsdemonstratesthatthe key to highconversion,and high

oil yield,was to increasehydrogenutilization.The effectof sulfided

catalystsin temperature-stagedliquefactionwas mainlyto increase

conversionvia formationof relativelyheavyliquids(asphaltenesand

preasphaltenes),whereashydrogenationcatalystshad littleeffecton

conversion,but ratherfacilitatedconversionof thoseliquidswhichdid

form intolighterproducts.

For the bituminouscoal,high conversionswere attainedby

impregnatingthe coal with a molybdenum-basedcatalystprecursor.If the

precursorwas alreadysulfided(ATTM),a hydrogenatmospherewas adequate.

However,if the precursorwas not sulfided,then liquefactionin a H2S:H2

atmospherewas necessary.Althoughsolventpretreatmentdid not

dramaticallyincreaseconversionrelativeto untreatedsamples,it was

sufficientto gain an extra_5_ in conversion,especiallywhen using

pyridineas the treatmentsolvent. Fop the subC coal,the highest

conversions(sgr)were obtainedwithATTM impregnationand solvent

pretreatmentwith pyridineor TBAH,enhancingconversionby _10_relative

to otherwisesimilarexperimentsperformedwithoutsolventpretreatment.

Also,the nitrogen-containingsolventsseemedeffectiveat suppressing
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formation of CO gases. In contrast to the bituminous coal, the

organometallic molybdenum-containingprecursors gave very good conversions

(84-86_) without using H2S.

For the bituminous coal, the conditions favoring high oil yields were

" essentiallythosethatalso favoredhighconversions,i.e.,molybdenum-based

precursors,eitheralreadysulfidedor reactedin H2S:H2 andwith solvent

pretreatment.The use of organicsolventsenhancedoil yieldsby up to I0_

relativeto reactionat the sameconditionswithoutsolvent. The highest

oii yields,42-43_,were obtainedwithpyridinepretreatmentand ATTM in H2

or CPMC in H2S:H2. Littleor no benefitwas observedfor oil yieldsby

solventpretreatmentof the subCcoal. Sulfidedmolybdenumcatalystswere

generallybest at providinghighoii yields.

Remnantsof ATTMwere foundas largediscreteparticlesfollowing

temperature-stagedrunswhereno swellingsolventswere employed. However,

swellingin pyridinehad a significantinfluenceon catalystdispersion

duringtemperature-stagedreaction.X-raymaps of the remnantsof organic

agglomeratesin the bituminouscoal residuesshoweda uniformsubmicron

distributionof Mo and S. With respectto MoS2 the catalystwas deficient

in sulfur. FinelydispersedMo was alsoobservedin a temperature-staged

. residueof the unswollenhvAb coal reactedin the presenceof Mo(CO)_and

H2S:H2. Microanalysisof areaswithinthe remnantorganicfraction

suggestedthatthe Mo was fullysulfidedto MoS2,demonstratingthe

importanceof the presenceof H2Sduringliquefaction.
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Although total conversion was not quite as high, reaction of the subC

coal with ion-exchanged iron in H=S:H=, gave an oil yield quite comparable

to those obtained with molybdenumcatalyst precursors. Inspection of the
w

ion-exchanged coal using X-ray mapping techniques showed that iron was

uniformly dispersed and impregnated throughout most coal particles. This

observationprovidesclear evidenceof the positive benefits of uniform

catalyticdispersion/impregnationupon liquefaction. The level of ion-

exchange attained by simple contact of the moist subC coal with a ferrous

sulfate solutionwas not as effective, and conversionand productyield

suffered.

As with Fe(CO)sduring pretreatmentliquefaction,our resultswith

ferrous sulfate suggest a strategyfor tailoringthe activity of the

impregnatedcatalyst for temperature-stagedliquefaction. Liquefactionin

H2 with FeSO4 provided little improvementin conversionbut rather

increasedyields of lighterproducts. For a coal whiclneasily undergoes

decompositionto liquidseven in the absenceof catalysts,the H2-FeSO4

combinationimprovedthe product slate. On the other hand, coals which

require a dissolutioncatalyst to facilitatedecompositionto liquids, the

addition of small amountsof H2S to the gas phase, in concert with

impregnatedFeSO4, can significantlyimproveconversion relative to that

obtainedwith H2S:H2 or with FeSO4 alone. The effect of H2S is not only to

promote liquefactionitself; it is also effective in transformingcatalyst

precursors to their active forms. FeSO, is quite stable, and it can not be

decomposed up to 540°C in N2. H2 alone is unable to transform it
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completelyto pyrrhotiteat typicalliquefactiontemperatures.The

additionalsulfurmade availableto the reactionsystemfromthe addedH2S

may be necessaryto transformFeSO,completelyto pyrrhotite,which is

" believedto be the activecatalyst,at theseconditions.

Becauseincreasesin conversionand productyieldsclearlyresult
o

fromadditionof FeSO4 in eithera H2 or H2S:H2 atmosphere,the FeSO,

precursorconvertsto a catalyticallyactivespeciesin eithercase.

However,the specificbehaviorof the resultingcatalyticallyactive

speciesis different,dependingon the chosengas atmosphere.Thuswith

H2, largeincreasesin conversionwere not obtained,but thereseemedto be

a shiftin the productslateto favorlightermaterials.The abilityto

tailorthe effectof impregnatedFeSO4 by sulfidingor not sulfiding,

suggeststhat some benefitsmightalsobe realizedby havingthe catalyst

in differentformsin the differentstagesof liquefaction.

Anotherfacetof our investigationwas designedto promote

cooperationbetweenour programand otherAdvancedResearchand DOE-

sponsoredresearcheffortsin catalyticcoalhydrogenation.Throughthis

cooperativeeffortour programcontributedmicroscopiccharacterization

techniquesfor thosecontractorsinvolvedin generatingmaterialsin larger

scalehydrogenationexperimentsthan our own, i.e.,Wilsonvilleand

HydrocarbonResearch,Inc. (HRI).

• As partof our cooperativeresearcheffort,samplesof vesselplug

and reactordepositmaterialswere obtainedfromthe WilsonvillePilot

Plant. ThesedepositsamplesaccumulatedduringRuns 258 and 260 in which
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subbituminouscoals(SpringCreekand/orBlackThunder)and a disposable

ironoxidecatalystwith sulfidingreagentswere beingfed to the reactor.

Accumulationof materialsin the thermalreactor,the interstageseparator

vesseland the pipeconnectingthe two vesselscausedunscheduledoutages

duringRun 258 and extensiveclean-upfollowingRun 260.

Our investigationshowedthatthe depositsformedduringoperation

with SpringCreekcoal resultedfromthe depositionof process-derived

calciumcarbonate(calcite),whereasmaterialsfromoperationswith the

BlackThundercoal resultedfroma combinationof mesophase-derivedcarbon

and calciumcarbonate.One commonmineralphaseobservedin all samples

was pyrrhotite(FeI_=S),whichwas foundin slightlyloweror equal

concentrationto the carbonatephase. Pyrrhotitewas observedin both

individual(<2pm) particlesas well as aggregates(reactorsolids)

exceeding140pm. The originof thispyrrhotitewas most certainlyfrom

sulfidizationof the disposableironoxidecatalystas analysisof the feed

coalsshowedlessthan 0.I_pyriticsulfur. The changein mass during

sulfidizationand the tendencyfor aggregationof the sulfidesuggestsa

mechanismfor pyrrhotiteretentionin the reactorand interstageseparator

vessel. The tendencyfor iron-basedcatalyststo aggregateinto large

particlescapableof remainingin the reactorsectionduringcontinuous-

flow liquefactionis an importantproblemwhichhas yet to be addressed.

Depositsalso accumulatedduringRun 260 in whichthe subbituminous

BlackThundermine coalwas beingreactedin a catalytic/thermalmode with

lowerfirst-stageand highersecond-stagetemperatures.Materialsonly
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accumulatedin the second-stage thermal reactor at the bottom and as

deposits on the wall and the outside and inside of the ebullating suction

line. We found that the deposits were mainly formed as a result of the

formation and accretion or deposition of calcium carbonate with the other

. available process- and coal- derived inerts. Formation of mesophase-

derived carbon was minimized, but there was a proportionally greater amount

of secondary vitroplast observed. This suggests that the process

conditions selected by Wilsonville to eliminate retrogressive coking

reactions were effective in reducing mesophase production, but did not

totally alleviate the production of insoluble organic inerts. Furthermore,

the larger problem of the formation of process-derived calcium carbonate

may not be addressed by altering process conditions, but may require the

reduction of organically bound calcium ions before liquefaction.

Additional petrographic work also was completed for HRI in two

specific studies that included analysis of feed coals and residues from

Illinois #6 which had been cleaned using an oil agglomeration technique and

evaluation of the nature of deposit materials taken from a recycle gas-feed

line.

Petrographic analysis of the feed coals and residues of HRI Run CC-6

indicated that very little reactive material (vitrinite) remained

unconverted following runs with uncleaned Illinois #6 feed coal, with feed

• coal cleaned by oil agglomeration, or under more severe processing

conditions. Reduction in the proportion of lowest reflecting residual

material following the more severe processing conditions may indicate that
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not only had the vitriniteundergonea slightlyimproveddissolution,but

alsothat some ofthe lowerreflectingsemifusinitemay have undergone

hydrogenation.

With regardto the depositmaterial,the questionposedby HRI was,

"is the deposita cokematerialcarriedfromthe recyclegas preheateror a

coalderivedmaterialback-washedfromthe reactor?"About60_ for the

materialappearedto be coalderivedwhereasthe remainderwas anisotropic

carbonsthatcouldhavebeenderivedby cokingof liquidproducts, lt is

alsopossiblethat someunknownportionmay also representpyrolyticcarbon

formation,and thatsome directcokingof undissolvedcoalparticlesmay

have been involved.

In summary,this researchprogramhas showna profoundinfluenceof

swellingreagentson catalyticand non-catalyticpretreatmentand

temperature-stagedliquefactionof two differentrank coals. However,the

investigationhas demonstratedthat improvementsin conversionand product

yieldswere not totallyin responseto coal swellingand deep impregnation

of catalyst,but, in somecases,resultedfromthe physicaleffectsof the

solventon the coalsand catalysts,i.e.,separationof solvent-soluble

fractions,solvent-precursormaterials,influenceof solventson the

catalystmaterials,etc. In othercases,it was shownthat solvent

interactionwas detrimentalto improvedliquefaction,such as enhanced
w

particleagglomerationin preswollencoals. In a numberof specific

liquefactiontests,we were able to demonstratethe relativebenefitsof

catalystimpregnationon conversion.For individualcatalysts,the best
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liquefactionresultswere obtainedwhenthe catalystswere dispersedat a

submicronlevelbeforeor afterreaction. In addition,therewas some

evidencethat a uniformsurfacedispersionof fine catalystparticles

" resultedin betterperformancethana heterogenousdispersionof large

. catalystparticles.However,as suggestedfrom our evaluationof

Wilsonvilledepositmaterials,no matterhow finelydisperseda catalyst

may be, duringcontinuous-flowliquefactiontheymay tendto aggregateand

ultimatelybecomea detrimentto operations.
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1. INTRODUCTION

The benefitsof liquefactioncatalystshave beenwell documented

[Andersonet al. 1985;Tomlinsenet al. 1985],and includeimprovementin

overalllevelsof conversion,increasedyieldsof distillatesand reduction

of asphaltenesand gases,lowerviscosityof the products,and reductionin

severityof operatingconditions.However,thereis much.aboutcatalyst

activityand reactivitythat is unknown,particularlywhen combinedwith

coal.Derbyshire[1988]has dividedliquefactioncatalystsintotwo

classes,eg., dissolutionand supported.Dissolutioncatalysts(usedin

this project)are employedto promotethe breakdownof the coal structure

to liquidproducts,whereasthe supportedcatalystsare usedpredominantly

for upgradingthe dissolutionproducts.

Varioustypesof molybdenum-and iron-baseddissolutioncatalysts

have been used in the roleof catalystprecursorsto effectimprovementsin

coal conversionand productyields. The precursorsare catalystmaterials

whichwhen addedto coalmay have littleinherentactivity,but undercoal

liquefactionconditionsundergochemicalchangesalongwith the coalto

developactivitywith regardto hydrogenationand preventionof

condensationand aromatization.One of the most importantpropertiesof

precursorcatalystsis theirsolubility,inwateror organicliquidssuch

thatthey can be readilydispersedontoor impregnatedintocoalsurfaces.

Studiesby Wellerand Pelipetz[1951]and Shibaokaet al. [1980]clearly

demonstratedthe advantagesof havingmetalsaltsimpregnatedintothe coal

ratherthan admixedas a powderduringcoal hydrogenation.However,this
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has lead to the untestedassumptionthat slurryingcoal in aqueous

catalystsresultsin effectivepenetrationof the coal por_ structure.

Daviset al. [1989]providedevidencethat aqueous"impregnation"of a

thiomolybdatecatalyston coalsonlycauseda surfacedispersionthat could

" be mechanicallystrippedfrom the surfaceduringprocessing.

The effectivenessof catalystprecursorsis not onlydependentupon

the degreeof dispersaland associationwith coal surface,but on the final

stoichiometricform,as well as the time and temperatureregimeunderwhich

the catalystbecomesactive. Examplesare givenin the literature

regardingthe transformationof thiomolybdatesaltsor molybdenumcarbonyl

to molybdenumdisulfide(MoS2) and the conversionof sulfates,oxidesor

carbonylof ironto pyrrhotite(Fel.S) duringhydroliquefaction.

Transformationof theseprecursorsrequirethe presenceof a sourceof

sulfur(eitheraddedor derivedfromsulfurin the coal)and is usually

accompaniedby an increasein the partialpressureof H2Sin the offgas.

Work in this laboratory[Garciaand Schobert,1989]showedthat an

imperfectlysulfidedammoniummolybdateactedas a bettercatalystthan

"reagentgrade"ammoniumtetrathiomolybdate(ATTM)or powderedMoS2.

Derbyshire[1988],citingotherworkers,concludedthat the activeform for

. molybdenummay not be MOS2,but it couldbe a non-stoichiometricform,the

exactcompositionof whichis influencedby the partialpressureof H2S.

Previouswork in this laboratorysuggestedan incompleteconversionof ATTM

to MoS2 whichresultedin an excessof sulfurunderthe reactionconditions

used duringcoalhydrogenation.The work of Cypreset al. [1981]suggested
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that neitherpyriteor pyrrhotite,an alreadynon-stoicfiiometricformof

ironsulfide,coulddissociatehydrogenunderliquefactionconditions

leadingLambert[1982]to the conclusionthat H2Swas responsiblefor the

observedcatalyticeffects. Therefore,for bothcatalystprecursorssome

doubtremainsregardingthe activityof the resultantcatalystsulfide, lt

may be that the intermediateproductsduringcatalystconversionor their

interactionwith H2Sduringthe conversionresultinmore activitythan the

beginningor finalforms.

Temperature-stagedliquefactionusingcatalystprecursorsis another

techniquewhichhas beenshownto improvenet conversionof coalto liquids

and gases [Comolliet al. Ig85]. This strategyseeksto accommodatethe

knownstructureof coal and the capabilitiesand limitationsof the
4

catalystby hydrogenatingcoal at two temperatures;a low-temperaturestage

of 275-375°Cfollowedby a high-temperaturestageat 375-450°C.Derbyshire

[Ig86a]suggestedthatduringthe low temperaturestagecoalstructure

couldbe partiallybrokendown,increasingthe contentof extractable

liquidswhichcouldact as potentialH-donorspeciesduringthe high-

temperaturestage. Weakerbondsalsomightbe brokenand stabilizedby H-

transferat low temperature,thusreducingthe potentialfor condensation

reactionsduringsubsequenthighersevepityreactions.The combinationof
.

low-temperaturecatalyticreactionfollowedby the high-temperature

catalyticreactionhad the greatestinfluencein improvingboth product

selectivityand conversion[Derb)shire1986b]. However,in spiteof the

apparentadvantagesof usinga catalyticlow-severitypretreatmentstage,



17

few chemically significant changeshave been observed in the residues

[Davis et ai. lg88].

With these thoughts in mind, the experiimenta] program covered by this
u

project has focused upon the developmentof more effective methodsof

. impregnating coal with catalysts, evaluating the conditions under which the

catalysts are most active and establishing 1:herelative impact of improved

impregnation on conversion and product yields obtained from temperature-

staged liquefaction. However, emphasis has been placed on the improvements

and reactions occurring during the low-temperature, pretreatment stage

(275°C). To achieve these goals our genera] objectives have been 1) to

investigate the use of highly dispersed catalysts such as ammonium

tetrathiomo]ybdate, _olybdenumhexacarbony], iron sulfate, iron

pentacarbony] for the pretreatment of coal by mild hydrogenation, 2) t_

develop and evaluate methodsfor improving catalyst impregnation that

includes the use of preswelling solvents (methanol, tetrahydrofuran,

pyridine and tetrabutylammoniumhydroxide), 3) to identify the active forms

of the catalysts under reaction conditions and 4) to clarify the mechanisms

of catalysis. Therefore, the ultimate objective was to ascertain if mild

catalytic hydrogenation resulting in very limited coal solubilization is an

advantageouspretreatment for the transfomation of coal into transportable

fuels.

n, ..... III
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2. COAL SELECTION

Coal samplesSelectedfor this studyfromthe PennStateSampleBank

were to havehighvitrinitecontentand low ash and sulfurvalues. The

coalswere to be of relativelylow and differentrank,i.e.,ligniteand

high volatileC bituminous.An initialset of coals[PS0C-1503,Blind

Canyon,Utah hvBb;PS0C-1444,Texaslignite]were selectedbasedon these

limitationsand becausetheywere scheduleto be freshlyre-collectedas

part of anotherDOE project[DECS-6,BlindCanyonhvAb;DECS-I,Texas

subC]. Detailedphysical,chemicaland elementalcharacteristicsof the

four coalsare givenin AppendixA and are summarizedin TableI.

Comparisonof analyticaldata betweenthe old and freshlycollected

samplesrevealeddifferencesin the ASTMrank and petrographiccomposition

for both coalseven thoughthe new sampleswere collectedfromthe same

seamand generallocality.ASTM apparentrank is determinedusingmoist

mineral-matterfreecalorificvaluecalculatedusingas-receivedmoisture.

When searchingfor coalsfromthe SampleBank,the calorificvalue

determinedusingequilibriummoisturewas employedfor rankdetermination.

Differencesin ASTM apparentrankand the rankdeterminedby usingthe

equilibriummoisturevalueaccountedfor the freshlycollectedBlindCanyon

samplehavinga rankof hvAband the lignitehavinga rankof subC

(AppendixA).

Petrographiccompositionalsovariedfor both samples;the original

BlindCanyonsample(PSOC-IS03)containedslightlymore thang1_ vitrinite

whereasthe new sample(DECS-6)had about6g_. In part,this significant
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discrepancyresultsfrom a more accuratedeterminationof the liptinite

content(usingblue-lightmicroscopy),and in partbecausethe new sample

had a higherinertinitecontentresultingfrom localvariationin
v

composition.For the TexassubCsample,a significantlygreateramountof

liptinite(proportionallylessinertinite)was foundin the new sample

(DECS-I)and the huminite(vitrinite)maceralshiftedfrom being

predominantlyulminitein the PS0C-1444to humodetrinitein the DECS-I

sample. Thesechangesin petrographiccompositionare not expectedto

influencetotalconversionof eithercoalduringcatalyticliquefaction,

but the higherliptinitecontentmay resultin slightlydifferentproduct

yields.
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3. SWELLINGPRETREATMENTOF COALSFOR IMPROVEDCATALYTICLIQUEFACTION

3.1. INTRODUCTION

lt has been knownfor sometimethat improvementsin catalytic
w

liquefactioncan be obtainedby havingthe catalystor catalystprecursor

. (i.e.,a compoundthat woulddecomposeto an activecatalystunderreaction

conditions)impregnatedintothe coal ratherthan simplymixedwith the

coal as a powder[Wellerand Pelipetz,1951]. Havingcatalystparticles

presentat the sitesof bondcleavagein the coal structurefacilitates

hydrogenation;away fromthe vicinityof the catalystboth carbonization

and crackingto gaseswill be favored[Hawkand Hiteshue,1965]. Hence

both the totalliquidyieldand productqualityimproveas the extentof

catalystdispersionimproves.The use of red mud and supportedcobalt-

molybdenumcatalystsin liquefactionof bituminouscoalswas effectiveonly

when therewas a rapidplasticizingof the coaland generationof hydrogen

donorspecies,becausethesecatalystscouldnot be effectivelydispersed

throughthe coal [Bodilyet al., 1981]. Priorwork in theselaboratories

has demonstratedthe effectivenessof impregnatinga water-solublesulfided

ammoniummolybdateintocoal beforeliquefaction[Terrerand Derbyshire,

1986;Stans_rry and Derbyshire,1988]. Impregnatedammonium

thiomolybdateswere more effectivecatalystsfor liquefactionand

hydrodesulfurizationof Spanishlignitethanadmixedmolybdenumdisulfide,

" a factattributedto the superiordispersionof the solublemolybdenum

saltsrelativeto thatobtainedfromthe insolubledisulfide[Garciaand

Schobert,1989].
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Hawk and Hiteshue[1965]citedresultsin whichammoniummolybdate

was effectivefor liquefactionof Wyomingsubbituminouscoal regardlessof

whetherit had beendispersedin aqueoussolutionor not. In this case the

liquefactionsolventcoulditselfact as the vehiclefor impregnatingthe

catalyst,even thoughthe saltwouldbe essentiallyinsolublein the

organicsolvent. Dispersalof the catalystby the vehiclehas been invoked

as a reasonfor the improvedactivity(thoughit must be recognizedthat

solvent-catalystinteractionsmay also be an importantfactor). The

dispersalof metalhalidecatalystswas achievedmoreeffectivelywith

methanoland acetonethanwith aqueoussolutions[Bodilyand Warm,1986].

A furtherapproachto improvecatalystdispersioninvolvesusingmetal

saltsof organiccompoundsor organometalliccompounds.Thus oil-soluble

metalnaphthenateswere veryeffectivecatalystseven at quitelow (e.g.,

0.01_)metal loadings[Hawkand Hiteshue,Ig65]. Ironpentacarbonyl,which

is solublein organicmedia,is consideredto penetratereadilythe pore

structureof coalsand decomposeto finelydispersedmetallicironor iron

sulfide[Suzukiet al., Ig85;Watanabeet al., Ig84;Tierneyet al., 1988].

Besidesaffectingcatalystbehaviorby dispersion,the activityof a

catalystmay be variedby structuralmodificationof the coal. In this

way, the hydrogenationand dissolutionactivityof the catalystcan be

promoted,becausethe weakenedstructurecouldbe more susceptibleto

hydrogenationand depolymerizationreactions.One way to modifycoal

structureis solventswelling. The coalnetworkcan be swollenusing

appropriatesolvents,leadingto expansionof the pores. Swellingmay
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facilitateimpregnationof catalystsor theirprecursorsand diffusionof

reagentsto the reactivesitesof coal. Therefore,it can be presumed

thatswellingas a pretreatmentoperationmay increaseconversionand

qualityof yieldobtainedfrom liquefaction.Rinconand Cruz [I988]found

• that the conversionof a Colombiancoal increasedwhen it was swollenwith

tetrahydrofuran(THF). Joseph[1991]determineda directcorrelation

betweevlthe extentof preswellingand the conversionof coal under

liquefactionconditions.Baldwinand co-workers[1991]alsoconfirmedthe

beneficialeffectof solventswellingon coal liquefactionby obtaining

betteryieldqualityforthe THF-swollenIllinoisNo. 6 coal.

Temperature-stagingof liquefactioninvolvesreactionat two

temperatures,an initiallow-temperature(275-350°C)stage,followedby

furtherreactionat highertemperature(375-450°C).The first,low-

temperaturestageis sometimesconsideredto be a pretreatment,sincemost

of the desirableliquidproductsare stillformedin the highertemperature

stage. This strategyis knownto improvenet conversionto liquids,

relativeto operationat a singletemperature,and selectivelyimprovesthe

yieldof oils at the expenseof asphalteneswithoutan attendantincrease

in gas production[Comolliet al., 1985]. Duringthe low-temperature

stage,partialdepolymerizationof the coalcouldincreasethe amountof

extractableliquidsand the coal fluidity[Derbyshireet al., 1986a].

Weakerbondsmightbe brokenand stabilizedby hydrogentransferat low

temperature,reducingthe potentialfor retrogressivecondensation

reactionsat highertemperature.Thuseffectivehydrogenationat the mild
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reaction conditions of the first stage mayminimize condensation reactions.

With low-rank coals, improvementin conversion to soluble products is also

aided by the loss of carboxy] groupswithout formation of crosslinks

[Solomonet al., 1991]. Combinationof a low-temperature catalytic

liquefaction step with a higher temperature catalytic reaction

significantly improvedproduct selectivity concomitant with attaining the

highest conversion [Derbyshire et al., lg86b]. Although a catalytic low-

severity first stage, using an impregnated molybdenumcatalyst, provided

processing advantages relative to single-stage reactions, few chemically

significant changeswere detected in the residual materials [Davis et al.,

1988].

In this section, we report results of the use of various types of

iron and mo]ybdenumcatalyst precursors. This aspect of the study involved

an examination of the effects of impregnation of the catalyst onto the

coal, the effects of swe]]ing the coal prior to reaction, and the combined

effects of swe]]ing and catalyst impregnation. The focus of the work

discussed in this section was On improvementsto be obtained in the first,

]ow-temperature (or pretreatment) stage; consequently all resu]ts reported

in the first section of this report are for reactions at a pretreatment

temperature of 275°C. In succeedingsections we wi]] discuss results q

obtained from temperature-staged reactions.

3.2. EXPERIMENTAL

3.2.1. Coal Samplingand Initial Swe]]ing Ratio Determination

The coals were chosenfrom recent additions to the DOE/PennState

Coal SampleBankand Data Base. Samplesof Blind Canyonhigh vo]atile



25

bituminous coal (PSOC-1503and DECS-6)and a Texas subbituminous C (PSOC-

1444 and DECS-i) were used. For both of the coals, the respective PSOCand

DECSsampleswere collected at different dates. The sources and analyses

of the coals are given in Table 1 and AppendixA. The coals were ground

- without drying to minus 60 meshand stored under a N2 atmosphere. Onegram

of air-dried coal (PS0C-1444and P50C-1503)was placed in a 15 mLconical

graduated screw-top centrifuge tube and centrifuged at 2900 rpm for 10

minutes. The height of the coal in the tube was recorded in mL/g. Twelve

mL of solvent (methanol, pyridine, tetrahydrofuran, or tetrabutylammonium

hydroxide) was addedto the coal in two increments. The first 6 mLwas

combinedwith the coal and the mixture was stirred carefully until all the

coal particles were wetted, then the remaining solvent was addedand the

tube was sealed with a cap. After 6-30 h, the tube was centrifuged again

at 2900 rpm for 10 min and the height was recorded. The volumetric

swelling ratio is defined as Q = h2/h_, where h_ = height of unswollen coal

and h2 = height of swollen coal. (It should be noted that the solvent

swelling studies were performed on the older, PSOCcoals, while the

reactivity experiments, discussed below, were performed using newer, DECS

samples (also see Section 6.3.1).)

3.2.2. Swelling of Coals Prior to LiquefactionD

The coal samples (DECS-1and DECS-6)were swollen using methanol,

• pyridine,THF and 10% tetrabutylawoniumhydroxide(TBAH)solution(1:1

(w/w)ratiowater:methanolmixture). The coal samples,whichwere predried

at IIO°Cin vacuum,were mixedwith the swellingreagentto give a solvent-
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to-coalratioof about3:1 andwere stirredfor 6 h underN2. The solvent

was removedand driedat 50°C in vacuum,exceptin the caseof pyridine,

wherethe samplewas driedat IO0°Cin vacuumin an attemptto remove

pyridinecompletely. Basedon the increasednitrogencontentof the

samplesafterpyridinetreatment,the pyridineincorporationafterdrying o

was in the rangeof 2-I0_. For TBAHswelling,a TBAH solutionwas added

to undriedcoal and onlymethanoland waterof the mixturewere removed,so

thatTBAH was retainedin the swollencoal.

3.2.3. CatalystPreparationand Testin_

Ammoniumtetrathiomolybdate,(NH4)2MoS4 (ATTM),was synthesizedin our

laboratoryfollowingthe procedureof Naumann[1981]. In summary,20 g

ammoniumheptamolybdate,(NH_)6Mo_O24"4H20and 20 mL NH40Hare addedto 100

mL deionizedwaterand cooledto mS°Cin an ice bath. H2S is bubbled

throughthe solutionuntilan initialyellowprecipitateturnsred;the

flow is continuedfor an additional30 min. The precipitateis filtered,

washedwith EtOH,and driedin vacuumat roomtemperature.MoS3 was

preparedby acidifyingan aqueoussolutionof ATTMwith HCOOH,followedby

washingand dryingthe precipitateat 110°Cin a vacuumoven. FeSO4.7H20,

Mo(CO)6,and Fe(CO)5werepurchasedas reagent-gradechemicalsand used

withoutfurthertreatment.

Thermogravimetricanalysisof ATTMwas performedusinga PerkinElmer

modelTGA-7thermalanalyzerat a heatingrateof 20°C/minin N2. Sulfur

analyseswere performedby the PennStateMaterialsCharacterization

Laboratoryusinga Leco iodimetrictitrationsulfuranalyzeror in the Penn
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StateCombustionLaboratoryusinga LecoModelSC-132sulfuranalyzer.

Carbon,hydrogen,and nitrogenanalyseswere performedusinga LecoModel

CHN-600elementalanalyzer. Molybdenum,ironandwater (bythe Karl Fisher

" method)analyseswere performedby GalbraithLaboratories,Inc. Elemental

valuesandwatercontentof synthesizedmolybdenumcompoundsare givenin

Table2.

Catalystprecursorswere reactedin a microautoclaveat 7 MPa (cold)

H2 or H2S:H2 mixturesat 275°Cfor one hour (Tables2 and 3). In

experimentswith ATTM and FeSO_.7H20,a 5:g5ratioof H2S:H2 was used_for

molybdenumhexacarbonylthe ratiowas 13.6:86.4,and for iron

pentacarbonyl,18:72. Theseratioswere chosenin orderto maintaina

constantsulfur:metalratioof ?.5 duringthe reactions.X-raydiffraction

measurementof the products(XRD)were made usingCu-Ka radiationwith

Rigakuequipmentand operatedat 40 kV and 20 _.

3.2.4. Impregnationof Swollenand UnswollenCoalswith Catalyst

Precursors

The catalystprecursorwas loadedontothe coal in an amountbasedon

I_ molybdenumor O.Sg_iron (as the metal,not the metalcompound)on a

dry, ash-free (daf)basisregardlessof whetherthe coal had been swollen

or not. Unswollencoalswere impregnatedwith a watersolutionof ATTM,
i

FeSO,.TH20or suspensionof MoS3 and with a pentanesolutionof Fe(CO)5and

. Mo(CO)6. The pentanewas removedfrom carbonyl-impregnatedcoalsby

treatmentin vacuumat roomtemperaturefor 10 min. Becauseof the
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Table 2. Elemental analysis of ATTM,MoS3 and the product
obtained from microautocl ave reaction of AT_ at
7MPapsi (cold) hydrogengas ata temperature
of 275°C

ii iii iiiiii ii i ibm,

Catalyst _N _H _Mo _S _H20 nS:nMo
n

J , I I III'

ATTM 10.81 3.10 37.01 49.15 ND 3.98

MoS3 ND ND 44.45 50.50 1.39 3.41

HATTM* 3.26 1.40 49.74 39.40 6.36 2.38

, i M,

ND: Not determined

* Reacted ATTMin 7 MPa (cold) H2 at 275°C.
/

)

Table 3. Elment_l analysis of products obtained from
microadtoclave reaction of No(CO)6and Fe(_O)s
at 7MPaof H2 and H2S:H2 (5:95) at 275°C

Catalyst Reaction
Precursor Gas _d4o _Fe _S _C

ii i i ill i ii i ii ,,,ti, II

Mo(CO)6 H2 40.77 -- -- 24.50

Mo(CO)6 H2S'H2 57.35 -- 32.90 O.E_7

Fe(CO)5 H2 -- ' 71.70 - 3.99 .

Fe(CO)s H2S'H2 - 60.63 37.6 0,22
,, ,, •

r I
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volatilityof carbonyls,the possibilityexiststhat a portionof the

carbonyloriginallyaddedmay havebeen removedsubsequentlyduringthe
o

drying.

• With swollencoal,the swellingreagent(exceptTBAH)was removedin

vacuumat room temperature.Whilethe coalwas stillwet with swelling

reagent,enoughATTM solution(whichhad been preparedby dissolvingATTM

in I:I (v/v)ratiomethanol:watermixture)to givesolution-to-coalratio

of 1:1was addedto the coal and stirredfor30 min. For TBAH,the ATTM

was dissolvedin a I0_ TBAH solutionof a 1:1ratio(w/w)water:methanol

mixture_thenthis solutionwas addedto undriedcoal and stirredfor 6

hoursin orderto give enoughtimefor the swellingof coal undernitrogen.

Afterstirring,excesssolventwas removedat roomtemperatureundervacuum

duringcontinuousstirring. Finally,vacuumdryingwas appliedat 50°C for

the coalsswollenwith methanol,THF or TBAH,or at I00°Cfor pyridine-

swollencoal. TBAHwas allowedto remainin the coal. When carbonyl

compoundswere usedas catalystprecursor,THF and methanolwere removedin

vacuumat 50°C,and pyridinewas removedin vacuumat I00°Cpriorto

impregnationwith pentanesolution. Again,any residualTBAHwas allowed

to remainin the coal. The TBAHcontentof samples,whethercatalyst-

impregnatedor not,was calculatedfromthe increaseof the nitrogen

" contentof the TBAH-treatedmaterialrelativeto thatof the untreated

coals.
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3.2.5. Examinationof CatalystDispersion

To establishthe physicalrelationshipbetweencatalystsand coal

surfacesfollowingimpregnation,the interfaceswere studiedby scanning
i

electronmicroscopy(SEM)to determinewhethercatalystmaterialsare

deeplyimpregnatedintothe coal structureor whetherthey form only

surfacedispersions(alsosee Section7). Two typesofsampleswere

preparedfromthe Texaslignite/subC(PS0C-1444and DECS-I)and Blind

Canyonbituminouscoal (DECS-6),particulate(-60mesh)samples,and single

particlesof about5x2Omm embeddedin plasticand polishedto exposethe

beddingplanestructuresof the coal. The particulatesampleswere

impregnatedwith catalystor solventswollen,or both,as describedabove,

and were coatedwithgold for observationwith an ISlmodelSX-40ASEM.

FeSO+.7H20and ATTM catalystswere impregnatedintomethanol-and THF-

swollencoalsand moistcoals. An energydispersivespectrometer(EDS)was

used for qualitativeanalysisof elementsgreaterin atomicnumberthan

sodium. The single-particlesampleswere storedunderhigh humidityor

were soakedin methanolfor 48 h. Withoutallowingthe polishedsurfaceto

dry, ferroussulfate(=img) or ATTM (=0.5mg) in the appropriatesolvent

(i.e.,wateror methanol)was appliedin dropsto the surface. Samples

were then driedin vacuumat 25°C for48 h and coatedwith carbonfor SEM

examination.(TheSEM photomicrographsare discussedthroughoutthe text.
w

At the bottomof each photomicrograph,readingfromthe left,are the

electronbeamvoltage,totalmagnification,the size in micronsof the

whitescalebar,and a photographnumber.)
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3.2.6. Liquefaction Reactions and Product Work-up

The liquefaction reactions were performed in )lorizontal

microautoclave reactors (tubing bombs)of nominal 25 mLcapacity. The

. procedure was the samefor both preswollen and unswollen coals and also the

samewhether they had been impregnated with a catalyst or not.

Five gramsof each prepared coal sample and 5 g of phenanthrene were

placed in the reactor. After the contewntswere mixedwith a spatula, the

reactor was sealed, pressurized to 7 MPawith N2 and checkedfor leaks.

The depressurized reactor was twice purged with H2. Subsequently, the

reactors were pressurized to 7 MPa(at roomtemperature) with H2 or H2S:H2

(5:95) and were attached to a fluidized sand bath which was heated to

283°C. Immediately after the reactors were placed in the sand bath, the

thermostat was reset to 275°C, which was the desired pretreatment

temperature. The reactors attained a temperature of 275°C in about 30 s.

The reaction time was 30 min. During this period, the reactors were

oscillated through an amplitude of 2 cm at 350 cycles/min. All the

pretreatment experiments were done in duplicate. For experiments in these

reaction systemswe have determined, in a collateral study on bituminous

coal liquefaction, that the relative standard deviation (i.e., the standard

deviation expressed as a percentage of the mean)of conversion results is

- 7-12_ for six sets of results obtained by three independentexperimenters

each performing duplicate tests (see Section 9). Relative standard

deviations for asphaltene yields are typically 12-13_.
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At the end of the reaction, the reactors were rapidly quenched to

room temperature by immersion in cold water. After venting the gas, the

contents of each reactor were quantitatively washed into a tared ceramic

thimble using toluene and then Soxhlet-extracted with toluene under N2

until the solvent appeared colorless. The toluene extract was concentrated

to 10-20 BL by rotary evaporation. The extract was diluted with 400 BL of

hexane. The mixture was stirred for 1 h and asphaltenes were allowed to

settle overnight and separated with a 0.45 nn filter. The filtrate,

containing hexane-solubles, was treated by rotary evaporation to remove the

hexane. Toluene- insolubles were Soxhlet-extracted with THF to separate

preasphaltenes and the solid residue under N2 atmosphere. THF was removed

from the extract by rotary evaporation. Preasphaltenes, asphaltenes and

residue were dried overnight in vacuum at 110°C. The conversion was

calculated by subtracting the residue weight (corrected as appropriate for

the weight of added catalyst) from the weight of coal and dividing by the

daf weight of the coal. It was assumed that in the liquefaction system the

catalyst precursors transformed to the same materials as they did in

reactions in the absence of coal in hydrogen or H2S:H2 at 275°C (Table 2

and 3).

3.3. RESULTS AND DISCUSSION a

3.3.1. Swellingof Coals

Solvent swelling ratios as a functionof contacttime for four

different solvents are given in Tables 4 and 5 for the Texas lignite (PSOC-

1444) and the Blind Canyon hvCb (PSOC-1503),respectively. The maximum
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Table 4. Changein solvent swelling ratio (Q) with time
for the Texas Lignite (PSOC-1444)

ii i ---
i

" Methanol THF Pyridfne TBAH

Time Q Time Q Time Q Time Q

• (h) (h) (h) ..... (h)
c_,, ii

5.0 1.1 6.0 1.2 6.5 1.6 6.0 2.6

11.5 1.1 15.5 1.2 21.5 1.6 14.5 2.6

23.0 1.1 22.0 1.3 42,0 1.6 24.5 2.7

27.5 1.1 28.0 1.3

Table 5. Changein solvent swelling ratio (Q) with
' time for the Blind Canyonbitminous coal

(PSOC-1503)

Methanol THF Pyridine TBAH(104)

Time (h) Q Q Q Q

6.0 1.2 1.9 2.4 1.2

10.0 1.3 1.8 2.3 1.2

20.0 1.3 1.8 2.2 1,2

26.0 1.3 1.8 2.3 1.2
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levelof swellingwas attainedwithin6 h; additionalsolvent-coalcontact

in excessof 26 h did not significantlyincreasethe swellingratio. The

swellingexperiencedby eachcoalwas slightlydifferentwith respectto
e

the individualsolvents.Forthe Texaslignite,swellingincreasedin

order:methanol< THF< pyridine< I0_TBAH;for the BlindCanyon,the

orderwas: I0_ TBAH< methanol< THF < pyridine. The extentof the

swellingin the differentsolventsis rank-dependent.Lignitesare more

crosslinkedthan bituminouscoals. Therefore,lignitesgive lessswelling

and extractabilityin methanol,THF and pyridinethando bituminouscoals.

Ligniteshave higherconcentrationsof acidicphenolichydroxyland

carboxylicgroupsthan bituminouscoals;therefore,swellingof lignite

increaseswith increasingbasicityof solvents.TBAH is quitebasicand

reactsstronglywith the typesof oxygenfunctionalitiesin most lowerrank

coals[Liottaet al., 1981]. Our resultswith the BlindCanyonbituminous

coal differfromthoseof Joseph[Iggl],who determinedfor IllinoisNo. 6

bituminouscoal that the highestswellingwas obtainedwith 15_ TBAH

{comparedwith THF and methanol).Thisdifferencecan be explained,at

leastin part,by the higheroxygenfunctionalityof the IllinoisNo. 6

coal comparedto thatof the BlindCanyoncoal and by the tendencyfor TBAH

to reactwith thesefunctionalgroups[Liottaet al., 1981].

3.3.2. Comparisonof Molybdenumand IronCatalystPrecursorsfor

Pretreatment

In thissubsection,we discussresultsobtainedwithoutswelling.

Table6 showsconversiondata for thermal(non-catalytic)reactionsand
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Table 6. comparisonof molybdenumand iron catalysts on the liquefaction of
Texas subbituminous (DECS-1)and Blind Canyonbituminous coals
(DECS-6)

i ,,

React. Conversion_ (daf)

I ii i

Coal Catalyst Gas Total Preasph Asphalt Oil+Gas

• i i Ii i Ii) i i i i ri

DECS-1 None H2 7 3 2 2

DECS-I None H2S:H2 9 4 2 2

DECS-I FeSO4 H2 6 2 2 2

DECS-1 Fe(CO)s H2 6 2 2 2

DECS-I Fe(CO)5 H2S'H2 11 4 4 4

DECS-I ATTM H2 9 4 4 2

DECS-1 MoS 3 H2 7 4 2 2

DECS-I Mo(CO)s H2 7 3 2 2

DESC-I Mo(CO)6 H2S"H2 9 4 3 2
i ii ii i

DECS-6 None H2 18 11 2 5

DECS-6 None H2S:H, 18 10 2 7

DECS-6 FeSO4 H= 17 9 3 5

DECS-6 Fe(CO)s H2 17 8 2 7

DECS-6 Fe(CO)S H2S'H2 23 14 3 6

. DECS-6 ATTM H2 25 15 3 7

DECS-6 MoS3 H2 27 19 3 5
m

DECS-6 Mo(CO)e H2 16 8 2 7

DECS-6 Mo(CO)6 H2S'H2 27 16 3 7
.,
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reactionswith catalystimpregnation.Higherconversionwas obtainedfrom

BlindCanyonhvAbcoal thanfromTexassubCwhencatalystwas not used (18_

vs 74). A majorcontributionto the higherconversionof BlindCanyonis

the greatlyincreasedyieldof preasphaltenes(11 vs 34). Thismay

indicatea greaterliberationof mobilephasefrom the bituminouscoal. A

greateroil+gasyieldis alsonotedfor BlindCanyon(5"vs24).

Experimentsin H2S:H2 (5:g5)show increasedconversionsrelativeto H2.

This is more noticeablefor the subC thanfor the bituminouscoal. This

behavioris attributedto the well-knownroleof H2Sas a liquefaction

catalyst. The greaterimprovementfor the subbituminousrelativeto the

bituminouscoal,may indicateH2Sinteractionswith oxygenfunctional

groups.

The conversionsof bothcoalsimpregnatedwith sulfidedcatalystsare

greaterthan thoseobtainedwithoutcatalyst.With TexassubC,ATTM

improvesconversionslightly(94 vs 74). The increasedconversionis due

to increasedasphaltenesand preasphaltenes.MoS3 also improvesconversion

slightly,via increasedpreasphaltenes(34vs 44). With BlindCanyon,

impregnationwith ATTM increasedconversionfrom I_ to 254,mainlyas a

resultof increasedpreasphaltenes.Oil yieldalso increasedslightly(74

vs 54).MoS3 doeseven better(274conversion),by nearlydoublingthe

yieldof preasphaltenes(194vs 114). However,the oil yieldwas not

improvedWithMoS3. Utz and co-workers[Ig8g]haveshownthat the

conversionof IllinoisNo. 6 coalwith MoS3 was comparableto that obtained

with ATTM. Thisentirebodyof resultswithATTM andMoS3 is in general
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agreement with our previous findings, which suggestedthat the principal

role of sulfided catalysts in liquefaction is to increase conversion via

breakdown of the macromolecular structure of the coal, and hence the

predominant contribution to enhanced conversion comes from greater yields

- of preasphaltenes and asphaltenes [Burgess et al., lggl].

The similarity of results obtained using ATTMand MoS3 can be

explained by the decomposition behavior of ATTMin the reaction system.

Thermal analysis of ATTHshowed two regions of decomposition (Figure 1).

The first occurs around 160°C with loss of 24.5_ weight (for the conversion

of ATTMto MOS3, the calaulated weight loss is 26.15_). The second occurs

around 370°C and the total weight loss was 38.8_o (from ATTMto MoS2 the

theoretical weight loss is 38.46_). ATTMwas reacted at 275°C in H2 (TMPa

cold ) without coal to determine the fate of ATTMin the preliquefaction

conditions. Elemental analysis of the product shows that ATTMtransforms

to MOS2+x which contains 3.26_ of nitrogen (Table 2). The slightly

different activities of these two molybdenum-based catalysts with both

coals may be due to a difference in catalyst dispersion and on the negative

effect of ammonia (released from decomposition of ATTM) on the activity of

the molybdenum sulfide catalyst derived from the ATTM.

FeSO,.7H20 produces no change in conversion or product slate for

liquefaction of the Texas subC. Also, Jt is not an active catalyst for

" liquefaction of the bituminous coal at 275°C. XRD of the product of

heating FeSO,.7H20 in a microautoclave in the absence of coal showed mono-

and tetrahydrated ferrous sulfate phases as the primary products at 275°C.
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Conversionof FeSO4 to an activesulfidephasewas achievedonly above

350°C. In section4 of this reportwe will discussin more detailaspects

of the use of ferroussulfateas a liquefactioncatalystprecursor.
I

Single-particleimpregnationstudies[discussedin Section7] usinga

. methanol-pretreatedor moistsurfaceof the TexassubC indicatethat a good

surfacedispersionof ferroussulfatewas achieved(PlateIIIcand d,

respectively).PlateIIIcillustratesthe two crystaltypesfound;one

occurredas largeprismaticcrystalsrangingin size from 100 to 300 mm,

and the othertypeoccurredas acicularcrystalsthatwere distributedas

30 mm size clustersacrossthe coal surface. EDS examinationrevealedthat

the largercrystalswere ferroussulfate,whereasthe more highly

disseminatedacicularformwas calciumsulfate. At highermagnification

(PlateIIId),the needle-likeclustersof calciumsulfatewere foundto be

associatedwith a core of ferroussulfate. When ferroussulfatein aqueous

or methanolsolutionis appliedto a moistcoalsurface,ion exchangeof

ironwithorganicallyassociatedcalciummay be promoted. (Thecalcium

contentof DECS-Iis 0.7_on a dry basis.)BlindCanyonhas lesscalcium

(0.5_,dry coal basis),but someacicularcrystalswere observedon the

single-particlesurfacesamongcrystalsof ferroussulfate.

Bothcalciumand ironsulfateparticleswere observedon surfacesin

the particulatesamplesimpregnatedwith ferroussulfatein aqueous

" solution(PlateVb). Differentconcentrationsof ironand calciumsulfates

observedbetweenthe two coalscloselyfollowthoseseenwith the single-

particlesamples. However,a much betterdispersionof sulfatecrystals
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was observed in the Blind Canyonsample. EDSexamination showedthat one

particle in five had an iron peak or had recognizable crystalline material.

A similar analysis of the Texas subCparticulate sample demonstrated that

sulfate materials were not as uniformly dispersed, most being found in

largedepositsnot associatedwiththe coal.

ImpregnatedFe(CO)5 providedno changein conversionof the TexassubC

in a H2 atmosphere,but slightincreasesin asphalteneand oil+gasyields

(andthusdecreasedpreasphaltenes)were observed. However,in H2S:H2,

Fe(CO)sprovidesan increasein conversion(11_vs 7_),with a doublingof

preasphaltenesand increasedasphaltenesand oil+gas. For the bituminous

coal reactedin H2,Fe(CO)sdoesnot enhanceconversion,but shiftsthe

productslatetowardlightermaterialsat expenseof preasphaltenesand

asphaltenes. In H2S:H2, Fe(CO)s enhancestotalconversion(23_vs 18_,),

mainlyvia increasedpreasphaltenes(14_vs 11_). Elementaland XRD

analysesrevealedthatFe(CO)stransformsto ironoxides(FeOand Fe304)

with accumulatedcarbonin H2 and transformsto pyrrhotitein H2S:II2 (Table

3 and Figure2). Thusthe behaviorof the catalystcan be influencedby

the chuiceof atmosphere.In the absenceof H2S,the catalystis not

sulfided,and appearsto haveno effecton facilitatingthe breakdownof

the coal structure,becausethe conversionisessentiallyunchanged.

However,in this systemthe catalystdoesfacilitatehydrogenationof the

heavierfractionsof the subCcoal. In H2S:H2,an increasein conversion

(g_vs 7_) results,primarilyfromincreasedasphaltenesand

preasphaltenes.
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Host priorwork on ironoxideformationfromcatalystprecursorsand

its subsequenteffecton liquefactionhas been at temperaturesmuch higher

thanour work. Impregnationof Victorian(Australia)browncoalswith
t

ferrousacetateand subsequentreactioninitiallyformedhydratediron

oxidesand ironhumates[Cookand Cashion,1987a]. At temperatures_380°C

in H2,the ironremainingin the liquefactionresiduewas presentas a

mixtureof magnetiteand troilite[Cooket al., 1988]. The magnetitecan

be convertedto iron,whichis subsequentlytransformedto the carbide

[Cookand Cashion,Ig87b]. AboveqOOOC,improvedconversionobtainedby

additionof ironcompoundsoccursin the form of increasedoil yields

[Cassidyet al., 1982]. In comparison,severalothergroupshave shown

that ironpresentin a sulfidedformhelpsconvertthe coal to asphaltenes,

but doesnot facilitateconversionof asphaltenesto oils [Cooket al.,

1988;Larkinset al., 1984;Pradhanet al., Iggl].

Similarto the findingswith Fe(CO)s,No(CO)6in Hs doesnot affect

conversionof BlindCanyon,but shiftsproductsto lightermaterials. This

suggeststhatMo{CO)e,or its thermaldecompositionproducts,is effective

in catalyzingthe hydrogenationof preasphaltenesand asphaltenesto oil at

275° in a low-sulfurmedium. (No significantbeneficialeffectwas

observedwith the TexassubC.) In H2S:H2, conversionis enhanced,mainly

via formationof more preasphaltenes.In the absenceof coal,Mo(CO)6is

largely,but not entirely,unreactivein Hs, but transformsto a sulfided

catalystin H2S:H2 (Table3). Reactionof Mo(CO)6in H2 at 275° yieldsa

producthavingthe empiricalformula(basedon elementalanalysis)Mo(CO)s.
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XRD of this productshowsonly Mo(CO)6as an identifiablematerial,along

with some broadpeaksindicativeof poorlycrystallinematerial. Since

Mo(CO)6readilysublimesat 110°, the amountof hexacarbony]remainingin

the reactionproductcan be estimatedeasilyby thermogravimetricanalysis.

" For reactionof Mo(CO)6 in H2 at 275°, the productcontains88_ unreacted

Mo(CO)6,as estimatedby TGA. (ltshouldbe notedthat a mixtureof 83.3_

Mo(CO)6and 16.7_Mo wouldhave an elementalcompositionconsistentwith an

empiricalformulaMo(CO)_,in good agreementwith the TGA resultof 88_

Mo(CO)6.) A smallamountof hydrocarbongaseswas detectedafterreaction,

suggestingsome interactionof CO releasedby thermaldecompositionof the

carbonylwith H2, in a Fischer-Tropsch-likereaction. Reactionof Mo(CO)6

in H2S:H2 at 275° givesa producthavingelementalcompositionconsistent

with the empiricalformulaMoOS2,mixedwith smallamountsof carbon,

althoughwe have not unequivocallyidentifieda specificcompoundof this

formulain the product.

Sulfidedmolybdenumcatalystsare well knownto be activefor

hydrogenation.Hydrogenabsorptionfromthe gas phaseis approximately18

mg with sulfidedmolybdenumcatalystat 275°C,while it was almostzero

withoutcatalystfor bothcoals. The gaseousproductof the reactionat

. 275° is only CO2, and variesin the range0.3-0.6_for BlindCanyonand

1.3-2.5_for the TexassubC.

3.3.3. The Effectof Preswellingon Non-catalyticLiquefaction

Conversionsof solvent-swollencoalswithoutcatalystimpregnation

are givenin Table7. Treatmentwithmethanolenhancedoil formation,
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Table 7. Effect of pres_elling treatment on liquefaction of Texas
subbituminous (DECS-1)and Blind Canyonbituminous (OECS-6)
coals at 275°C

i

Conversion _ (daf)
i i

Coal Solventi,i Totali_,ii Preasplh Asphalt Oil+Gas. •

DECS-1 None 7 3 3 2

DECS-1 Nethanol 8 2 2 4 "

DECS-1 THF 7 3 ), 4

DECS-1 Pyridine 10 2 2 6

DECS-1 TBAH 18 5 4 8
mm inl iii i i

DECS-6 None 18 11 2 5

DECS-6 Methanol 20 12 2 6

DECS-6 THF 22 11 2 9

DECS-6 Pyridine 16 6 1 8

DECS-6 TBAH 24 15 4 5

decreasedpreasphaltenesand asphaltenesfor the TexassubC (DECS-I);and

enhancedoils and preasphaltenesand decreasedasphaltenesfor the Blind

Canyoncoal (DECS-6).

THF is the leasteffectiveswellingreagentfor the liquefactionof

the subC,but it providedimprovedconversion,commensuratewith its good

swellingability,for BlindCanyon(Q = 1.9). THF pretreatmentincreased

the totalconversionof BlindCanyonfrom 17.7_to 22.1_and oii formation

from4.g_ to g.2_. Itseffecton formationof preasphaltenesand

asphalteneswas not significant.

Pyridinepretreatmentprovidedgreatertotalconversionand oil

formationfor the subCthan thoseobtainedfrommethanoland THF treatment.

However,this treatmentdiminishedthe formationof preasphaltenesfrom

thiscoal. Pyridinetreatmentof BlindCanyondecreasedconversionfrom
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18_ to 16_. A significant reductions in the yield of preasphaltenes, from

11_ to 6_, andsomedecrease in the yield of asphaltenes, from 2_ to 1_,

were observed. However, the yield of oils increased from 5_ to 9_.
t

TBAHtreatment provided the higlhest conversion for both coals

. relativeto the othersolvents,even thougha I0_TBAH solutionin a 1:1

water:methanolmixtureswelledBlindCanyonleast. Thereare two likely

reasonsfor the highconversionwith TBAHadditionto coals. The firstis

increasedswellingthatmay resultwhen the carriersolventis evaporated.

Evaporationof methanolandwaterfromthe coal-solvent-TBAHmixture

increasesthe concentrationof TBAH in the coal. The TBAH,thus

concentratedby evaporation,can increasethe swellingof the coal.

Second,in a reactionof 4_ TBAH in a microautoclaveat the same reaction

conditionsas used for the pretreatmentexperiments(butwithoutcoal),

butaneand butenewere observedin the gaseousproducts, lt can be

expectedthat TBAH likelytransformedto amines,such as tributylamine.

Therefore,TBAH can be envisionedto act as a "solventprecursor,"in that

the TBAH remainingin the coalafterthe swellingprocedurecan undergo

thermaldecompositionto compoundsthat are goodsolventsfor coal. Amines

are verygood promotersfor coal liquefaction[Kazimiet al., 1985;Tagaya

et al., 1987;Milleret al., 1990],,The nitrogencontentsof residue,

preasphaltenesand asphalteneswere higherfor TBAH-swollencoal than those

° of unswollencoal. This increaseis attributedto the incorporationof

amines. Assumingthat TBAHtransformedto tributylamine,the amountof

tributylamineincorporatedin residue,asphaltenesand preasphaltenescan

........ Iri, ,, _r_'
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be determined from the difference betweenthe nitrogen contents of these

materials and those of the respective products from unswollen coal. The

incorporation of amine compoundin these products varied between2-g_.
o

Addition of TBAHprovided the highest increase in yields of preasphaltenes,

asphaltenes and oil for the subCcomparedto those of coals swollen with

other solvents. For Blind Canyon,TBAHaddition provided the greatest

conversion, yields of preasphaltenes and asphaltenes, but a lower yield of

oil relative to those for coals swollen with the other solvents.

For the subC, conversion of solvent-pretreated sampleswithout

catalyst increased in the order of none , THF< methanol< pyridine <<

TBAH. TBAHand pyridine are the mosteffective swelling agents, and

provide highest conversions of swollen samples. Furthermore, these two

solvents also provided the highest oil + gas yields. For Blind Canyon,

conversion without catalyst increased in the order of pyridine < none <

methanol< THF< TBAH. The behavior of the bituminous coal, with respect

to conversion, is quite different from that of the subC, since in this case

pyridine was the most effective swelling solvent, yet pyridine pretreatment

actually suppressedconversion. However, the two best swelling solvents,

pyridine and THF, producedthe highest oil+gas yields. The extractive

ability of a particular solvent is related to the swelling effect of that
w

solvent for a particular coal. A goodextractive solvent can disrupt weak

bondsin the coal networkor in materialtrappedin the coal structure.

Therefore,moleculesreleasedby thisdisruptionand theweakenedstructure

can be reactedat lesssevereconditions.
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3.3.4. CombinedEffects of Swelling and Catalyst Impreqnation
,:

Comparativeconversiondata for ATTM-impregnatedswollenTexassubC

and BlindCanyonbituminouscoal are givenin Table8. A comparisonof the
D

- Table 8. Effect of preswelling on liquefaction of Texas subbituminous
(DECS-I) and Blind Canyonbituminous (DECS-6) coals with ATTN

catalyst at 275°C

Conversion _ (daf)

Coal Solvent Total Prea_ As_ Oil+Gasmm_

DECS-I None g 4 4 2

DECS-I Methanol 10 3 2 4

DECS-1 THF g 3 3 3

DECS-1 Pyridine 12 3 2 6

DECS-1 TBAH 19 6 5 8

DECS-6 None 25 15 3 7

DECS-6 Methanol 25 15 2 7

DECS-6 THF 25 12 2 10

DECS-6 Pyridine 27 15 3 10

DECS-6 TBAH 24 14 4 6 _

resultspresentedin Tables7 and8 showsthat,for the subCswollenwith

any givensolvent,additionof ATTM improvedconversionrelativeto that

obtainedfor experimentswithoutcatalyst. The increasein conversion

obtainedby addingATTM is aboutthe same for all samples,suggestingthat

" the effectsof swellingand catalystimpregnationare independent.

However,the improvementin conversionobtainedby combiningATTM

impregnationand swellingis lessthanthatobtainedby addingATTM to
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unswollensubC coal. For example,impregnationwith ATTM increased

conversionfrom 7_ to g_ whenthe subCwas not pretreatedwith solvent,but

for the solvent-treatedsamplesthe conversionsincreasedonly by I-2_.

The oil+gasyieldsare essentiallyunchanged(relativeto the solvent-
I

pretreatedsampleswithoutcatalyst)on addingATTM,with the increasein

conversionobtainedvia increasedyieldsof preasphaltehesand asphaltenes.

Sincesulfidedmolybdenumcatalystsappearto actmainlyto increasethe

yieldsof thesetwo productsfromunswollencoals,thisobservationfurther

corroboratesthe suggestionthatthe effectsof catalystand swelling

solventare independent.If the effectsof swellingand catalyst

impregnationare comparedwith resultsfor catalystimpregnationwithout

swelling,it can be seenthatsolventtreatmentincreasesconversion,and

that generallythe yieldsof preasphaltenesand asphaltenesare reduced

relativeto the casewithoutsolventtreatment.Hencesolventswelling

facilitatesshiftingthe productslatetowardlightermaterials. The

greatestconversionsand formationof all typesof productswere obtained

withTBAH addition. In thiscase,the TBAHwas by far the most effective

solventpretreatment,becausethe conversiondoubled,relativeto the

unswollensubC,and yieldsof a11 productswere increasedsignificantly.

The orderof conversioncan be givenas none =THF _ methanol< pyridine<<

TBAHfor the subC. This is essentiallythe same as the orderobtained

withoutATTM.

For BlindCanyon,the resultsare not as consistentas in the case of

the subC. Additionof ATTM increasedconversionsfor solvent-treated
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samples, relative to comparable samples without ATTH, except with TBAH-

treated coal. In fact, TBAHaddition seemedto decrease the activity of

the molybdenumsulfide catalyst, becausethe conversion of TBAH-treated

coal was slightly less than that of the unswollen coal (also see Sections

. 6.3.2. and8.3.1.). Again the increased conversion is mainly in the form

of enhancedyields of preasphaltenes and asphaltenes. For this coal, the

effects of solvent pretreatment on conversion at 275° are negligible, but

THF, pyridine, and TBAHeffect slight changes in the product distribution.

THF and pyridine treatments increase oil and gas yields at the expense of

preasphaltenes and asphaltenes. TBAHtreatment increases asphaltene yield

while decreasing preasphaltenes.

One reason for improvedconversion and product yield for THF-treated

Blind Canyoncoal is suggestedby Plate Ic. This SEMmicrograph showsthe

surface of several coal particles coated with hemispherical bodies

following swelling in THF and impregnation with ATTH. These bodies were

easily destroyed by a focused electron beamand are carbon-rich. We

conclude that this material waspart of the THF-soluble fraction that was

extracted from the coal during swelling and that was subsequently

redeposited on the coal surface whenthe THFwas evaporated before catalyst

impregnation. The benefit of this removal and redeposition of THF-solubles

could arise in two ways. First, the separation of the THF-soluble material

• from the coal during swelling could have created more surface area for

catalyst deposition (although we have not measuredthe surface areas before

and after swelling). Second, conversion of bituminous coals in short
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contacttime,low-temperatureliquefactionhas been shownto dependon the

mobilityof the solvent-extractableportionof the coal and its abilityto

reachcatalystparticleson the coalsurface[Chamberlinand Schobert,

Iggl]. THF bringingsomeof this mobilematerialto the coal surface

shouldmake it easierfor thismaterialto contactthe dispersedcatalyst.

The significantincreasein oil+gasyield (Table7) suggeststhatby

improvingaccessof the THF-solublefractionto the hydrogenation

environmentmay be beneficial.The improvedoil+gasyieldsand reduced

preasphalteneand asphalteneyieldsshownin Table8 implythat the

increasedsurfacearea for catalyst/coalcontactresultingfrom swellingin

THF has littleinfluenceon conversionof the THF-insolublefractionof

thiscoal underpretreatmentconditions.Improvedaccessof catalystto

the THF-solublecoalfractiondoes not significantlyincreaseyield

relativeto the non-catalyticreaction,but may improveoverallproduct

quality.

Additionof ATTM in water,methanolsolutionswas studiedfor both

coalsusingsingleparticlesas well as particulatesamples. The

distributionof catalystwas the sameregardlessof the coal or whetherthe

sampleswere pretreatedin methanol. As shownin PlateVlb and PlateVIId,

when the solventwas evaporatedmost of the ATTMaggregatedin clusterson

the coal surface. For the singlecoalparticles(PlateVlb),the clusters

were generallylarge. Individual10 _m plateletsof ATTM occurredin some

areasof the sample. Coal surfacesin closeproximityto the clustersgave

no molybdenumor sulfurpeaksusingthe EDS,suggestingthatATTM formsa
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deposit only on the exterior surface of the coal anddoes not penetrate

deeply into the interior of the particles. In the particulate sample

(Plate VIId), clusters of ATTMwere not found uniformly on all particles,

and they were typically muchsmaller (<5 pm).

. UsingMo(CO)6 in H2S:H2, littleis gainedby solventtreatmentfor

BlindCanyon(Tableg). Increasedconversionwith pyridineis mainlya

resultof increasedasphaltenes.For the TexassubC,similartrendsare

observedas were seenwithATTM and in the non-catalyticreactions.The

principaleffectof solventpretreatmentis an increasein oil+gasyield.

Conversionof thiscoal increasesin the ordernone _ THF < methanol<

pyridine< TBAH. With Fe(CO)S in H2S:H2 (Table10),onlyTBAH provided

higherconversionfor the subC,and increasesthe yieldsof all products.

Othersolventtreatmentsdid not enhanceconversion.Pyridinetreatment

causedan increaseof oil+gasyield,and a decreaseof preasphaltenes.

Solventtreatmentprovidedlittleimprovementin conversionof Blind

Canyon. TBAH and pyridinepretreatmentslightlyincreasedconversionvia

an increaseof oil+gasyields.

3.4. CONCLUSIONS

Withoutswellingpretreatment,impregnationof bothcoalswith

catalystprecursorsincreasedconversionat 275°. Increasedconversionwas
e

mainlya resultof an increasedyieldof preasphaltenes.In the absenceof

" catalyst,swellingthe subCcoal beforeliquefactionimprovesconversion,

with the increasemainlya resultof additionaloil+gasyield. The
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Table 9. Effect of preswelling on liquefaction of Texas subbituminous (DECS-I)
and Blind Canyon bituminous (DECS-6) coals with Ho(CO)6 at 275°C

React. Conversion (_) iii

Coal Gas Solvent Total Preasph Asphalt Oi l+Gas
' I I' .........

DECS-I H2 None 7 3 2 2

DECS-1 H2S:H2 None 9 4 3 2

DECS-1 H2S:H2 Methanol 11 3 2 5 •

DECS-I H2S:H2 THF 9 3 3 3

DECS-I H2S:H2 Pyridine 14 3 4 7
DECS-I H_S:HA TBAH 15 , 4 ,4 7

e, i,

DECS-6 H2 None 16 8 2 7

DECS-6 H2S:H2 None 27 16 3 8

DECS-6 H2S:H2 Methanol 26 16 4 6

DECS-6 H2 THF 15 7 I 7

DECS-6 H2S:H2 THF 27 17 4 6

DECS-6 H2S:H2 Pyridine 28 16 6 6

DECS-6 H2S:H2 TBAH 26 16 6 4ii

Table 10. Effect of preswelling on liquefaction of Texas subbituminous
(DECS-1) and Blind Canyon bituminous (DECS-G) coals with Fe(CO)s
in H2S:H2 (5:95) at 275°C

i ,i

Conversion_(daf)i

Coal Solvent Total Preasph Asphalt oil+qas

DECS-I None 11 4 4 4

DECS-I Methanol 10 2 4 4

DECS-I THF 11 4 2 5

DECS-I Pyridine 11 , 2 3 6

DECS-I TBAH 24 8 10 6i

DECS-6 None 23 14 3 6

DECS-6 Methanol 20 10 2 8

DECS-6 THF 20 10 3 7

DECS-6 Pyridine 24 12 3 9

DECS-6 TBAH 26 12 ,4 10
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relative effectiveness of various solvents for improving conversion is in

the samegeneral order as their effectiveness at swelling the coal.

Preswelling with methanol or pyridine has little effect on liquefaction of

Blind Canyon, but both THF and TBAHprovide increased conversion as a

" resultof improvedpreasphalteneyields. With thiscoal,the effectiveness

of solventsat improvingliquefactionis not in the sameorderas their

abilityto swellthe coal. The combinedeffectof catalystadditionand

swellingis to enhanceconversionof the subC coal,with a doublingof

conversionobtainedby impregnationwith catalystand swellingby TBAH.

The yieldsof all productsare enhancedby thispretreatment.In contrast,

littleimprovementin totalconversionof the BlindCanyoncoal is obtained

by combiningcatalystimpregnationand solventswelling,but changesin the

relativeproportionsof the productscan be obtained.

Investigationof catalystimpregnationof solvent-swollenor moist

Coalswith SEM demonstratesthat ferroussulfateand ATTM formonly surface

dispersions.Pretreatmentin methanolor THF appearsto have little

influenceon impregnation.ImpregnationwithATTM beforeand aftersolvent

swellingresultsin a surfacedispersion.Aggregatesof smallcrystals

were observedon the surfaceof singleparticlesand on particulate

. samples. Molybdenumand sulfurpeakswere not detectedin areaswhere

thesecrystalswere absent.

" The resultswith Fe(CO)S in the differentgas atmospheresare

noteworthybecausethey suggestthe possibilityof tailoringthe catalyst

actionto the characteristicsof the coaland the kindof transformations
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desired. We haveshownelsewherethatsulfidedcatalystsgenerallyseem to

intervenein the initialbreakdownof the coal,producingpreasphaltenes

and asphaltenes[Burgesset al., 1991]. For coalswhichdo not have a high

inherentreactivity,a catalystfacilitatingbreakdownof the structuremay

be very useful. On the otherhand,somecoalsappearto undergoa facile

thermaldepolymerizationeven in the absenceof catalyst,and in suchcases

a catalystthat actsmainlyto helphydrogenateheavierproductsto oils

mightbe preferable.With impregnatedFe(CO)sthe choiceof atmosphere(H2

vs H2S:H2) providesthe opportunityof generatingan activecatalystthat

actseitherfor coalbreakdownor for shiftingthe productslateto lighter

materials,lt is interestingto speculatethatone could,for example,use

a H2S:H2 atmosphereto providea sulfided,dissolutioncatalystfor the

firststage,re-impregnatewith Fe(CO)5betweenstages,and use a H2

atmospherein the secondstageto enhancehydrogenationof the

preasphaltenesand asphaltenes.

An addedbenefitof solventswellingcouldbe the formationof good

solventinsidethe coal,as in the case of the thermaldecompositionof

TBAHto tributylamine.Previouslywe haveshownthat the transportof the

mobilephaseto catalystparticleson the surfaceof the coal is an

importantfactorin short-contacttime.liquefactionof bituminouscoals e

[Chamberlinand Schobert,1991]. The use of a goodswellingagentas a

"solventprecursor",with subsequentin-situgenerationof a good

extractivesolvent,couldincreasethe amountof mobilephasemovingout of

thecoal and reduceitsviscosity.In addition,combiningan excellent
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hydrogendonor (tetrahydroquinoline) into the samemolecular species as a

catalyst precursor facilitates hydrogenation by keeping the donor in, or

near, the catalyst [Burgess and Schobert, 1991]. Hencethe prospect exists

for future developmentsof combined"solvent-amd-catalyst precursors".

. It is important to recognize that the first-stage liquefaction may

producechanges in coal structure or behavior that significantly enhance

conversion in the second, high-temperature stage, but which are not

necessarily evident in the macroscopiccharacteristics (e.g., formation of

soluble materials) of the products of the first stage. That is, a

particular coal-catalyst-solvent combination may provide small conversions

or yields of soluble products at the end of the first stage, yet may have

experienced subtle changesof structure which then facilitate significant

conversion in the secondstage. Hencethe ultimate assessmentof the

utility of catalyst impregnation, solvent swelling, or both in improving

liquefaction behavior in temperature-staged processes is to determine

conversions and product yields at the end of the secondstage. This is the

topic of the next two sections.
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4. TEMPERATURE-STAGEDLIQUEFACTIONOF COALS IMPREGNATEDWITH FERROUS
SULFATE

4.1. INTRODUCTION

Ironcompoundsare attractivecatalystsfor coal liquefactiondue to

theirrelativelylow cost,hydrogenationactivityand the potentia]of

solubleironcompoundsto be dispersedon or impregnatedintothe coal.
t

One of the earliest|arge-scaledirectliquefactionoperations,the Bergius

- IG Farbenprocess,used a disposableironoxidecatalyst[Probsteinand

Hicks,I982]. In many liquefactionsystemsthe additionof sulfur,or the

sulfidingof the ironcatalyst,improvesthe activityof the iron [Jackson

and Larkins,1991]. The activeformof ironcatalystis consideredto be

an ironsulfide[Gargand Givens,1982]. The non-stoichiometriciron

sulfides,such as pyrrhotite,playan especiallyimportantrole in coal

liquefaction[Montanoand Granoff,1980;Brookset al., 1983;Bommannavar

and Montano,1983]. The Fe/Satomicratioin the non-stoichiometric

sulfideswhichprovidesmaximumliquefactionconversionis in the range

0.5-1.0[Yokoyamaet al., I986]. In addition,a synergismexistsbetween

pyrrhotiteand H2Sfor hydroliquefaction[Baldwinand Vinciguerra,1983];

indeed,in somecasesit is thoughtthatpyrrhotiteis catalyticallyactive

only in the presenceof H2S [Narainet al., 1987;Lambertet al., 1980].

lt is now generallyappreciatedthat beneficialeffectscan be

obtainedin liquefactionby achievinggooddispersionof the catalyston

the surfaceof the coal particles.Catalystdispersionincreasesthe

numberof catalystparticlesin closeproximityto sitesat whichreaction
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is occurring,and the dispersionof catalystas fineparticlesincreases

the amountof activecatalystsurfaceareaavailablein the reactor

(relativeto usingthe same quantityof catalyst,but in larger,less

• dispersedparticles).An approachto achievingcatalystdispersionis to

. employa liquidvehicleas the mediumfordispersingthe catalyst.

Unfortunately,severalof the compoundsof interestas liquefaction

catalysts,such as pyrrhotite,pyrite,andmolybdenumdisulfide,are

insolublein all commonsolvents. Consequently,a strategyof using

"catalystprecursors"has beendeveloped,in whichthe precursoris a

solublecompoundthatmay not itselfbe catalyticallyactive,but

transformsat elevatedtemperatureintoan activecatalyst. For example,

moderatelysolubleammoniumtetrathiomolybdate,whichdecomposesto

molybdenumdisulfideat typicalreactiontemperatures,has been usedas a

precursorto obtaina good dispersionof the disulfide.

A varietyof ironcompoundsare solublein wateror organicsolvents,

and have been investigatedas prospectivecatalystprecursorsfor direct

liquefactionand forco-processing.The compoundsused in this application

have includediron(ll)acetate[Cookand Cashion,1987],ironpentacarbonyl

[Cookand Cashion,1987a;Suzuki,et al., 1985;HirschonandWilson,Iggl;

Herricket al., Iggo;Pradhanet al., 1991],dithiodiironhexacarbonyl

[Hirschonand Wilson,Iggl],iron(lll)acetylacetonate[Kamiyaet al.,

• 1988],and iron(lll)nitrate[Yamashitaet al., 1989]. The compoundused

in our presentwork is iron(ll)sulfate,or ferroussulfate. Natanabeet

all [1984]and Suzukiet al. [1984]reportedusingferroussulfateas a
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catalystprecursor. In theirwork,additionof ferroussulfatedid not

promoteconversionof low-sulfurcoals, lt is likelythat ferroussulfate

did not completelytransformto an activecatalystduringliquefaction.
B

Rahimiand co-workers[1986]examinedthe effectof H2S,FeSO,,and both

H_Sand FeSO,togetheron coprocessingof coalswith heavyoils. They

showedthat an H2S:H2 atmosphereis superiorto the additionof FeSO_in a

Hs atmosphereat low andmoderateseverityconditions,but at high severity

the FeSO,additionis superiorto use of H2S. Theirresultsmay reflect

the transformationof FeSO,to the catalyticallyactivepyrrhotiteat high-

severityreactionconditions.

H2Sand organosulfurcompoundsare knownto convertvariousiron

compoundsto the sulfideunderreactionconditionssimilarto thosein the

presentwork. Mills [Igso]showedthat Fe_O3 is convertedto the sulfide

duringcatalyticcrackingof sulfur-richfeeds. Impregnationof Horwell

(Victorian)browncoalwith iron{ll)acetateresultedin the initial

conversionof the precursorto iron(lll)oxideand iron (II)humate[Cook

and Cashion,Ig87b],with subsequentconversion,in hydrogen,of the added

ironto magnetite,troilite[Cooket al., 1988]and cementite[Cooket al.,

Ig87a]. However,reactinga high-sulfur,iron-treatedcoal or adding

sulfurto coal treatedwith ironcarbonylresultedin all of the inonbeing

convertedto pyrrhotite[Suzukiet al., ig85].

The work reportedin thissectionis partof a follow-upto the

investigationof catalyticpretreatment,as we havedescribedin the

previoussectionand have publishedelsewhere[Artoket al., 1992]. Staged
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processes have been of interest for sometime, becausethey offer the

prospect of improving process flexibility, increasing process efficiency,

and optimizing the use of hydrogen [Znaimer et al., 1983]. Hydrogen
I

utilization may be fairly easy, and with low requirements for gas-phase

- hydrogen,up to about20_ conversion[Graingerand Gibson,1981]. The

conceptof temperature-staginginvolvesreactionfirstat a low

temperature,e.g. 275-350°C,followedby a secondreactionat a higher

temperaturemore typicalof directliquefactionprocessing,e.g.,375-450°.

Thistechniquecanprovidesignificantbenefits,particularlyin conversion

to solubleoil products[Derbyshireet al., 1986a;Derbyshireet al.,

1986b].The efficientuse of hydrogenin the milder,low-temperaturestage

couldminimizeretrogressivecondensationreactions[Solomonet al., 1991],

combinedwith a partialdepol_rization of the macromolecu]arstructureof

the coal [Derbyshireet al., 1986b]° Particularlyfor low-rankcoals,the

improvedconversionmay be facilitatedby the lossof carboxylgroups

withoutsubsequentretrogressivecrosslinkingat the reactivesitesmade

availableby decarboxylation[So]omanet al.,1991]. Use of catalystsin

the two stagescan offerenhancedproductselectivityin conjunctionwith

high conversions[Derbyshireet al., 1986a].

lt was not a goal of our work to optimizereactionconditions,but

ratherto explorethe changesin productdistributionresultingfrom

" impregnation of two coals of different rank with the precursor of interest,

FeSO6.7H20. Hencewe selected a temperature-staging regime of 2750/425°

mainlyto ensurecomonalitywvithpriorwork and collateralwork to be

,, ,
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reported in the following section, eventually to develop comparisons of the

benefits of usingthis catalyst precursor with those obtained from other

precursors at comparable reaction conditions.
P

4.2. EXPERIMENTAL

The coals used for this work were Blind Canyon (Utah) high volatile A

bituminous coal and a Texas subbituminous C coa]. Proximate and ultimate

analyses of these coals are given in Table 1. The coals were impregnated

with FeSO4.7H20(0.59_ iron, expressed as elemental iron, not the ferrous

su]fate salt, on a daf coal basis) in the following way: the iron salt was

dissolved in sufficient distilled water to give an approximate water-to-

coal ratio of 1:1 (v/w). Usually a single batch of 30 g of coal was

impregnated at a time, enough for several experimnts. The solution was

added to coal in a flat-bottom flask and the mixture was stirred for 30

Bin, then excess water was removed under vacuum at room temperature. The

mixture was continuously stirred during this procedure. Whi]e the coal was

still wet with water, the mixture was quenched in a dry ice-acetone bath

until frozen and was then freeze dried, followed by vacuumdrying at room

temperature. This low-temperature drying of the coal-catalyst slurry has

been shown to improve conversion, presumably by an improvement in catalyst

dispersion [Stansberryand Derbyshire,19B8]. For thermal (non-catalytic)

hydrogenation,the coals were dried overnightat I00°C.

Liquefactionexperimentswere carried out using horizontal

microautoclave reactors (tubingbombs) with a 25 mL capacity. Five grams

of each prepared sample and 5 g of phenanthrenewere placed in the tubing
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bomband mixed with a spatula. Then the reactor was sealed and air was

removedby repetitive pressurizing to 7 HPa, once with N2, twice with H2.

Subsequently, the reactor was pressurized to 7 HPa (cold) with H2 or H2S:H2

(5:95). The reactor was immersedin a preheated sand bath. Temperature-

- staged reaction conditions were 275° for 30 min and at 425° for 30 min.

Hydrogenpressures were in the range 10.5-14 HPaat reaction temperature.

The reactor was oscillated vertically through 2.5 cm at 350 cycles/min. At

the end of each stage, the reactor was plunged into cold water to quench

the reaction, then the volumeof the product gas was measuredby water

displacement. Thewater was saturated with NaC] to prevent CO2

dissolution. Gas sampleswere collected for analysis. CO, CO2, Cz-C2

determinations were performed using a packedCarbosieve columnwith thermal

conductivity detector. Cz-Cs determinations were performed using a

ChemipackC18 column (connected to a flame ionization detector) on a Perkin

Elmer mode]gas chromatograph. Details of the separation and calculation

of yields were given in the previous section. Briefly, preasphaltenes are

THF-soluble, toluene-insoluble; asphaltenes are toluene-soluble, hexane-

insoluble; and oils are hexane-soluble. Total conversion is determined

from the weight of THF-insolubles. Hydrogenabsorption was calculated as

the difference betweenthe amountof hydrogen initially charged to the

reactor and that found by gas chromatographic analysis of the gas after

• reaction.

To determinethe fate of ferroussulfateitselfat thesereaction

conditions,the saltwas reactedin microautoclavesat 7 HPa (cold)N2, H2

-
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or H2S:H2 (5:95)at temperaturesof 275,350 and 425°Cfor one hour. X-ray

diffraction(XRD)measurementsof the productsweremade usingCu-K¢l

radiationwith Rigakuequipmentand operatedat 40 kV and 20 mA. Sulfur
P

and iron analyseswere performedby GalbraithLaboratories,Inc.

Thermogravimetricanalysisof FeSO4.7H20was performedusinga PerkinElmer "

modelTGA-7in N2.

4.3. RESULTSAND DISCUSSION

4.3.1. ReactionChemistryof FerrousSulfate

Thermalanalysisof ferroussulfatein N2 indicatedthreeregionsof

decomposition.First,a decompositiontakesplacearound140°Cand

representslossof waterof hydration.The productin this stageis

FeSO4.H20.The seconddecompositionbeginsat 230°Cand is completedat

260°C. The productof thisstageis FeSO4. Finaldecompositionof the

anhydrousferroussulfateis effectedat temperatures> 575°C,and the

productof this stageis hematite(Fe203).In eachof thesecases,the

identityof the productwas verifiedby XRD. By examiningthe products

obtainedin microautoclave reactionsof ferroussulfatein N2, H2 and

H2S.H2, it was determinedthatferroussulfateis stableat 425°Cin

nitrogenand is stab]eat leastto 350°Cin eitherH2 or H2S:H2 (5"g5).

However,it decomposedat 425°Cin H2 and H2S:H2 (5:95). XRD of the .

productobtainedat 425°Cin H2 showedthe presenceof troiliteand
D

pyrrhotiteophases(Figure3), whereasonly the pyrrhotitephasewas

observedwhen ferroussulfatereactedin a mixtureof H2Sand H2 at 425°C

(Figure4). The elementalcompositionof the stoichiometricferrous
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sulfide is 63.6 Fe, 36.4 S. By comparing the elemental composition of the

products (50.0 Fe, 32.8 S in H2 and 57.5 Fe, 37.8 S in H2S:H2 at 425°C), it

can be seen that the H2S:H2 gas mixture is superior for the transformation

of ferrous sulfate to pyrrhotite.

. 4.3.2. Reactions of Coals Impregnatedwith Ferrous Sulfate

A comparisonof conversion data from liquefaction of Blind Canyonand

Texas subCcoals in H2 and H2S:H2 (5:g5) with andwithout FeSO,is given in

Tables 11 and 12. For reaction without addedFeSO,, hydrogen sulfide

addition to the reaction gas increased the total conversion of both coals.

The increased conversion camemainly via greater formation of asphaltenes

for the Blind Canyoncoal. Theyields of all liquid products-oils,

asphaltenes, and preasphaltenes-were increased for the Texas subC, but the

most significantincreasewas in the oils. Absorptionof H2 fromthe gas

phasealso increasedby additionof H2S. Thesefindingsagreewith the

well_.knownobservationthat H2Sis beneficialfor the liquefactionof coals

due to enhancingof hydrogentransferreactions(hydrogenshuttling),to

cleavageof certaintypesof bonds,and to sulfidingironspecieswhichare

alreadypresentin coal,producingironsulfideactivefor hydrogenationof

coal [Baldwinand Vinciguerra,1983;Murakamiet al., 1986;Andersonand

Bockrath,1984;Satterfieldand Gultekin,Ig81;Willsonet al., 1985;

Trewhellaand Grint,1987]. H2S improvesconversionsof both bituminous

, and ligniticcoals,regardlessof whetheran iron-containingcatalystis

present[Youtcheffand Given,1982]. One of the propertiesof H2Sthat

makesit usefulin thisregardis the lowerdissociationenergyof an H-S
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Table 11. Conversion and product yields from liquefaction of Blind Canyon
bituminous coal with andwithout FeSO4 catalyst precursor in
di fferent atmospheres
i iii i

H2 Abs. Conversion_ (daf)
Gas fromGas

Atm. Catalystmo, and Total Preasp. Asph. Oils CO Ct-Cs
(_daf)

i ii i i i i i i i i m i ii

H2 No 26.0 48.0 12.3 8.5 21.9 3.1 2.2
(0.56)

I-

H2S:H2 No 45.4 58.2 12.1 17.2 22.3 2.8 3.8
(0.97)

H2 Yes 37.2 52.4 10.2 15.4 21.0 3.3 2.5
(0.83)

H2S:H2 Yes 71.2 78.5 15.5 29.2 27.5 2.9 3.4
(1.58)

i i i

Table 12. Conversionand product yields from liquefaction of Texas
subbituminous C coal with and without FeSO,catalyst precursor in
di fferent atmospheres
i ii

H2 Abs. Conversion _ (daf)
Gas from Gas

Atm. Catalystrag,and Total Preasp. Asph. Oils CO Cl-C5
(_ daf)

[]i ii n i Iiii m . i)ii, ,i_ ii ii

H2 No 25.3 53.1 8.2 I0.9 21.2 9.9 2.9
(0.61)

H2S:H2 No 47.0 66.7 11.2 13.9 28.I 10.0 3.5
(1.17)

II

H2 Yes 50.6 61.2 6.7 13.0 27.2 12.0 2.3
(1.26)

H2S:H2 Yes 57.4 71.5 5.1 24.4 27.7 10.2 4.1
(1.43)



67

bondrelative to an H-H bond (i.e., in H=), making H=Sa better hydrogen

donor than H= [Stenberg et al., 1982].

The use of FeSO4 (in H=) slightly increases conversion from 48.0_ (daf

basis) to 52.4_ for Blind Canyon,and from 53.1_ to 61.2_ for Texas subC.

. In the liquefaction of Blind Canyon, the major increase in conversion with

added FeSO=is a result of increased asphaltene yield; in contrast, the

major increase in conversion of Texas subCis via increased oil yield. In

this respect, impregnation of coal with FeSO_followed by temperature--

staged liquefaction in a hydrogenatmospherehas nearly the sameeffect as

liquefaction of the samecoal at the sameconditions in a H=S:H2 atmosphere

but without addedferrous sulfate. For both coals, the principal

distinction of reaction in the FeSO=: H2 system relative to the H=S:H2 case

is thatthe ferroussulfateadditionprovidesa loweryieldof

preasphaltenesthandoes reactionin H2S:H2.

Althoughthe two coalsprovidedsimilarconversionswhen liquefiedin

H2 withoutaddedcatalyst,the improvementin conversionobtainedby

additionof FeSO4 is much greaterfor the TexassubC than for the Blind

Canyonbituminouscoal. We attributethis differenceto the higheroxygen

contentof the formercoal. Ironcatalystshave beenshownin several

investigationsto facilitatecarbon-oxygenbondcleavage[Larkinset al.,

1984;Cebollaet al., 1991]. Furthermore,the hydrogenuptakenearly

• doublesin the case of the TexassubC (from25.3 mg withoutaddedFeSO4 to

50.6mg with FeSO,),whereasa muchsmallerincrease(26.0mg to 37.2 mg)

was observedin comparableexperimentswith BlindCanyonbituminouscoal.
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Previousworkershave indicatedthat ironcatalystsfacilitateconversion

of coalto asphaltenes,but do not significantlyimprovehydrogenuptake

[Cookand Cashion,1987;Herricket al., 1990]. Our work substantiates

thisobservationfor the bituminouscoal,but certainlynot so for the

subbituminouscoal.

The H2S:H_ atmosphere in combination with impregnated FeSO,was quite

beneficialfor conversionof thesecoals. Additionof H2Sto the reaction

gas atmospherecombinedwith impregnationwith FeSO4 significantlypromoted

conversionof bothcoals. With BlindCanyon,enhancementof the conversion

in H2S:H2 with impregnatedferroussulfateis mainlyvia greaterformation

of asphaltenes.For thiscoal,treatmentwith eitherH2Sor FeSO,used

singlyproduced,in bothcases,a near doublingof the asphalteneyield

(thatis, from8.5_ to 17.2_by additionof H2S,and from8.5_ to 15.4_by

impregnationwith FeS04). The use of the two additivestogetherappeared

to have a synergisticeffect,resultingin a greaterthan three-fold

increasein asphalteneyield. (Thesynergyis also quiteevidentby

comparingconversions;for BlindCanyon,for example,the conversionsare

increasedby =I0_with addedH2Sand m4_with addedFeSO_,but by _30_when

usingthe two additivestogether.)lt is alsonoteworthythatuse of H2S

and FeSO_in combinationincreasedthe,oilyieldas weil. The observedH2

absorptionincreasedfrom37.2mg for reactionin H2 to 71.2mg for

reactionin H2S:H2 (5:g5)with FeSO4. With the TexassubC,additionof H2S

or ferroussulfatesinglyincreasedthe yieldsof all of the liquid

products,relativeto liquefactionin H2 only,but the most significant
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increase was in the oil yield. The use of these two additives together had

no additional affect on oil yield, but produceda marked increase in

asphaltenes. Hydrogenuptake increased from 50.6 mg to 57.4 mg, comparedto

the reaction in H2 with FeSO4. Whencomparing the amountsof H2 consumed

" for the two coals,it is importantto recognizethat thereis less

carbonaceouscoal substancein the reactorwiththe TexassubC thanwith

BlindCanyon,becauseof the highermineralmattercontentof the former.

To comparethe resultsof one coalwith respectto the other,we show in

Tables11 and 12 the H2 consumptionscorrectedto a daf basis.

When the coalsare impregnatedwith FeSO4 and liquefiedin H2 (withno

addedH2S),thereis littleincreasein conversionrelativeto the reaction

withoutFeSO4. However,thereis a markedshiftin the productslate

towardlighterproducts. For example,the asphaltene/preasphalteneratio

for BlindCanyonliquefactionincreasesfrom0.6gwithoutimpregnatedFeSO4

to 1.51with FeSO4. Thus a majoreffectof the additionof FaSO4 to Blind

Canyonis catalysisof hydrogenationof preasphaltenesto asphaltenes.The

correspondingchangefor TexassubC is 1.33to 1.94,againdemonstrating

that the preasphaltene-to-asphalteneconversionhas been facilitatedby

additionof FeSO_. Eventhoughthe initialproductslate(thatis, as

obtainedfor liquefactionby H2 withouteitherFeSO4 or H2S addition)is

differentfor the two coals,as indicatede.g. by the significantly

" differentasphaltene/preasphalteneratios,addedFeSO4 appearsto intervene

in the sameway for bothcoals. A distinctionbetweenthe behaviorof the

two coalsimpregnatedwith FeSO4 and reactedin H2 is the significant
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difference in hydrogenutilization. For Blind Canyon; H=absorption

increased from 26.0 to 37,2 mg uponaddition of Fe$O4, However, for the

subC, H=uptake doubled, from 25.3 to 50.6 mg, accompaniedby an increase
=

in asphaltenes and a significant increase in oils. Texas subC has about

threetimesthe sulfurcontentof BlindCanyon(1.18_vs 0.42_),and this

differencein coal behaviormay reflectan in situ sul_idingof the FeSO,

by H=Sgeneratedfromthe coal.

The data in Tables11 and 12 have beenplottedas Figure5, showing

the totalconversion,asphalteneyield,and oil yieldas functionsof the

H2 consumption.Resultsfor bothcoals,reactionwith and without

catalyst,and in bothH2 and H=S:H2 atmospheresare incorporatedas a

singledata set. lt is noteworthythatthe lines(obtainedby li:earleast

squaresregression)havesimilarslopesfor the conversionand asphaltene

yieldsas functionsof H2 consumption,whilethe slopeof the oil yieldvs

H2 consumptionlineis closerto zero. Thisobservationsuggeststhat the

principalrole of hydrogenabsorbedfrom the gas phaseis to participatein

the depolymerizationof thecoal to relativelyheavyproducts(i.e.,

asphaltenes)and not in the hydrogenationof the asphaltenesto oils.

lt must be recognizedthat a possiblesidereactionin this

liquefactionsystemis hydrogenationof the liquidvehicle,phenanthrene.

Suzukiand co-workers[1984]have demonstratedthe use of pyrrhotiteto

hydrogenatephenanthrene.Thus someof the observedH2 uptakein our

experimentscouldreflectthe hydrogenationof phenanthrene.The

hydrogenationproduct,g,10-dihydrophenanthrene,is a verygood hydrogen
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Figure 5 The Dependence of Total Conversion, Asphaltene Yield and
Oil Yield on Hydrogen Absorption from the Gas

The data plottedincludethe resultsforbothcoals,withand without
FeSO4 impregnationand in H2 and 5:95 H2S:H 2 atmospheres.
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donor. Thus it was of concernto checkthe possibilitythat our

conclusionsof the behaviorof addedH2S,FeSO4,or both,were not

confoundedby the hydrogenationof phenanthreneand the reactionof the

resultingg,10-dihydrophenanthrenewith the coal. Gas chromatographic

analysisof the hexane-solubleproductsshowedthat lessthan2_ of the

phenanthrenewas hydrogenatedin our system. Hencewe,considerthat H2

uptakeby phenanthreneand reactionof the 9,10-dihydrophenanthrenewith

the coal are negligiblein this system. Furthermore,sincethe same

quantitiesof phenanthrene,H2S,and FeSO4 were used in all experiments,

and sincethe reactionconditionswere keptthe same,the differencesin

the extentof H2 uptakefrom one experimentto anothermust incorporateat

]eastsome coal-specificeffects.

4.3.3. Effectof ReactionConditions

As notedabove,it was not the objectiveof the presentwork to

examinethe effectof variousreactionconditions(e.g.,changingresidence

timesor temperaturesof the stages)or of changingreactionstrategies

(e.g.the comparativebehaviorin a single-stagereactionor temperature-

programmedreactions).In the previoussectionwe presentedresultsof

reactionof boththe TexassubC and BlindCanyoncoalsimpregnatedwith

FeSO,and reactedin H=only at the firststage,275°. We havealso

presentedtheseresultselsewhere[Artoket al., 1992]. In this low-

temperaturestageno discernablebenefitis obtainedfrom addingFeS04;the

conversionsof both coalsand theyieldsof variousproductsare virtually

identicalwith resultsobtainedwithoutaddedcatalyst. Indeed,the same
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behavioris observedwhen the two coalsare treatedwith Fe(CO)5and

reactedwith H2 at 275°. We have not investigatedthe effectsof reaction

of FeSO4 only in the firststage(275°) in H2S:H2. However,the

combinationof impreonatedFe(CO)swith a H2S:H2 atmosphereresultedin

- enhancedconversions at 275°. The conversion of the Texas subCincreased

from 6.6_ to 11.2_, mostly via increased yields of preasphaltenes and

asphaltenes. The increase in conversion of Blind Canyon, in percentage

units, was quite similar, from 17.7_ without Fe(CO), or H2Sto 22.9_ when

both additives are used. Aglainmuchof the increased conversion was due to

enhancedpreasphaltene yielci.

Wehave shownelsewhere that temperature programmingis an

alternative to temperature staging [Songet al., 1991; Huanget al., 1992].

Temperature programminginvolves a slow heat-up from the low-temperature to

the high-temperature stage, in comparisonto the relatively quick heat-up

normally employedin temperature staging. In the preliminary work done so

far, temperature programmingwithout catalyst appears to offer conversions

andyields comparable to catalytic temperature-staged liquefaction.

However, we have not as yet examinedthe behavior of Texas subCor Blind

Canyoncoals and FeSO4 in a temperature-programmedregime.

4.3.4. The Role of the Catalyst in this System

It has long been esta,blished that the chemical form of the iron

" catalystis an importantfactorin determiningits role in gasification

reactions. Severallinesof evidencerelevantto the presentwork suggest

that the fcm of the activeironcatalystin temperature-staged
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liquefactionalso has an effect on its role in these reactions. Iron

catalystsderived from organometallicprecursors appearedto intervene in

single-stagedliquefactionof ligniteand high volatileC bituminous coal

by removing oxygen functionalgroups [Hirschonand Wilson, 1991]. In H2,

the additionof FeSO4 gives a greaterenhancementof conversion for the

coal having the higher populationof C-4)bonds, i.e., the Texas subC. In

pyrolysisreactionsover heterogeneousiron-containingcatalysts, the

decompositionof small organic oxygen compounds (e.g., acetone) is

inhibitedby additionof H2S to the gas phase [Bennettet al., 1982]. In

our work Texas subC shows a sm_er enhancementof conversionon addition

of FeSO4 and liquefactionin H2S:H2 than does the higher rank coal.

Various ivon-containingcatalystsshowed no activity for cleavage of

C-C bonds in the model"compound4-(l-naphthylmethyl)bibenzyl[Farcasiuet

al., Ig91]. Addition of the sulfur to tae system facilitatedcleavage of

the bond between the naphthyl group and methylenecarbon. In Blind Canyon,

with a higher proportion of C-C bonds than in the Texas subC, the

enhancementof conversionon addition of FeSO4 in H2S:H2 is much more

pronouncedrelative to liquefactionin H2. That is, in H2, the conversion

of Blind ranyon coal increasedfrom 48.0_ without FeSO, to 52.4_ with this

reagent,while in a H2S'H2 atmospherethe correspondingconversionswere

58.2_ without FeSO, additionand 78.5 with it.

Our observationof the shifting of the product slate to lighter

fractions (e.g., enhanced oil yields)with the addition of FeSO4 that is

not fully sulfided-tnatis, without also adding H2S to the reaction
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atmosphere-is in general agreement with results of other investigators on

the use of iron-containing catalysts that are not fully sulfided. Morwell

(Australian) browncoal treated with iron(II) acetate and reacted at

temperatures >405°C showedrather small increases in conversion relative to

- the coal without iron addition, and the additional conversion was due

mainly to increases in lighter products [Cassidy et al., 1982a; Cassidy et

al., 1982b]. In related work with the samecoal, other investigators

confirmed the observation of low increases in conversion, but higher oil

yields, using catalysts derived from iron oxide ores [Ogata et al., 1985].

Synthetic iron oxide catalysts also showedthe ability to enhanceoil

yields from Frenchcoals [Bacaud, et al., 1990]. In a study aimed at

developing an optimumiron/sulfur ratio in liquefaction catalysis, the

addition of sulfur to hydrated iron oxide catalysts resulted initially in

reduced oil yields (though at high levels of sulfur loadings oil yields

eventually increased) [Das Gupta et al., 1991].

Although we have not carried out detailed kinetic studies as part of

the present work, the comparisonof conversions obtained at comparable

reaction times indicates that the activity of the added iron catalyst, with

respect to conversion, is muchlower whenreactions are performed in H2

relative to H2S:H2. The selectivity of the catalyst is changedmarkedly by

choiceof atmosphere;for bothcoals,for example,asphalteneyieldswith

" FeSO4 in H2S:H2 are doublethoseobtainedwith addedFeSO4 in H_. Thus the

fullysulfidedcatalystappearsto be very goodat hydrogenation,probably

supplyinghydrogento cap radicalsgeneratedfrom thermalbondcleavage,
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but not havinga significantrole in hydrocrackingor catalyticbond

cleavage(i.e.,productionof lighterproducts).A comparableobservation,

basedon comparisonof FeS2 with Fe203{S04)"2,has recentlybeen reported

[Kotanigawa,Iggl].

4.3.5. Implications for Liquefaction Processing

Wehave recently shownthat the effect of sulfided'catalysts in

temperature-staged liquefaction is mainly to increase conversion via

formation of relatively heavy liquids (asphaltenes and preasphaltenes),

whereas hydrogenation catalysts have little effect on conversion, but

rather facilitate conversion of those liquids which do form into lighter

products [Burgess et al., 1991]. Collateral work in our laboratory has

shownthat the efficacy of impregnated nickel sulfate in conversion,

liquids yield, and hydrodesulfurization of Mequinenza(Spanish) lignite is

directly related to the extent to which NiSO, has transformed to NiS under

a given set of reaction conditions [Garcia and Schobert, 1991].

The results communicatedin this section of the report suggest a

strategy for tailoring the activity of impregnated FeSO6 for temperature-

staged liquefaction. Liquefaction in H2 with FeSO4 provides littler

improvement in conversion but rather increased yields of lighter products.

For a coal which undergoesfacile decomposition to liquids even in the

absenceof catalysts, the H2-FeSO4 combination improves the product slate.

(An interesting exampleof such a coal is Gardanne(French) lignite, for

which conversions of about 93_ in the absenceof catalyst are reported

[Bacaudet al., lggo].) On the other hand, for those coals which require a
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dissolution catalyst to facilitate decomposition to liquids, the addition

of small amounts of H2Sto the gas phase, in concert with impregnated

FeS04, can significantly improve conversion relative to that obtained with
w

H2S_H2 or with FeSO4 alone. The effect of H2S is not only to promote
¢

. liquefaction itself; it is also effective to transform catalyst precursors

to active forms. FeSO4 is quite stable, and it can not be decomposedup to

540°C in N2. H2 is not enough to transform it completely to pyrrhotite at

typical liquefaction temperatures. The additional sulfur made available

to the reaction system from the added H2S may be necessary to transform

FeSO4 completely to pyrrhotite, which is believed to be the active

catalyst, at these conditions.

Because processing improvements (that is, increases in conversion and

in asphaltene or oil yield) clearly result from addition of FeSO4 in either

a H2 or H2S_H2 atmosphere, the FeSO4 precursor converts to a catalytically

active species in either case. However, the specific behavior of the

resulting catalytically active species is different, depending on the

chosen gas atmosphere. Thus with H2, large increases in conversion are not

obtained, but there seems to be a shift in the product slate to favor

lighter materials, asphaltenes rather than preasphaltenes, or oils rather

than asphaltenes. We speculate that it becomes possible for an
.

investigator to consider at what point (i.e., breakdown of the coal or

" hydrogenation of the products) in the liquefaction of a given coal lt is

most useful to have the catalyst intervene, and then, by selection of the

reactive atmosphere, convert the catalyst precursor into a species active
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for catalysisof the desiredstep. The abilityto tailorthe effectof

impregnatedFeSO_by sulfiding,or not sulfidingas the casemay be,

suggeststhatsomebenefitsmightalsobe realizedby havingthe catalyst
e

in differentformsin the differentstages(i.e.,low-or high-temperature)

of liquefaction.At presentthisspeculationis basedon limiteddata,but

we hopethat itwill stimulatefurtherinvestigationof,theroleof iron

catalystsin liquefaction.
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5. SWELLINGPRETREATMENTOF COALSFOR IMPROVEDCATALYTIC
TEMPERATURE-STAGEDLIQUEFACTION

5.1. INTRODUCTION

• Reactionpathwaysduringthe initialstagesof coal liquefactionare

likelyto be drivenpredominantlyby thermalreactions.Thermallyderived

radicalsmust be stabilizedpromptlyto preventretrogressivereactions

whichcouldleadto the formationof refractory,highmolecularweight

species. In particular,low-rankcoalshave a highertendencyto undergo

condensationreactions.The largenumberof oxygenfunctionalitiesin low-

rank coalsis one of the most importantfactorsaffectingtheirtendencyto

participatein retrogressivereactions.Phenolicand carboxylicfunctional

groupsare knownto be involvedin polymerizationreactions.The radicals

formedduringheat-upof the coal can participatein a numberof competing

reactions(e.g.,hydrogenationand condensation).When a catalystis net

available,gas-phaseH2 is not sufficientlyreactiveto quenchpromptlyall

the radicalsformed. Therefore,a good hydrogen-donorsolvent,an active

catalyst,or both,are necessaryto achievea fasttransferof hydrogento

the reactivesites. A gooddonorsolventcapableof a high degreeof

contactwith the coalsurfacecan limitcondensationreactionsby donating
I

itsown hydrogento the nascentradicals.However,a solventitselfis not
_

sufficientto drivehydrocrackingreactionsof asphaltenesto lower

molecularweightproductsin relativelyshortliquefactionreactiontimes.

(I-30min). A catalystwith high activity(e.g.,MOS2)dissociates

molecularH2 intoactivehydrogenatomsthat stabilizeradicalspromptly
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and facilitate the hydrogenolysis of carbon-carbon and"carbon-oxygenbonds.

Unfortunate]y, solid catalysts have the disadvantage of not being

accessible to all the reactive sites of the coals. For that reason, coals

generally can be solubilized in a gooddonor solvent (even in the absence

of catalyst)to a greaterextentthanduringdry catalyticliquefaction

(i.e.,liquefactionin the absenceof solvent).Nevertheless,a catalyst

is essential for the rehydrogenationof dehydrogenatedsolventand for

facilitatingthe furtherreactionswhichare necessaryto obtainliquid

yieldsof highquality,suchas hydrocracking,hydrodesulfurization,or

hydrodenitrogenation.

Viablealternativesto minimizeretrogressivereactionsinclude

pretreatingthe coalsbeforeliquefactionexperimentsand utilizingthe

catalystmore efficientlyby enhancingitsdispersion.Pretreatment

methodsincludelo_-temperaturehydrogenation(oftencarriedout as the

firststageof temperature-stagedliquefaction),chemicaltreatmentmethods

and solventswellingtechniques.The favorableeffectof a lo_-temperature

hydrogenationstepon liquefactionhas beendemonstrated[Derbyshireet

al., Ig86a;Derbyshireet al., Ig86b_Burgessand Schobert,Iggl]and was

attributedto an inhibitionof retrogressivereactions[Solomonet al.,

Iggl]. A recentexampleof the beneficialeffectof chemicaltreatmentsis

the work of Baldwinet al. [Iggl],who reportedthat the alkylationof

coalsimprovedlique)action.Rinconand Cruz [1988]were the firstto

reportthe beneficialeffectof tetrahydrofuran(THF)preswellingon

liquefaction.Later,Joseph[Iggla]establisheda directcorrelation
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between the extent of preswelling and the conversion bf coal under

liquefaction conditions. As described in Section 3 of this report, we have

also found that preswelling was beneficial for conversion at a pretreatment
o

temperature of 275°C. Our findings have also been documented elsewhere

" [Artok et al., 1991; Artok et al., 1992].

A more efficient catalyst dispersion (smaller particle sizes and

deeper pore penetration) on coal increases the coal-catalyst surface

contact per unit catalyst, thus resulting in improved conversion. Weller

and Pelipetz [1951] were the first to point out the importance of catalyst

dispersion for promoting the conversion of coals under liquefaction

conditions. Dispersed-phase catalysts for direct coal liquefaction have

been thought to be more efficient than insoluble catalysts [Terrer and

Derbyshire, 1986; Stansberry and Derbyshire, 1988; Garcia and Schobert,

1989]. Impregnation of coals using water- or oil-soluble catalyst

precursors should enhance their dispersion. The decomposition of these

catalyst precursors into a catalytically active fom in the initial stage

of liquefaction improves conversion [Artok et al., 1991; Artok et al.,

1992; Hawk and Hiteshue, 1965; Suzuki et al., 1985; Watanabe et al., 1984;

Anderson and Bockrath, 1984; Suzuki et al., 1984]. Cugini et al. [1991]

found that it is possible to have a yield of liquids when using a well-

dispersed iron catalyst as high as obtained with a molybdenumcatalyst.

The extent to which catalysts can be dispersed on coal is highly dependent

on the properties of the coal (e.g., surface functionalities and porosity),

and on the type of catalyst precursor used. As we have indicated in
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Section3 and elsewhere[Artoketal., 1992],impregnationtechniquescan

be accompaniedby an undesirableagglomerationof the catalystparticles
w

duringthe removalof the impregnationsolvent,and by inabilityof the

catalystprecursorto penetratethe poreswithincoal structure.In this

regard,oil-solubleorganometalliccompoundscan producedispersed

catalystsof higheractivitythanwater-solubleprecursors[Hirschonand

Wilson,Ig91]. For example,Yamadaet al. [1985]determinedthat as low

as 0.I_ molybdenumloadingon the coal,in the form of Mo(CO)6,is

sufficientto obtaina high liquefactionyield. Thiswas attributedto the

attainmentof smallercatalystparticlesizeswith the organometallic

precursors.One of the techniquesto improvedispersionis the use of

reagentsknownto swellcoal as the solventsfor impregnationof the coal

with the catalystprecursor.An appropriatesolventmightopen and enlarge

pores,thus enablingthe precursorto penetratethe coalmatrix. Joseph

E1991b]confirmedthathigheryieldscouldresultfrom the proper

combinationof swellingsolventand catalystfor the liquefactionof coals.

As discussedin Section3 and elsewhere[Artoket al., 1991;Artoket al.,

1992],we also observedthispositiveeffect,even at a pretreatment

temperatureof 275°C. In contrast,however,Warzinskiand Holder[1991]

reportedthat the impregnationof a coalwith ammoniumtetrathiomolybdate

(ATTM)usingpyridine(whichis a well-knownswellingagent)as the solvent

givesa performancecomparableto that usingwateras the impregnation

vehicle.
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In this sectionof the report,we provideresultsof an investigation

on the effectsof the catalystprecursors,impregnationtechniquesand

solventswellingduringtemperature-stagedliquefactionand the effectson
w

the productslateand composition.This sectionis an extensionof the

- previoussections,particularlySection3, in whichwe reportedresultsof

catalystimpregnationand solventswellingon the samecoalsonly for the

first,low-temperaturestage. In that section,we demonstratedthat,at

275°C,catalystimpregnationwithoutswellingpretreatmentimproved

conversionof two coals,mainlyby enhancingpreasphalteneyields. In the

absenceof catalyst,swellingthe subbituminouscoalwith any solvent

enhancedconversionas a resultof increasedoil and gas yields. Only THF

and tetrabutylammoniumhydroxide(TBAH)increasedthe conversionof the

hvAb coal,by increasingpreasphaltenes.Combiningcatalystimpregnation

with solventswellingenhancedconversionof the subbituminouscoal by up

to a factorof two, and increasedthe yieldsof all products. Little

benefitwas obtainedfor the hvAb coal. We now show how temperature

staging,with the additionof a secondstageat 425°C,extendsand modifies

the findingsdiscussedin Section3.

5.2. EXPERIMENTAL

5.2.1. C_atalystPreparationand Testing

Ammoniumtetrathiomolybdate(ATTM)andMoS3 were synthesizedas

" discussedpreviouslyand describedelsewhere[Artoket al., 1991].Mo(CO)6,

FeSO4.7H20, bis(tricarbonylcyclopentadienylmolybdenum)(CPMC)and

bis(dicarbonylcyclopentadienyliron)(CPIC)catalystprecursorswere
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purchased from JohnsonMatthey/Alfa products and were used without further

treatment. OnegraB samplesof ATTM,No(CO)6and FeSO4.7H=Owere reacted

in microautoclaves at 7 MPa(cold) N=, H=or H=S;H=at temperatures of 275°,

350° and 425°C for 1 h. WhenH_S:H=was the reaction atmosphere, a 5=95

ratioof H=S:H=was used forthe ATTM and FeSO4.7H=Oexperiments,but the

ratiowas 13.6:86.4for theMo(CO)6 to give a sulfide=metalratioof 2.5.

X-raydiffractionanalyses(XRD)of the productsweremade usingCu-Ko

radiationwith a Rigakuinstrumentoperatedat 40 kV and 20 mA. Sulfur

analyseswere performedusinga LecoModelSC-132Sulfuranalyzerand were

alsoobtainedfromthe PennStateMaterialsCharacterizationLaboratory

usinga Leco iodometrictitrationsulfuranalyzer.Carbon,hydrogenand

nitrogenanalyseswere performedusinga LecomodelCHN-600elemental

analyzer. Molybdenumand water(bythe KarlFishermethod)analyseswere

performedby GalbraithLaboratories,Inc.

5.2.2. Coal Samplingand Characterization

Samplesof BlindCanyon(Utah)highvolatileA bituminouscoal (DECS-

6) and a TexassubbituminousC coal (DECS-I)were used in this study. The

principalcharacteristicsof thesecoalsaresummarizedin TableI and

AppendixA.

5.2.3. Swellingof.CoalsPriorto Liquefaction

The coal sampleswere swollenusingmethanol,pyridine,THF and I0_

TBAHsolution(ina 1.1w/w water=methanolmixture). Approximately30 g of

the as-receivedcoal sampleweremixedwith sufficientswellingreagentto

give approximatelya solvent-to-coalratioof 3.1 and were stirredfor 6 h
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under Na. This was followed by vacuumdrying at roomtemperature for the

methanol-, THF-and TBAH-treated coals (until less than 3_ of water

remainedon each coal) and at IO0°C for the pyridine-treated coals (to

limit amountof pyridine retained on the coal samples). Residual TBAHwas

" al 1owedto remain on the coals.

5.2.4. Impregnation of Coals with Catalyst Precursors

Each catalyst precursor was loaded onto batches of coal in an amount

based on 1 wt_ molybdenumor 0.59 wt_ iron (as the metal, not metal

compound)on a _ry, ash-free (daf) basis regardless of the impregnation

method, except for the ion-exchangemethoddiscussed below. The different

percentages of loaded iron andmolybdenumwere used in order to provide the

samemetal loading on a gram-atombasis. Except for MoS3, experimental

conditions were selected to favor the following factors during impregnation

of the catalyst precursors onto coal: a) to keep each catalyst precursor in

a soluble form during impregnation in order to maximize its dispersion on,

and penetration into, the coals; b) to removethe swelling and impregnation

reagentsefficiently;and c) to keepthe coal matrixat a maximumlevelof

swellingduringimpregnationwith the catalystprecursor.Therefore,the

selectionof bothsolventand the methodfor the impregnationof the

catalystprecursorwas dependentupon the solubilityand volatilityof the

catalystprecursorand the typeof coal used.

" When swellingof the coalwas not induced,the coal sampleswere

impregnatedwith a aqueoussolutionof ATTMor FeSO4.7H20,an aqueous

suspensionof MoS3, a pentanesolutionof Mo(CO)6,and methanolsolutions



86

of CPIC and CPMC. Undried coal sampleswere used for impregnation except

with Mo(CO)6. In that case it Wasnecessary to dry the coal prior to

impregnation, becausethe prolonged drying of the catalyst-coal mixture
I

after impregnation causes sublimation of Mo(CO)6,even at room temperature.

Catalyst-solventmixtureswere addedto the coaland stirredfor 30 min;

thenthe excesssolventwas removedwhilestirringunder'vacuum,and the

impregnatedsampleswere driedat roomtemperaturein vacuumuntilthe

solidcontainedlessthan3_ moisture.

ATTM,CPIC and CPMCcatalystprecursorswere used in the

investigationof the effectof swellingon liquefaction.In the case of

ATTM,the swellingsolventwas addedto the undriedcoal (solvent:coal

ratioof 3:1) and stirredfor 6 h underN2. Subsequently,the water-

methanolsolutionof ATTMwas addedto the coal-solventmixture(ATTMbeing

solublein thismixtureregardlessof the typeof solventusedas swelling

reagent)and stirredfor an additional30 min underN2. When TBAHwas used

as the swellingagent,ATTMwas dissolvedin a I0_ TBAH solutionof a 1:1

(w/w)ratiowater:methanolmixture(ATTMis insolublein I0_TBAH solution

in wateronly). This solutionwas addedto coal and stirredfor 6 h under

N2. In Section3 we showthat 6 h are enoughto reachthe maximumlevelof

swelling. Stirringwas then followedby the removalof excesssolventat

room temperaturein vacuumand subsequentdryingat roomtemperaturefor

THF and TBAH,and at I00°Cin vacuumfor pyridine. TBAHwas allowedto

remainin the coal.With CPIC and CPMC,the catalystprecursorwas

dissolvedin a swellingagent,and thenmixedwith the coal and stirredfor
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6 h. Removing the solvent and drying the coal were done as in the case of

ATTM, until the solids contained less than 34 moisture.

For ion-exchange loading of iron, approximately 30 g of as-received

Texas subC were slurried in 150 cc of lM NH_OAcand stirred for 20 h in N=

" at 65-70°C. Subsequent]y, the mixture was filtered and washed with 1 L of

distilled water. The filtrate solution was monitored for Ca=+ content

using 0.3 H (NH4)=C=O4. The filtered, washed and ammoniumion-exchanged

coal was slurried with 0.05 H of FeSO4. After 20 h of stirring, the mixture

was filtered and the filtrate was washed with 1 L of distilled water. The

coal ion-exchanged with iron was dried at room temperature in vacuumuntil

it contained less than 3_ moisture. The Fe, Ca, Na, K and Rg contents of

untreated coal and ion-exchanged coal sample were analyzed by the Penn

State Materials Characterization Laboratory.

5.2.5. .Liquefaction Experiments and Fractionation of Products

A temperature-staged reaction scheme was applied for the liquefaction

experiments, 30 rain at 275 ° followed by 30 rain at 425°C. Five grams of

coal and 5 g of phenanthrene (as a hydrogen-shuttler vehicle) were used for

each experiment. The details of sample loading, reactor preparation and

reaction performance at 275°C were given in Section 3. At the end of the

. 275° first stage, the microreactor was quenched in water. The gas volume

was measured by displacement of water (saturated with NaC] in order to

limit CO2 dissolution). Whenthe reaction was performed a H2S:H2 mixture,

the H2Scuntent of the gas was absorbed by bubb]ing the product gas through

a Cd(OAc)2 solution before measuring the volume of gas produced. Gas
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sampleswere collectedfor furtheranalysis. The microautoclavewas

repressurizedto 7 MPa (cold)with the desired gas mixture and heated for

30 min at 425°C in a preheatedsandbath. During the reaction period at
v

each stage, the reactorwas oscillatedthrough an amplitudeof 2 cm at 350

cycles/min. At the end of the reaction,the reactorwas quenched to room

temperatureand the volume of the gas product was measured as explained

above, after which portions of gas were taken for analysis.

The fractionationprocedureof the productswas also described in

detail in Section3. Briefly, the preasphaltenesare THF-solubleand

toluene-insoluble,the asphaltenesare toluene-soluble,hexane-insoluble,

and the oils are the hexane-solubles. The conversionis determined from

the weight of the THF-insolubleresidue (correctedas appropriatefor

weight of added catalyst). The moisture content of the coal sample was

correctedfor in calculationof yields. Gas chromatographicanalyses (GC)

were performed for CO and CO2 using a packed Carbosievecolumn and thermal

conductivitydetector,and CI-Cs using a ChemipackC18 column with flame

ionizationdetector. H2 consumptionduring the reactionwas calculated

from the difference betweenthe amount of H2 initiallycharged to the

reactor and that found by gas chromatographicanalysis of the gas left

after reaction. Analysis of the hexane-solublesrevealedthat less than 3_

of the phenanthrenewas transformedto hydrogenatedproducts. Since the

amount of hydrogen in the solvent is within the accuracy limits of the

measured amount of hydrogen consumed,no attemptwas made to correct the

amount of calculatedH2 consumptionfrom the gas phase.
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5.2.6. Analysis of Liquefaction Products

Saturated fractions of selected samples were eluted as follows; 80 g

of neutral alumina (activity Super I, purchased from ICN) and 25 g of
i

silica were wet-packed using hexane on top of a 22 x 500 nwnglass Column.

- One gram of sample was impregnatedon 10 g of silica using CHCI3 and the

sample so preparedwas packed on top of the alumina. The sample was eluted

with 1100-1300mL of hexane. The eluted fractionwas analyzed by GC with

1-phenyldodecaneas an internal standardon a Perkin Elmer model 5800 gas

chromatographequippedwith a RTX-50 (0.25 mm x 30 m) column. The column

temperaturewas programmedfrom 40° to 280°C at a rate of 4°/min and with a

hold for 10 min at 280°. Gas-chromatography/massspectrometry(GC/MS)of

saturate fractionswas performedon a Hewlett Packard GC/MS Mode] 5971A

instrumentoperated using 70 eV impact voltage and equipped with a DB-17

(0.25 mm x 30 m) column. The column temperaturewas programmed in the same

fashion as that of the GC analysis. Selected samples of THF-insoluble

residues were analyzed by solid state _3CNMR and FTIR, and both

asphaltenesand preasphalteneswere analyzed by FTIR. The NMR spectra were

recorded on a ChemagneticsM-lO0 NMR spectrometerby using the cross

polarization/magicangle spinning technique (CPMAS).

FTIR spectrawere obtained on a Digilab FTS-60A system. Spectra were

recorded by coadding 200 scans (interferograms)at a resolutionof 2 cm-_.

" The samples used for FTIR analysiswere prepared as KBr pellets. This

involved grinding 2,0.02 mg samplewith 300±I mg KBr for 60 s in a Perkin-

Elmer Wig-L-Bug and holding under 10 tons of pressure for 5 min in an
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evacuatedcylinder. The recordedspectrawere normalizedto 2 mg of

sample.

5.3. RESULTS AND DISCUSSION

5.3.1. Catalyst PrecursorTransformation

Elementalanalysisof the productsobtained in microautoclavetests

of Mo(CO)6 in H2, N2 and H2S:H2 are given in Table 13. Mo(CO)6 is largely

unreactiveat 275°C in H2 and N2, as indicatedby XRD and elemental

analyses. At the higher temperatures,Mo(CO)6transforms to carbide and

oxide forms. The elementalanalyses do not concur with any stoichiometric

empirical formula, but rather suggest the presenceof excess carbon°

Leclercqet al. [1989]pointed out that during carbidingof molybdenum by

CO, the molybdenumcarbides containedfree carbon. Optical microscopy of

the 275°C products in both H2 and N2 revealed a low reflecting,submicron

amorphous phase that could be soot.

Mo(CO)6can be sulfided efficientlyat temperaturesas low as 275°C.

lt is likely that sulfidationat low temperaturesis more efficientthan at

higher temperatures,because the rates of oxidationand carbiding increase

at the higher temperatures(i.e.,350° and 425°). These competing

reactionsreduce the formationof sulfidedmolybdenum,which is the desired

form of molybdenum for liquefactioncatalysis. XRD of the H2S:H2 products

(Figure 6) shows peak intensitiesincreasingwith increasingreaction

temperatures,althoughno strongly crystallinephases were observed. As

the reaction temperatureincreases,the (hkl) reflectionscorrespondingto
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Table 13. Elemental analysis of the products obtained from microautoclave
experiments with Mo(CO)6

" Reaction Reaction lO0-(_oMo

Atm. Temp.°C %Mo (wt) %C (wt) _oS(wt) +_oC+_oS)

H2 275 40.8 24.5 -- 34.7

H2 350 81.8 3.3 -- 14.9

H2 425 84.7 3.0 -- 12.3

N2 275 40.8 23.3 -- 35.9

N2 350 87.3 4.5 -- 8.2

N2 425 90.3 5.2 -- 4.5

H2S:H2 275 57.4 0.9 32.9 8.8

H2S:H2 350 69.7 1.3 25.8 3.2

H2S:H2 425 69.5 1.4 26.5 2.6

Table 14. Elemental analysis of products obtained from microautoc l ave
experiments with (NH4)2MoS4 (ATTM)

Reaction Reaction S:Mo Mol

Gas Temp. °C %S (wt) _oMo(wt) %N (wt) Ratio

H2 275 39.4 49.7 3.3 2.4

H2 350 42.7 51.2 1.2 2.5

H2 425 42.2 53.5 1.0 2.4

N2 275 48.5 42.1 3.2 3.5

N_ 350 45.5 53.0 0.6 2.6

N2 425 44.3 52.7 0.6 2.5

H2S:H2 275 39.7 49.4 3.4 2.4

H2S:H2 350 42.6 52.3 1.3 2.4

H2S:H2 425 41.9 53.8 1.0 2.4
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the (002), (101), (103) and (110) planes of hexagonalMoS2 begin to

develop.

Elemental analyses of the products obtained from microautoclave

reactions of ATTM in H2, N2 and H_S:H2 are given in Table 14. The water

analysis of the sample (by the Karl Fisher method) obtai,ed from the

reaction of ATTM in hydrogen at 275°C gave 6.4_. The samples contain

various amountsof nitrogen that gererallydecreasedwith increasing

reaction temperature. Since these reactionsare carried out in a static

• reactor without exchange of gas atmosphere,NH3 formed during the thermal

decompositionof ATTM in the reactormight have recombinedwith molybdenum

sulfide. The S:Mo ratios of all the samples are less than 3, except for

the sample obtained at 275° in N2, for which the S:Mo ratio is 3.4,

suggestingthe presence of MoS3. Thermogravimetricanalysis of ATTM also

confirmedthe stabilityof MoS3 up to 350°C. However, as can be seen in

Table 14, H2 readilyreducesMoS3 to MoS2 even at 275°. The S:Mo ratio of

all samples obtained by reaction in H2 or H_:H2Sis greater than 2,

suggesting a molybdenum deficiency in the product. As in the case of

pyrrhotite,this deficiencymight be responsiblefor the activity of MoS2.

XRD (Figure7) shows the same trends with increasingtemperaturefor ATTM

as those of Mo(CO)6;however, the lines are more intense for the ATTM

reaction products than for the Mo(CO)_products.

" 5.3.2. Comparisonof Catalyst Precursorsfor the Liquefactionof Coals

The activitiesof various iron and molybdenum catalyst precursors

were compared for the liquefactionof Texas subC (DECS-I)and Blind Canyon



(S|lun/ueJll_e)f|Isuelul



gs

DECS-6) coals in H2 and H2S:H2 (5:95). The resultsare given in Tables 15

and 16.

We consider first the reactionsin H2. For both coals, addition of any

of the catalyst precursors improvedhydrogen consumptionand conversionof

. the coal. For Blind Canyon,the molybdenum-containingprecursorswere, as

a group, superior to the iron-containingcompounds,with regard to

enhancing H2 consumption,coal conversion,and asphalteneand oil yields.

Among the molybdenum compounds,those already sulfided (i.e., ATTM and

MOS3) were superior to the Mo(CO)6;furthermore,the results obtained with

the sulfidedmolybdenum catalystprecursorswere generallycomparable to

each other.

Regardlessof which precursorwere used, the conversion,asphaltene

and oii yields correlatewell with hydrogenconsumption,as shown in Figure

8. The linear least squarescoefficientsof determination,r2, are 0.956

for conversion as a functionof hydrogen consumption,and 0.944 and 0.792

for asphaltene and oil yields, respectively. Preasphalteneyields are not

plotted in Figure 8 since, as can be seen from Table 15, the yields vary

only between 10 and 18_ with no evident trend. The relationshipsshown in

Figure 8 indicate that the primary reactionsunder these conditions are the

conversionof coal into solublematerials, and that this conversion is

enhanced by increasedH2 consumption.

. For the Texas subC in H2, similar behavior is observed: any catalyst

precursorprovides improvedH2 consumption,coal conversion,and oil and

asphalteneyields relativeto a non-catalyticreaction;the molybdenum-
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Table 15. Comparison of catalyst precursors for the liquefaction of Blind
Canyon bituminous coal (DECS-6)

N

Conversion_ (daf)

Catalyst Gas H Cons. Total Preas. Asph. Oil COxa CI-C5
Atmosp. wt_ (daf)b

N _II I I I I l SINIll, I , I II IIIII I I I I= 11_1 , i II

None H2 O.56 48.0 12.3 8.5 21.9 3.1 2.2

None H2S:H2 0.97 58.2 12.1 17.2 22.3 2.8 3.8

FeSO, H2 0.83 52.4 10.2 15.4 21.0 3.3 2.5

Fe50_ H25:H2 1.58 78.5 15.5 29.2 27.3 2.9 3.6

CPIC H2 1.33 69.2 17.7 18.3 26.7 3.3 3.2

CPIC H2S:H2 1.66 76.0 16.2 20.6 31.9 3.8 3.5

ATTM H2 2.16 85.1 14.7 32.5 34.9 1.9 2.0

MoS_ H2 1.94 86.1 16.9 25.3 38.9 2.3 2.7

Mo(CO)s H2 1.74 72.5 11.7 26.9 28.1 1.7 4.1

Mo(CO)6 H2S:H2 1.90 86.0 14.2 28.9 36.8 2.9 3.2

CPMC H25:H2 1.89 88.3 ,10.9 39.0 32.5 2.6 3.3
, i ii i i, ii i i i , li,,

a Corrected for COcontent of CPIC, CPMCandMo(CO)s
b daf basis.
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Table 16. Comparisonof catalyst precursors for the liquefaction of Texas

subbituminous C Coal (DECS-1)

" Conversion_(daf)

Gas H2 Cons.

Catalyst Atmosp. wtr, (daf) Total Preas Asph. Oil CO" CI-Cs
L i,, i ,i , ii i ii i i i

None H2 0.61 53.1 8.2 10.9 21.2 9.9 2.9

None H2S:H2 1.17 66.7 11.2 13.9 28.1 10.0 3.5

FeSO4 H2 1.26 61.2 6.7 13.0 27.2 12.0 2.3

FeSO4 H2S:H2 1.43 71.5 5.1 24.4 27.7 10.2 4.1

CPIC H2 1.53 63.7 11.2 15.6 22.0 11.6 3.3

CPIC H2S:H2 1.87 74.3 9.6 23.2 30.0 8.1 3.4

Feb H2S:H2 2.21 79.3 7.6 23.0 37.0 8.0 3.7

ATTM H2 2.42 78.9 10.6 19.3 36.4 10.3 2.3

MoS3 H2 2.16 82.4 8.5 21.5 39.3 8.6 4.5

Mo(CO)6 H2 1.92 86.2 9.3 26.5 36.0 11.0 3.4

Mo(CO)6 H2S:H2 2.05 80.1 9.1 18.3 38.7 10.5 3.5

CPMC H2 2.03 84.5 7.0 3I.4 34.I 8.0 4.0

- CPMC H2S:H2 1.82 79.2 20.5 18.6 27.5 7.0 5.6

" " Correctedfrom CO contentof CPIC,CPMC andMo(CO)6.
b Ion-exchanged
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containingprecursorsare superiorto the ironcompounds;and, amongthe

molybdenumcompounds,thosethatare su]fidedare superiorto thosethat

are not. Also,conversion,aspha]teneyield,and oil yieldall show linear

relationshipswith hydrogenconsumption,althoughin thiscase the

- . r2 of 0 792 for the dependonceofcorrelations are not as good (e.g ,

conversion cn hydrogenconsumption). Again similar to the results with

Blind Canyon, the preasphaltene yields are low (5-11_) and showno evident

trends.

The apparent lack of dependenceof preaspha]tene yield on H2

consumptionhas at ]east two explanations: First, it maybe that, since

aspha]tene formation appears to dependon H2 consumptionwhile

preasphaltene formation does not, most of the asphaltene yield was produced

directly from the coal, rather than from preaspha]tenes. This has been

observed in a previous study of the liquefaction of Nandoan(Australian)

subbituminous coal and up-grading of coal-derived liquids, in which it was

suggested that asphaltenes can form directly from the coal [Song et al.,

198g]. Second, it maybe that preasphaltenes are being hydrogenated to

asphaltenes and oils simultaneously with breakdownof the coal structure.

To test the secondpossibility, the following sequenceof assumptions and

. calculationswas made:lt was assumedthatthe distributionof products

amongpreasphaltenes,asphaltenes,and oilswouldhave the same proportion
c

in a catalyticexperimentas in a non-catalyticexperiment.That is, the

ratiospreasphaltenes/conversion,asphaltenes/conversion,and

oils/conversionare assumedbe the samefor any experimentwith a given
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coal. Numericalvaluesof theseratioswere calculatedfrom the reaction

withoutaddedcatalyst. Then,for anyotherexperiment,the "expected

values"of the productyieldscouldbe calculatedfromthe experimentally

observedconversionaid the appropriatevaluesof the ratios. For example,

for BlindCanyon,the ratiopreasphaltenes/conversionin the non-catalytic

experimentis 0.256. For reactionwithaddedATTM,the'observedconversion

was 85.1_;thusthe expectedpreasphalteneyieldwouldbe 21.) (i.e.,

0.256• 85.1). Of course,the actualvaluesof the productyieldsare

measuredas part of the experiment.Havingboththe experimentally
T

measuredyieldand the "expectedyield"allowscalculationof an "excess

yield,"from

Excessyield= Experimentalyield- Expectedyield.

Continuingthe exampleof BlindCanyonwith ATTM,the experimentally

observedpreasphalteneyieldwas 14.7_{Table15). Hencethe "excess

yield"is -7.1_,the negativevalueindicatingthat the experimentally

observedpreasphalteneyieldis lowerthanwouldhavebeen anticipatedon

the basisof the yieldstructureobservedin the reactionwithoutcatalyst.

{A positivevaluewouldrepresentan experimentallyobservedyieldhigher

than anticipatedby extrapolatingresultsof the non-catalyticexperiment.)

Thesecalculationscan be performedfer each combinationof coal,catalyst

precursor,and gas atmosphere,and for each of the products. In Figureg

we showthe relationshipbetweenthe excessyieldsof {asphaltenes+ oils)

and excessyieldsof preasphaltenes,usingdata for bothcoalsand all

catalystprecursorstestedin hydrogenatmosphere.The linearleast
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r 2 for this curve is 0,704 Thesquares coefficient of determination, ,

negative slope, and the fact that asphaltene+oil yields are higher than

would be extrapolated from a non-catalytic experiment while the

correspondingpreasphalteneyields are lower, indicatethat preasphaltenes

are being convertedto the lighterproducts.

The H2S:H2 atmosphere is generallysuperior to H2._he beneficial

effectsof H2S for liquefactionprocessinghave been documented in the

literature [Baldwinand Vinciguerra,1983; Willson et al., 1985; Murakami

et al., 1986]. The promotingeffect of H2S, in the absenceof other

catalystprecursors, is more pronouncedfor the Texas subC than for Blind

Canyon.This is attributedto the higher iron content of the Texas subC (i.

e., 0.5_ vs 0.30_,,dry basis),because sulfided iron species already in

coal can also act as liquefactioncatalysts. Ferroussulfate as a catalyst

precursoris the least active in H2 for both coals, even though it is a

sulfur-containingcompound. However, in the presenceof H2S, it shows a

remarkableactivity, lt was found that ferroussulfate is quite stable in

H2, but in the presence of H2S it completelytransformsto an active

pyrrhotitephase. The detailsof these reactionswere given in Section 4

of this report.

When the behavior of a H2S:H2 atmosphereis combined with an added

catalyst precursor, severaleffects are noted. In all but two cases

(Mo(CO)sand CPMC added to Texas subC) the conversionsare higher than

attained for the same precursorin a H2 atmosphere. Usually the enhanced

conversion is a result of substantiallyincreasedoil yields. Although
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molybdenum-containingprecursorsare still generallysuperior to iron

compounds, the distinction betweenthe two familiesof compounds is much

less in H2S:H2. For Texas subC, for example, in H2 the best conversion
m

obtained with an iron compoundwas 63.7_, while the poorest observed with a

- molybdenum compoundwas 78.g_. In H2S:H2, though, the conversion obtained

with ion-exchangediron, 7g.3_, is quite comparablewith conversions

observed for Mo(CO)6 and CPMC.

The superiorityof results in H2S:H2 relativeto those in H2 alone is

attributedto those catalyst precursorsnot containing sulfur being

transformedby H2S into sulfided compoundswhich are desirable active

phases for liquefactioncatalysis. The effect of sulfidingthe catalyst

precursorby adding H2S to the gas phase is illustratedby the results for

the molybdenumcompounds added to Blind Canyon, where similar total

conversionsare obtained by using sulfidedprecursors (ATTM or MoSs) in H2

and non-sulfidedprecursors (CPMC or Mo(CO)6) in H2S:H2. For these four

systems, the conversionswere all in the range 85-88_.,although the

distributionof products among preasphaltenes,asphaltenes,and oils varied

somewhat for differentprecursors. Although MoS_ is not soluble in water

or in organic solvents,the conversionobtained using this catalyst

precursorwas comparablewith those obtainedwith the soluble ATTM, CPMC,

and Mo(CO)6. Utz et al. [198g] also reported similar resultswhen

" comparingMoS3 with ATTM' The resultsobtained with Blind Canyon-but not

Texas subC-show an apparent synergy betweenthe added catalyst precursor

and the H2S. By comparingthe non-catalyticexperimentsin H2 and H2S:H2,
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one can determinethe enhancementin conversionand product yields due to

the added H2S. similarly,by comparinga non-catalyticexperiment in H2

with results from using a catalyst precursorin H2, one can determine
8

conversion and yield enhancementscaused by the added catalyst. For Blind

Canyon with added FeSO4, CPIC, or Mo(CO)6,the increase in oil yield for

reaction in H2S:Hs relativeto using the same catalyst precursorin Hs is

in all cases greater than the sum of the increasesin yield caused by HsS

and the precursorsacting alone. This behavior representsanother

beneficialeffect of sulfidingthe catalyst. When non-sulfidedprecursors

(i.e., FeS04,CPIC, or Mo(CO)6)and Hs are used, the change in oil yields

is quite small, in the range-I to +64. In comparison,sulfided

precursors-ATTMor MoS3-inHs increaseoil yields by 13 and 174,

respectively.

With Texas subC coal, the organometallicmolybdenum precursors showed

more activity in Hs alone than in HsS:Hs or when using sulfur-containing

molybdenum compounds. This was not observed for Blind Canyon. Suzuki et

al. [1989] reported that a Mo(CO)6-Scombinationis comparable to Mo(CO)6

alone for hydrocrackingC-C and C-O bonds and for hydrogenationof pyrene

and phenanthrene. On the basis of those results, one might expect that

Mo(CO)6would exhibit an activity in Hs$.Hs comparableto that in Hs. In a

H2S:H2 atmosphere,the Mo(CO)6and CPMC provideconversionssimilar to

those observed for the sulfided precursorsATTM and MoS3 in H2, which would

be reasonablyexpected as a result of sulfidationof the Mo(CO)6and CPMC

by the H2S. The remarkable featureof the organometallicmolybdenum
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compounds is that, in H2, they provide the highest conversionsof the

subbituminouscoal observed for any combinationof catalyst precursor and

. gas atmospheretested. When reacted in the absenceof coal in H2 at 275°,

Mo(CO)6 is largely stable to decomposition,but when the gaseous product

was analyzed after reactionof Texas subC impregnatedwith Mo(CO)6at 275°C

in H2, th_ additionalCO in the gas was equal to the amount of CO in the

added Mo(CO)6. We hypothesizethat small, activatedarene moieties in the

subbituminouscoal may participatein CO displacementreactionswith the

added carbonyl (as are well known for analogouscarbonyls, as in the

reaction of anisole_withCr(CO)6) [Yamamoto,1985], possibly leading to

better dispersed and more active Mo species.

For the iron-containingprecursors,the presence of H2S allows their

transformationto a more active phase. With Texas subC, ion exchange

provided a highly active iron-basedcatalyst, probably due to its success

in providing a better dispersion of iron throughoutthe coal. The

conversionsand oil yields are very similarto those obtained with ATTM and

MoS3 in H2. The change in inorganiccompositionof the subbituminouscoal

after ion exchange is shown in Table 17. Figure 10 illustratesthe FTIR

Table 17. Inorganicele_ntal analyses of original and ir_n ion-exchanged
Texas subbituminousC coal (DECS-I)(wtr, dry basis)

Sample Fe Ca Mg Na K
m _ i i f • III•i,lm)

Raw 0,32 1.47 0.19 0.05 0.04

lon-Exch. 2.54 0.28 0.02 <0.01 0.04
,,,,
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spectra of the coal with iron (ion exchanged)and in its original form.

The shoulder near 1700 cm-Ibecomesmore distinguishableafter ion

exchange. This finding is in contrastwith the FTIR resultsof Ohtsuka and
m

Asami [1991]. However, the Loy Yang brown coal used by Ohtsuka and Asami

" had a mineral matter content of only 0.54 (dry basis). Hence, most of the

carboxylic groups of the Loy Yang coal were already in the acid (i.e.,

-COOH), rather than the salt form. A partial combinationof H. ions from

the mildly acidic (pH 4.2) iron solution used for ion exchange with the

carboxylic groups causes an increase in the intensityof the absorbance

band near 1700 cm-1.

As in H2, a relationshipbetween the "excessyield" of

asphaltenes+oilsand the "excessyield" of preasphaltenesis also observed

in the H_S:H2 atmosphere,as illustratedin Figure 11. For the linear fit

of these data, rs is 0.916. The negative slope and the fact that

asphaltene+oilyields are higher than would be expected from a non-

catalytic reaction while preasphalteneyields are lower again implies that

preasphaltenesare being hydrogenatedto lighterproducts.

5.3.3. Effect of Preswellingon Liquefaction

The degree of swelling of the two coals by various solvents has been

. discussed in Section 3. THF and pyridine are effective swelling agents for

Blind Canyon,while pyridine and TBAH are effective swelling agents for
• ,

Texas subC.

Table 18 provides the resultsfrom non-catalyticliquefactionof

Blind Canyon and Texas subC with and without preswelling. Treatment of
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Table lB. Effect of preswelling on the liquefaction of Blind Canyon
bituminous (DECS-6)and Texas subbituminous C (DECS-1) Coals

H2 Cons. Conversion (daf)

- Coal Solvent wt_(daf) Total Preas. Asph. Oil CO. CI-C_
i i i i I i i

DECS-6 None O.54 48.0 12.3 8.5 21.g 3.I 2.2

DECS-6 CH30H 0.50 46.7 7.2 10.1 22.6 3.8 3.0

DECS-6 THF 0.50 49.7 9.8 12.0 20.5 3.6 3.8

DECS-6 Pyridine 0.54 51.6 7.3 11.3 26.5 3.7 2.8

DECS-6 TBAH° 0.60 58.7 9.9 17.3 21.8 5.7 4.0

DECS-I None 0.61 53.1 8.2 10.9 21.2 9.g 2.9

DECS-1 Pyridine 0.73 60.1 9.2 9.7 29.5 9.3 2.4

DECS-I TBAH° 0.97 72.1 10.9 24.3 25.8 6.9 4.2

°Hydrocarboncontentof theyieldcorrectedusingthe gas analysis
resultof TBAH obtainedby hydrogenatingTBAH at liquefactioncondition
withoutcoal.

Canyonwith methanol,THF,or pyridineprovidesessentiallyno improvement

in hydrogenconsumptionor conversion.The principaleffectof these

solventsis to shiftthe productdistributionslightly,enhancingthe

formationof lighterproductsat the expenseof preasphaltenes.Both of

theseconsequencesof solventpretreatmentwere also observedfor reaction

only at 275°, althoughof courseconversionsand yieldswere much lower,as

we showedin Section3.3.3. The shiftto lighterproductsis illustrated

in Figure12,whichshowsthe relationshipbetweenproductyieldand

- solventswellingratio. Generally,the betterthe swellingabilityof the

solventused for pretreatment,the lowerthe preasphalteneyieldand the

higherthe yieldsof the asphaltenes,oils,and gases. This suggeststhat
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a "loosening"of the structureas a resultof swellingmay providebetter

accessof the liquefactionvehicleintothe coalor easieregressof

products. TBAHmust be considereda separatecase,becauseits effecton
Q

enhancingconversionof BlindCanyonis disproportionateto its rather

" modestswellingratio(1.2)for this coal. We havediscussedpreviouslyin

Section3 that residualTBAHremainingaftersolventtreatmentdecomposes

to amines(mainlytributylamine)duringreaction,and have suggestedthat

tributylaminegeneratedin situacts as a veryeffectivesolventfor

dissolvingcoal and possiblyfacilitatingtransportof productsout of the

coal particles.Physicalevidencefor a TBAH reactionproductis discussed

in Section6.3.2.

The beneficialeffectsof preswellingaremore pronouncedfor the

TexassubC. As shownin Section3, for reactionat 275°, conversionsof

the subbituminouscoal are lowerthanthoseof the bituminouscoal. For

example,withoutsolventpretreatment,the conversionof TexassubC is 6.6_

as comparedto 17.7_for BlindCanyon_with pyridineswelling,the

respectiveconversionsare I0.0_.and 16.0_. However,with temperature-

stagingand solventpretreatment,conversion,asphalteneyieldsand oil

yieldsare now higherfromthe subbituminousthan fromthe bituminouscoal

. treatedwith the same solvent. Againthe best resultsare obtainedwith

TBAH pretreatment,althoughin thiscase TBAHhad by far the highest
m

swellingratio(2.6)of any of the solvents.

The highlybeneficialeffectof treatingthe subbituminouscoalwith

pyridineor TBAHmay resultfromseveralfactors. The nitrogen-containing
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basiccompoundsmay interactwith acidicoxygenfunctidnalities,such as

-COOHand -OH functionalgroups,to limitretrogressivecross-linking

reactions•As we will explainbelow,additionalevidencefor this

interactionis the reducedyieldsof COx gasesand changesin the FTIR

spectraof preasphaltenesand asphaltenesfrompyridine-or TBAH-treated

coals• TBAHmightalso alkylatethe coal,possiblyin the courseof the

first-stagereaction[Andersonand Winans,1991]. Alkylationof coalsmay

be beneficialfor liquefaction[Baldwinet al., 1991]. As noted

previously,TBAH decomposesto aminesduringliquefaction;aminesare known

to be goodpromotersfor coal liquefaction[Kazimiet al., 1985;Tagayaet

al., 1987_Milleret al., 1990].

Swellingagentswere usedto impregnateATTM,CPIC and CPMC to

investigatethe combinedeffectof solventtreatmentand catalyst

impregnationof theseprecursors.With ATTM,usingTHF and pyridineas

impregnationsolventsenhancedthe totalconversionof BlindCanyonfrom

85.1_to 88.0_and gO.3_,respectively(Table19). The beneficialeffect

of swellingwas seenmainlyin the formationof oils. Oil production

increasedfrom33.9_to 41.g_with the THF and to 43_ with pyridine.

Improvedconversionswere consistentwith a higherconsumptionof hydrogen.

In contrast,TBAH additionwas slightlydetrimentalfor liquefactionof

BlindCanyonwith ATTM,decreasingboth the conversionand oil yield,

thoughincreasingthe asphalteneyield. We haveshownelsewherethat

tetrahydroquinolinemay convertto propylcyclohexylaminein the presenceof

a sulfidedmolybdenumcatalystand poisonthe catalyst[Burgessand
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Table 19, Effect of preswelling on the liquefaction of _1_nd Canyon
bituminous (DECS-6) and Texas subbituminous C {bECS-1) coals
with ATTN ,

ii, lm i _ __ ,, ,,, _,,,,

. H2 Cons. Conversion_ (daf)I |

Coal Solvent wt_,(daf) Total Preas. Asph. 0il CO C,-C_
• i '"T i Im'' '" _ i I I I ' i i , I i "= | "ll i,,',

" DEC5-6 Water 21.6 85.1 14.7 32.5 33.9 1.9 2.1

DEC5-6 THF 22.2 88.0 13.4 28.1 41.9 1.7 2.9

DECS-6 Pyridine 24.4 90.3 9,4 33.7 43.0 0.8 3.3

DECS-6 TBAH" 22.4 81.7 9.5 45.9 26.3 2.6 4.0

DECS-1 Water 24.3 78.9 10.6 19,3 36.4 10,3 2.3

DECS-1 Pyridine 28.4 88,8 10.9 30.1 37.4 5.6 4.3

DEC5-1 TBAH" 25.4 88.9 8.9 35.6 34.6 6.3 4.2

° Hydrocarbon content of yield corrected using the gas analysis obtained
by hydrogenating TBAHat the same liquefaction conditions but in the
absence of coal.

Schobert, 1991]; butylamines generated from TBAHmay do the same again in

the present system. The use of swelling solvents for impregnation of ATTH

on Tex_s subC increased conversions even more than was observed for B]ind

Canyon, about 1(_ for both pyridine and TBAH. This increase was mainly

reflected in the production of asphaltenes. In addition, both TBAHand

pyridine treatments reduced the formation of: COx gases. The improvements

in conversion and oil and asphaltene yields are attributed to an improved

catalyst dispersion resulting from better impregnation of the catalyst

precursor. The swelling of the coal by the organic impregnation solvent

may allow the precursorto penetrateinto tl_ecoal.

The effectivenessof solvent swelling on liquefactionwith CPIC in

H2S:H2 is not pronounced (Table 20). Using THF as impregnationsolvent
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Table 20. Effect of solvent swelling on liquefaction of Blind Canyon
(DECS-6)and Texas (DECS-1)coals with CPXCin X2$:H2

H2 Cons. Conversion_ (daf) II

Coal Solvent wt_(daf) Total Preas. Asph. Oil CO=" C1-Cs
i i l Iii l II i N i ii llm I i| ii i l|li I

DECS-6CH30H 1,7 76,0 16.2 20,6 31,9 3.8 3,5 w.

DECS-6 THF 1.8 80.0 17.0 25.2 28.9 4.8 4.1

DECS-6 Pyridine 1.5 69.1 8.8 25.5 27.4, 3.3 4.1

DECS-1 CH30H 1.9 74,3 9,6 23.2 30.2 8.0 3.4

DECS-1 Pyridine 2.1 73.6 6.2 24.0 30.2 8.7 4.5

DECS-1 TBAHb 1.9 80.22 11.3 29.8 24.6 9.0 5.5

" Correctedfor the CO contentof CPIC

bHydrocarboncontentof yieldcorrectedusingthe gas analysisfrom TBAH,
obtainedby hydrogenatingTBAHat the liquefactionconditionsin the
absenceof coal.

Table 21. Effect of solv'ent s_11ing on liquefaction of Blind Canyon
bituminous (DECS-6) and Texas subbituminous C (DECS-1)coals
with CPNCin H2S:H2

H2 Cons. Conversion_ (daf) ....

Coal Solvent wt_ (daf) Total Preas. Asph. Oil COx" Cs-Cs
' i i i

DECS-6 CH30H 1.89 •88,3 10.9 39.1 32.5 2.6 3.3
DECS-6 THF 2.00 87.7 8.3 35.6 37.0 3,1 3.7

DECS-6 Pyridine 2.75 91.6 7.9 35.4 42.1 1.8 4.4

DECS-1 CH30H 1.82 79.2 20.5 18.6 27.5 7.0 5.6

DECS-1 Pyridine 2.13 75.3 6.3 19.7 38.7 5.0 5.6

DECS-1 TBAHb 1.97 78.0 8.6 28.8 25.0 9.6 6.0

" Correctedfor the CO contentof CPMC
bHydrocarboncontentof yieldcorrectedusingthe gas analysisfrom TBAH,
obtainedby hydrogenatingTBAHat the liquefactionconditionsin the
absenceof coal.
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slightlyincreasedthe conversion of BlindCanyonfrom 76H to 8OH, with a

higherformationof asphaltenes.However,when pyridinewas used,

conversionand H2 consumptionbothdecreased.The residualpyridine

content,calculatedfromthe increasein nitrogencontentof the pyridine-

" treatedcoal comparedto untreatedcoal,was 2-4H for BlindCanyon. {The

calculationof yieldsof pyridine-treatedcoalswas correctedfor residual

pyridinecontent.) Pyridinemay haveinterruptedthe transformationof

CPIC to pyrrhotite,the activecatalystfor hydrogenation.Additionof

TBAH increasedthe conversionof TexassubCto 80.2_,but this increasewas

a resultof an increaseof asphaltenesand preasphaltenes,and reductionof

oil yield.

With CPMC,THF andpyridinetreatmentswere beneficialfor

liquefactionof bothcoals,mainlyby shiftingthe productslateto favor

enhancedoil yields(Table21). Swellingwithpyridineprovideda slight

increasein totalconversionof BlindCanyon. Particularly,usingpyridine

gave a =IOH increasein oil yieldfor bothcoals. In generala higher

amountof H2 consumptionoccurred,concomitantwith a higherformationof

oil. Anothereffectof pyridinetreatmentwas a decreasein the formation

of COx gases.

, 5.3.4. Characterizationof SelectedProducts

To beginan investigationof the effectsof catalystadditionand
D'

solventtreatmenton modificationof the structureof the liquefaction

products,selectedproductswere subjectedto 13CsolidsNMR spectroscopy

{THF-insolubleresidues),to FTIRspectroscopy(residues,asphaltenesand
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preasphaltenes),and to GC and GC/MS analysis (saturatedfractionsof

hexane-solubles).

Tables 22 and 23 comparef values of the residuescalculated from
a

13CNMR spectra, lt is noteworthythat there is a significantincrease in

f of the residue from non-catalyticreactionsrelativeto the unreacted
a

coal, even though these reactionsattained only =50_ conversion and

consumed relatively littleH2. Further increasein f,, accompanyingan

increasein conversionto _go_ and a quadruplingof H2 consumption,is

relativelysmall. These resultssuggest that the early stage of reaction,

in which half (or perhaps even less) of the coal is convertedto soluble

products,leaves a highly aromaticmaterial as residue;further

hydrogenation,facilitatedby additionof a catalyst,swelling solvent, or

both, essentially"nibblesaway" molecularfragmentsof the residue and

converts them to soluble products. From our present experimentswe cannot

say whether the highly aromatic residueat _50_ conversio)_representsthe

less-reactivearomaticmaterial originallypresent in the coals, or is a

result of retrogressivecrosslinkingreactions inadvertentlyaccompanying

the early stages of liquefaction.

Figure 13 illustratesthe FTIR spectraof THF-insolublesobtained

from the Texas subC coal. The aliphaticC-H stretchingbands between 2700, ,

and 3000 cm-Iare less intensein the residue than in the unreacted coal.

Q

With higher conversion,the contributionof the organicphase to the

spectrumdecreases, and the absorbancebands from minerals become more

neticeable. Similarly,the intensitiesof aliphaticC-H stretching bands
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•, Table 22. f Values of THF-insoluble residues of Blind
a

Canyon coal (DECS-6)

Solvent -- None None pyridine

Catalyst -- No ATTM ATTM

f 0.598* 0.891 0.850 0.871
a

* Parent coal

Table 23. f Values of THF-insoluble residues of Texas
a o

subbituminous C coal (DECS-1)
,ii

Solvent -- None None Pyridine TBAH

Catalyst -- No ATTM ATTM ATTM

* Parent coal
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Figure 13 - Comparisonof FTIR Spectra of The Texas SubbituminousCoal (DECS-
1) and THF-Insoluble Liquefaction Residue. 1) Untreated Coal, 2)
Residues from Non-catalytic Reaction, 3) Residue from Reaction
with ATTH, 4) Residue from Reaction of Pyridine-treated Coal with
ATTN, 5)Residue from Reaction of TBAH-treated Coal with ATTR

_
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in the spectra of residuesfrom Blind Canyon is always less than those in

the original coal (Figure14).

Selected asphaltene and preasphaltenefractionswere also examined by
w

FTIR. Generally, slight differencescan be seen in the region between 1150

- cm-Iand 1300 cm-I. The unresolvedabsorptionbands in this region can be

attributedto aryl C-O (stretching)aromaticethers and phenols and to

C-4)-Hdeformationbands [Painterand Coleman, 1979; Painter et al., 1981;

Bellamy, 1975]. The peak at 1035 cm-Imay be due to C-O vibrations of

aryl-alkylether [Briggset al., 1957]. Figure 15 illustratesthe spectra

of asphaltenesobtained from Texas subC. The spectrumof asphaltenes

produced in the non-catalyticreactionexhibits two maxima in the region

representingC-O groups, at 1267 and 1225 cm-z,and a shoulder at 1700 cm"z

assigned to C=O stretching. The spectrum of asphaltenesproduced in

catalytic reactionsspectrum did not differ from that of the non-catalytic

experiment. For the pyridine-treatedsubbituminouscoal, the intensityof

the 1267-1225cm-zregion decreased slightly. The most notable distinction

was in the spectrum of asphaltenesfrom the catalyticreaction of TBAH-

treated coal. The maximum at 1225 cm-zdisappearedand the relative

intensityof the band at 1267 cm-Iwas lowered. A decrease in O-H

stretching at 3400 cm-Iwas observed (althoughthere is a contributionfrom

water to this region). In addition,the distributionof aliphatic

• hydrogens is different from that of other asphaltenesobtained from this

coal, owing to a higher proportionof methyl groups absorbing at 2956 cm-z,

and similarly for methylenegroups (2925 cm-Z). The proportion of bands
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Figure14 - Comparisonof ITIRSpectraof BlindCanyon(DECS_) Bituminous
Coal and THF-insolubleLiquefactionResidues.I) UntreatedCoal,
2) ResiduefromNon-catalyticReaction,3) ResiduefromReaction
with ATIM,4) ResiduefromReactionof Pyridine-treatedCoal
with Al-ll_
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Figure 15 - Comparisonof FTIR Spectra of Asphaltenes from Liquefaction of
" Texas SubbituminousCoal (DEC5-1). 1) Asphaltenes from Non-

catalytic Reaction, 2) Asphaltenes from Reaction with ATTI(, 3)
Asphaltenes from Reaction of Pyridine-treated Coal with ATTM,4)
Asphaltenes from Reaction of TBAH-treated Coal with ATTM
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between700 and go0 cm1 (aromatic C-H out-of-plane bending) also differed

from those of other asphaltene. That the proportion of the bandsat 748

(four neighboring H) and812 cm"z (two neighboring H) increased relative to

the absorption bandat 850 cm"1 (isolated H band) suggests that the

asphaltene sample from the TBAH-treated Texas subC is less substituted and

contains less condensedaromatic species. (It should be'noted that, not

only are there apparent chemical differences in the asphaltenes from TBAH-

treated Texas subCvis-a-vis the other asphaltenes from this coal, but also

TBAHtreatment-withor withoutaddedcatalyst-invariablyled to the highest

yieldsof asphaltenes.)Forasphaltenesfrom BlindCanyon,no difference

in the C-H stretchingregionwas observed,nor was thereany remarkable

differenceamongsamplesin the rangebetween1150-1300cm"I. The use of

catalystdid not affectthe intensityof the C=O and C-O groupbands.

However,afterpyridinetreatmentthe carbonylpeak intensitywas weakened.

FTIR spectraof preasphaltenesobtainedfromthe TexassubC coal show

no differencesin the aliphaticC-H stretchingregion,regardlessof the

use of catalystor preswelling(Figure16). The intensityof the peaksat

1230and 1190cm"zis lessfor the preasphalteneobtainedfrom the

catalyticexperiment.Pyridinetreatmentresultedin a decreasein the

maximaat 1230,1190and 1267cm"I. The spectrumof the preasphaltene

sampleobtainedfromTBAH-treatedcoaldoesnot showpeaksat 1230and 1190

cm-z Use of a catalystseemsnot to affectthe carbonylpeak (1700cm-z)• I

but solventtreatmentcauseda significantdecrease. In the caseof

preasphaltenesfromBlindCanyon,the band at 3400cm-zis more intense



12301190

1700,

.

_"'-.---.._ ._}

i • " " i • " 0'"". " " ' i " " " i • "4000.0 3200.0 "240 0 1600.0 800.0
Wavenumbers cm-1

i

Figure 16 - Comparisonof FTIR Spectra of Preasphaltenes from Liquefaction of
Texas SubbituminousC Coal (DECS-t). 1) Preasphaltenes from

" Non-catalytic Reaction, 2) Preasphaltenes from Reaction with
ATTM,3) Preasphaltenes from Reaction of Pyridine-treated coal
with ATTM,4) Preasphaltenes from Reaction of TBAH-treated Coal
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when catalystis used,regardlessof whetherthe coal had also been treated

with a swellingSolvent(Figure17). Sincein the presenceof catalystthe

absorbancepeakat 1184cm"zdecreased,and with pyridinetreatmentthe

maximaat 1184and 1225cmZ disappeared,it is likelythat the increaseof

the 3400 cm: peak is due to water. The oxygencontentof the asphaltenes

and preasphaltenes,shownin Table24, are consistentw_th FTIRresults.

The nitrogencontentof samplesobtainedfromTBAH-and pyridine-treated

coalsare higherthanthatof untreatedcoal. Thisis attributedto

contributionof nitrogen-containingcompoundsto asphaltenesand

preasphaltenes.In viewof all the FTIRresultsand elementalanalysesof

asphaltenesand preasphaltenes,it can be understoodthatnitrogen-

containingsolventswhichare capableof swellingcoal interactwith oxygen

functionalgroupsso as to lowertheirconcentrationin liquefaction

products.

Comparativegas chromatogramsof the saturatedfractionsof oils from

TexassubCand BlindCanyoncoalsare illustratedin Figures18 and 19,

respectively.Smoothdistributionsof n-alkaneswere obtained.The

distributionsof n-alkanesaremore homogeneousfor the subbituminousthan
e

for the bituminouscoal followingthe non-catalyticreactions.In the non-

catalyticreactions,n-alkanesfromTexassubC havea maximumat C2_,

whereasthosefromthe bituminouscoalhave a _aximumat C2s. The

concentrationof saturateswas foundto be 2.5_ (daf)for the subbituminous

and 2.7_ (daf)for the bituminouscoal (Table25) when no catalystwas

used.
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Figure 17 - Comparisonof FTIR Spectra of Preasphaltenes from Liquefaction of
Blind CanyonCoal (DECS-6). 1) Preasphaltenes from Non-catalytic
Reaction, 2) Preasphaltenes from Reaction with ATTN, 3)
Preasphaltenes from Reaction of Pyridine-treated Subbituminous
Coal with ATTN
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Table 24. Elemental analyses of preasphaltenes and asphaltenes.

Element (wtr, daf)
ii

Sample° Solvent Catalyst c H N O+S_. i ii i 1 Ii iii i iiiii iiii i iiiii iij ii i_ ii i1[111i ii i1 i i I

6-AS -- -- 78.8 5.7 1.5 14.0

6-AS Water ATTM 83.1 6.1 1.9 8.9

6-AS Pyridine ATTM 85.2 6.I 1.9 6.8
t

6-PAS w __ 82.5 5.4 2.1 10.0

6-PAS Water ATTM 83.6 5.3 _2.1 9.0

6-PAS Pyridine ATTM 84.4 4.9 2.6 8.1
i ii i

1-AS -- _ 77.7 5.4 1.7 15.2

1-AS Water ATTM 81.1 5.7 2.0 11.2

1-AS Pyridine ATTM 82.2 6.1 1.9 9.8

1-AS TBAH ATTM 82.3 6.I 2.9 8.7

I-PAS -- _ 80.6 4.9 2.1 12.4

I-PAS Water ATTM 81.3 5.0 2.1 11.6

I-PAS Pyridine ATTM 81.I 5,0 3.3 10.6

I-PAS TBAH ATTM 82.0 5.2 3.0 9.8
i i |

" 6= DECS-6;I=DECS-I;AS=Asphalrene;PAS=Preasphalrene.

Table 25. Percentage of saturated fraction of oil yields from Texas (DECS-I)
and Blind Canyon(DES-G) coals and pristane-phytane ratios in each
related saturate fraction.

Coal Catalyst Solvent Pri./Phyt, Sat,_(daf)
i Im i r H|, i , il i i i " ' i "

DECS-6 None ' None 7.1 2.7

DECS-6 ATTM Water 5.2 3.4

DECS-6 ATTM Pyridine 6.I 4.0 "

DECS-I None None • 5.4 2.5

DECS-I ATTM Water 5.4 4.1 "

DECS-I ATTM Pyridine 5.3 4.4

DECS-I ATTM TBAH 5.4 4.2
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WhenATTMwas used, higher concentrations of bicyclic terpenes and

monoaromatichydrocarbonscontributed to the chromatograms. For Blind

Canyon, the maximumin the n-alkane distribution shifted to C27for

reaction in the presence of the catalyst. With pyridine swelling

" pretreatment, the concentration of n-alkanes increased slightly and the

alkanes exhibit two maxima, at C2_and C1_. For Texas subCwith pyridine

pretreatment, n-alkanes exhibit maximaat C1_-C15and C27. TBAHtreatment

yielded maximaat C_sand C27. The concentration of saturates increased

upon catalyst addition for both coals. Solvent treatments increased the

concentration of saturates only slightly for Blind Canyon,and there was no

difference in the case of the subbituminouscoal.

Various ideas have been offered to account for the origin of alkanes

in coal liquefaction products° It has been proposedthat alkanes are

absorbed physically in the coal matrix [Bartle et al., 1975; Bartle et al.,

1979]; that alkanes derived from hydrocarbonspresent in the pore structure

or from the decomposition of alkyl chains bondedto the coal matrix [Snape

et al., 1981; Mashimaet al., 1984]; or that at least part of the n-alkanes

derive from hydrogenation of occluded esters, alcohols, or acids [Hudamburi

and Given, 1985; Donget al., 1986; Donget al., 1987]. The most

o noticeableeffectof the addedcatalystis a substantialincreasein the

concentrationof pristaneand phytane. The pristane-to-phytaneratioin
R.

productsfrom the TexassubCwas =5.4regardlessof the use of catalyst

duringliquefactionor of preswelling.For BlindCanyon,this ratiowas

more variable,being7.1 in productsfromreactionwithoutcatalyst,5.2
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for catalyticreactions,and 6.1 in productsfrompyridine-treatedcoal.

Theseresultsraisethe possibilitythat,at leastin part,isoprenoidsare

bondedto the coalmatrix.

Pristaneis thoughtto be formedfromthe oxidationand

decarboxylationof pristol;phytaneis formedby the hydrogenationand

dehydrationof phytol[Philp,1985]. The sourceof phytolmay be the side

chainof chlorophyll. Dihydropythyl-and phytyl-containingcomponents

(vitaminE and vitaminKI, for example)mightbe possiblealternative

precursors[Donget al., 1987]. On the basisof extractionand

hydrogenationof Wandoan(Australian)coal,Dong et al. [1987]proposed

thatpart of the n-alkanecontentin the fractionswas producedby the

reductionof methyland ethylestersof straight-chaincarboxylicacids.

Isoprenoids(e.g.,pristaneandphytane)linkedby etherbondsto the coal

matrixare the possibleprecursors,and theymay be derivedfrompristolor

phytolskeletons.Both our and Dong'sfindingssupportthe idea that

pristaneand phytaneare bound,at leastin part,to the coalmatrix.

5.4. SUMMARYAND CONCLUSIONS

The experimentalfindingsare summarizedin Figure20, which is a

plotof the conversionsand oil yieldsfrom all of the experiments

describedin this sectionof the report. Althoughthereis certainlysome

scatterin the data,we considerthe linearityremarkable,consideringthat

the Figureincorporates51 setsof data derivedfrom liquefactionof two

coalsof differentrank,two gas atmospheres,sevencatalystprecursors,
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Combiningall Data Reported in this Section, for 51 Temperature-
staged Liquefaction Reactions Involving TwoCoals, Two Gas
Atmospheres,SevenCatalyst Precursors, and Four Swelling
Solvents
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and four swelling solvents. Clearly the key to high conversion, and high

oil yield, is to increase hydrogen utilization.

For Blind Canyon bituminous coal, high conversions (i.e., in the
4

85-91_ range) are attained by impregnating the coai with a molybdenum-based

catalyst precursor. If the precursor is already sulfided, e.g. ATTM, a

hydrogen atmosphere is adequate; if, however, the precursor is not

sulfided, then liquefaction in a H2S:H2 atmosphere is desirable. Although

solvent pretreatment does not provide dramatic increases in conversion

relative to untreated samples, it is sufficient to gain an extra =S_ in

conversion, especially when using pyridine as the treatment solvent. This

"extra" 5_ conversion is, however, enough to raise conversion from _85_ to

_90_. The highest conversion observed for this coal, gl.6_, was obtained by

a combination of pyridine pretreatment, impregnation with CPMC, and

liquefaction in H2S:H2. For the Texas subbituminous C coal, the highest

conversions (89_) were obtained with ATTMimpregnation and solvent

pretreatment with pyridine or TBAH. Pretreatment of the subbituminous coal

enhances conversions by _10_ relative to otherwise similar experiments but

without solvent pretreatment, and the nitrogen-containing solvents seem

effective at suppressing formation of COx gases. In contrast to Blind

Canyon bituminous coal, the organometallic molybdenum-containing precursors

gave very good conversions(84-86_)without using H2S. The marked

difference in behavior of these precursorswith subbituminousand

bituminouscoals merits further investigation.

The slopes of the curves plotted in Figure 20 are not parallel;the
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oilyield increaseslessrapidlywith increasedhydrogenconsumptionthan

doesconversion.The resultssuggestthat if it were possibleto attain

I00_conversion,the oil yieldwouldbe about45_. Consequently,if one

were to envisiona processdesignedaroundthe reactionconditionsreported

here,somedown-streamhydrotreatingof preasphaltenesand asphaltenes

wouldbe necessaryif the goalwere to obtainveryhigh oil yields.

For BlindCanyonbituminouscoal,the conditionsfavoringhigh oil

yieldsare essentiallythosethat alsofavorhighconversions:molybdenum-

basedprecursors,eitheralreadysulfidedor reactedin H2S:H2;and solvent

pretreatment.The use of organicsolventcan enhanceoil yieldsby up to

I0_ relativeto reactionat the sameconditionswithoutsolvent. The

highestoil yields,42-43_,were obtainedwithpyridinepretreatmentand

ATTM in Hs or CPMC in H2S:H2. Littleor no benefitis observedfor oil

yieldsby solventpretreatmentof the subbituminouscoal. Sulfided

molybdenumcatalystsare generallybest at providinghighoil yields.

However,it is noteworthythat ion-exchangediron,with reactionin H2S:H2,

gave an oil yieldfromthe subbituminouscoalquitecomparableto those

obtainedwith molybdenumcatalystprecursors,althoughthe totalconversion

was not quiteas high. Ion-exchangeimpregnationof catalystprecursors

. into low-rankcoalsalsomeritsfurtherinvestigation.

Finally,it shouldbe understoodthat throughoutthe courseof this

work the temperatures,reactiontimes,and vehiclewere not varied,nor was

the overallreactionstrategy(i.e.comparisonwith single-stagereaction

or temperature-programmedreactions).All of thesefactorsare well known
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to affect the course of liquefaction reactions. Although we have

demonstrated approaches to achieve _90_ conversions with _40_ oil yields,

further experimentation that involves changing one or more of these factors
4

could offer potential improvements in reduction of reaction severity,

increase of yields of specific desired products, or both.
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6. COAL-SOLVENTINTERACTIONS

6.1. INTRODUCTION

Impregnationor dispersionof catalyst in or onto coals using a
I

variety of solvent vehicles was one of the primary objectivesof this

• research. Measurementof the solvent swelling ratio was used to provide

the relative increase in coal particle size in the presence of specific

solvents [Dryden, 1951; Green et al., 1984]. This measurementwas usually

performedon coals that were first exhaustivelySoxhlet extracted in

pyridine. Although Cody et al., [1988]have determinedthat unextracted

coal thin sections yield similar swelling volumes as pyridine-extracted

coals, our objective here was to study techniquesfor catalyst impregnation

of whole coals. Consequently,some alterationof the solvent swelling

techniquewas necessary. Using the revised procedure,preliminary

experimentswere completed to determinethe volumetric swellingof the two

coals selected for this investigationin four differentsolvents, i.e.,

methanol, THF, pyridine and I0_ tetrabutylammoniumhydroxide (0.385 M

TBAH). During the course of this project, solvent swollen and sometimes

catalyst impregnatedcoals were observed using optical and electron optical

techniques to determine the physical influenceof each solvent on the

. different coals.

6.2. EXPERIMENTAL
•

As employed in this study, volumetricswelling ratio was determined

by adding 1.00 g of -60 mesh (<0.25mm), air-driedcoal in a 15 mL

graduated screwtop centrifugetube. The coal was then centrifugedat 2900
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cpmfor 10 min and the height of the coal in the tube recorded in mL/g.

Twelve mL of solvent were added in increments to the coal. First, 6 mL
|

were combinedwith the coal and stirred carefully until all the coal

particleswere wetted,then the remainingsolventwas addedand the tube

sealedwith the cap. Aftera periodof timethe tubewa_ centrifugedagain

at 2900 rpm for 10min and the heightrecorded.The volumetricswelling

ratiowas definedas,

Q = h2/hI

wherehI = heightof unswollencoal and h2 = heightof swollencoal.

To obtaina betterunderstandingof the rate of swellingfor

unextractedcoals,a numberof experimentswereconductedusingthe Texas

lignite(PSOC-1444).For eachsolvent,one tubewas centrifugedat regular

time intervals,the coal height(h2)recorded,and then shakenand allowed

to standuntiltestedagain. Resultsfromthis testsamplewere compared

with samplesthat remainedundisturbedfor the same totaltime interval.

Becauseno significantdifferencewas foundfor the swellingratioswhen

the sampleswere intermittentlycentrifuged,this procedurewas adoptedas

standardpracticewiththe BlindCanyonsample(PS0C-1503).

Anotherproblemto be addressedwas the difficultyin measuringthe

coal-solventhorizonwhen therewas a high concentrationof solvent-soluble

materialin the coal,i.e.,THF, pyridineand TBAH. Thisproblemwas

overcomeby back lightingor by invertingthe centrifugetube after

centrifugation.Back lightingwas preferredand couldbe usedwith THF and
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pyridine. Tube inversionwas requiredwith TBAH,particularlywith the

lignitewhichreactedstronglywith the base.

6.3. RESULTSAND DISCUSSION

6.3.1. SolventSwellinq

• Solventswellingratioswith contacttimefor fourdifferentsolvents

are givenin Tables26 and 27 (alsogivenin Tables4 and 5, Section

3.3.1.)for the Texasligniteand the BlindCanyonhvBb coals,

respectively.In general,some interestingobservationscan be made

regardingsolventswellingwithoutpriorextractionor dryinge_ the coal.

In nearlyeverycase,the maximumlevelof swellingwas attainedwithin6

hi additionalsolvent-coalcontactin excessof 26 h did not producea

significantincreasein swe1_ingratio. Thesefindingscorrespondedto

resultsgivenby Matturroet al. [1985]for the rateof swellingof

extractedIllinois#6 in differentmolarconcentrationsof TBAH. They

foundthat the rateof increasein bulkswellingdiminishedafter3 h.

As discussedin Section3.3.1.,the levelof swellingexperiencedfor

each coal was slightlydifferentwith respectto the individualsolvents.

For the lignite(PS0C-1444),swellingincreasedin the order:methanol<

THF < pyridine< I0_TBAH;for the BlindCanyonhvBbcoal,the orderwas:

. 10_TBAH < methanol< THF < pyridine. Notethat the levelof swellingfor

differentsolventswas rankdependent.THF and pyridineextractabilityand
• .

swellingof coal is typicallyhigherfor bituminouscoalsand increases

with increasingrank to mediumvolatile. Therefore,swellingwas greater

for the BlindCanyoncoalcomparedto the ligniteusingthesesolvents. On
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Table 26. Changein solvent swelling ratio (0) with time for the
Texas lignite (PSOC-1444)

i i iii

Methanol THF Pyridine TBAH(10,1;)

Time (h) Q Time (h) Q Time (h) Q Time (h) Q
i ii

5.0 1.1 6.0 1.2 6.5 1.6 6.0 2.6

11.5 1.1 16.5 1.2 21.5 1.6 14.5 2.6

23.0 1.1 22.0 1.3 42.0 1.6 24.5 2.7

27.5 1.1 28.0 1.3 i m llll
z

Table 27. Changein solvent swelling ratio (0) with tim for the Blind
CanyonhvBbcoal (PSOC-1503)

i

Methanol THF Pyridine TBAH(10_)
Time (h) Q Q Q i Q

6.0 1.2 1.g 2.4 1.1

10.0 1.3 1.8 2.3 1.2

20.0 1.3 1.8 2.2 1.2

26.0 1.3 1.8 2.3 1.2
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the other hand, TBAHhas been shown to react strongly with the types of

oxygen functionalities found in most lower rank coals (carboxylic and

phenolic hydroxyl; [Liotta et al., 1981]). Consequently, swelling was

enhanced for the lignite compared to the Blind Canyon• From consideration

" of the solvent effects, pyridine and TBAHappeared to be the swelling

solvent of choice for the lignite, and pyridine and THF were most effective

with the hvBb coal.

6.3.2. Microscopy of Solvent-Swollen Coals

During the course of this study, subsamples of solvent-swollen coals,

some impregnated with catalyst, others not, have been prepared for

inspection using optical and electron optical microscopy to determine the

physical influence of the different solvents on the Texas subC (DECS-1) and

Blind Canyon hvAb (DECS-6) coals• Optical microscopy was performed on

polished surfaces of solvent swollen coals mounted in epoxy resin, whereas

particulate samples were evaluated using the SEH.

Inspection of coal samples that had been swollen in methanol revealed

no discernable influence of the solvent on either coal. Some very minor

fracturing was observed in the Texas subC coal contacted with methanol, but

this could not be wholly attributed to the solvent as these samples were

• dried to<3_ moisture. This conforms to the relatively low swelling ratios

found with methanol for the two older coal samples (PS0C-1444 and -1503).

" Polar solvents such as THF and pyridine are often used to extract

varying amounts of solvent-soluble fractions from coals of different rank.

From our swelling study these solvents were found to have a low to moderate
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influenceon the Texaslignite,but a fairlysignificanteffecton the

BlindCanyonsample. Inspectionof the TexassubC coalfollowingswelling

in thesesolventsshowedthata majorityof the coal particleswere

apparentlyunaffectedby the solvents. However,in the pyridineswollen

sampleevidencewas foundfor agglomerationof coal particlespresumablyby

the once-solubleextract. As seen in Platela, largercoal particleswere

cementedtogetherin a matrixmaterialof slightlylowerreflectance.

Althougha THF swollensamplewas not viewedunderthe opticalmicroscope,

inspectionof a particulatesamplein the SEM showedsmall,ml0_m size

particlesadheringto the surfacesof largercoal particlesandmay suggest

the same,butmore limitedagglomerationas observedwith pyridine.

THF and pyridineextractabilityare presumablymuch greaterfor the

hvAb BlindCanyonsampleand thereforeagglomerationof coalparticleswas

expectedto be more advanced. In the caseof THF swollenDECS-6some

agglomeratedparticleswere observed,butmost of the particleswere found

with coatingsof the extractablematerialson theiroutersurfaces,as

shownin Platelb. Thesecoatingwere alsoobservedin the SEM. Platelc

showsthe surfaceof severalcoal particlescoatedwith hemispherical

bodies. Thesebodieswere easilydestroyedby a focusedelectronbeam and
i

were carbon-rich.We haveconcludedthatthismaterialwas part of the

THF-solublefractionthatwas extractedfromthe coalduringswellingand

subsequentlyredepositedon the coal surfacefollowingevaporationof the

THF beforecatalystimpregnation.
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Pyridine, being a stronger solvent than THF, resulted in more

particle agglomeration with the swollen Blind CanyonhvAbsample. Plate Id

shows numerouscoal particles cementedby a granular matrix of slightly

lower reflectance than the vitrinite. Shibaokaet al. [197g] showedthat

° pyridinetreatmentof hvAbcoalsresultedin the swellingand

microbrecciationof vitrinite(alongthe particleedges)whichcouldbe the

originof the fine-particlematrix. Althoughmanymore of these

agglomerateswere foundcomparedwith THF,many individualparticleswith

coatingsalsowere seen,likethosein Platella. The depositionof

solvent-solublecomponentsonto the surfaceof coal particlesand their

subsequentagglomerationcouldsignificantlyinfluencecatalyst

impregnation,totalconversionand productyieldsduringliquefaction.

Coatingsand agglomerationmay restrictaccessof the catalystto some of

the internalporosityof a largenumberof coal particles,thus reducing

the effectivenessof catalytichydrogenation.On the otherhand,

concentrationof solvent-solublefractionsof coalat the coal surfacemay

enhanceproductyieldof lighterfractionsby virtueof theirexposureto

catalytichydrogenation.

The influenceof TBAH on thesecoalsstandsas an enigmain that the

. Texaslignitewas most effectedaf_dthe BlindCanyonhvBb leasteffectedby

the base in termsof pretreatmentliquefactionyields(Section3). During
• •

solventcontactthe ligniteexhibitedphysicalsignsof reaction,but

inspectionof TBAHtreatedTexassubCcoal underthe opticalmicroscope

revealedno indicationsof particleagglomeration.What was observedis
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PLATE!
FIGUREDESCRIPTION

a. Particle agglomeration exhibited in a pyridine swollen Texas subC
(DECS-1) sample that was impregnated with ATTM.

b. Particle of Blind Canyon(DECS-6)showingreaction along the left-
hand edge and fine particles adhering to the outer surface of the
particle following preswelling in THF.

c. SEMmicrograph showinghemispherical THF-soluble deposit on coal
surface following preswelling of the DECS-6coal in THF and
subsequent impregnation with ATTM.

d. Agglomerationof BlindCanyoncoalparticleswith a fineparticle
matrixcontainingpyridine-solublefractionof similarreflectanceas
vitrinitefollowingpreswellingin pyridine.
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PLATEII
FIGUREDESCRIPTION

a. Influenceof pyridinepreswellingon the BlindCanyonhvab coal.
Centraland right-handparticlesexhibitreactionfrontor coatingof
pyridinesolublematerialof slightlylowerreflectancethan the
vitrinite.

b. Coal particlefromthe TexassubCcoal followingpreswellingin TBAH
exhibitinglarge-scalefracturingalongandperpendicularto the
bedding.

c. A groupof BlindCanyoncoalparticlescementedby a low-reflecting
reactionproductfollowingpreswellingin TBAH. Note the intrusion
of the reactantintothe fracturesin the centralparticle.

d. Particleof BlindCanyoncoalpreswollenin TBAH showingthe low-
reflectingreactionproduct. The centralcoal particleis well
roundedand exhibitsclearsignsof a reactionfrontas well as the
abilityof the reactionproductto engagein particleagglomeration.



145

J
M
L

&



146

poorlyduringpretreatmentliquefactionfollowingimpregnationof

molybdenumcatalysts.

6.4. CONCLUSIONS

The influenceof four solventson the swellingand physical

propertiesof two setsof coalswas investigatedusingquantitative

solvent-swellingmeasurementsand opticaland electronmicroscopy.Using

one set of coalsWe foundthat the swellingratiofor the PS0C-1444Texas

ligniteproceededin the order:methanol< THF< pyridine< I0_TBAH,

whereasthe PSOC-1503hvBb BlindCanyoncoalproceededin the order:I0_

TBAH< methanol< THF < pyridine. Someof the reasonsfor this different

orderare relatedto coalrank and solventstrength. On the otherset of

coals,methanolwas foundto have no or littleinfluenceon the physical

propertiesof eithercoal. However,THF and pyridinebeingstronger

solventswere foundto havemore influence.The solvent-solublefractions

of each coal were foundas coatingson coalparticlesurfacesandwere

responsiblefor some levelof particleagglomeration.A greateramountof

extractwas producedfromthe BlindCanyonbituminouscoalusingpyridine

and the leastamountproducedfromthe Texaslignite/subCcoalswhen THF

was used. Pyridinepreswellingwas beneficialfor both coals,whereasTHF

was only effectivefor the BlindCanyoncoal. The use of 10_TBAH with the

TexassubCcoalwas most beneficialand appearedto providethe only

evidenceof true large-scaleswellingof a coalwhichcorrespondedwith the

highestswellingratiomeasured. On the otherhand TBAHwas apparently

ineffectiveas a swellingagentfor the BlindCanyoncoal. Optical
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microscopy revealed that TBAH reacted with the outeredges of the coal

particles (vitrinite)leavingbehind a tacky, pitch-likedeposit that

promotes agglomerationand which may block the coal pore and fracture

system.

o
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7. CATALYST DISPERSIONON COALS

7.1. INTRODUCTION

To establish some basic informationconcerningthe dispersion of

differentcatalysts upon coal surfaces,a study of catalyst/coalinterfaces

was undertaken. As part of this investigationwe wanted'to determine

whether a catalyst could impregnatethe fine pore structureof coal or

whether it formed a uniform surfacedispersion. The simplest experimental

approachwas to place catalyst solutionsonto a prepared surfaceof coal,

strip away the solvent and then characterizethe interfaces in three

dimensions.

Single, small particlesof coal were used to study catalyst/coal

interfacesby first embeddingthem in epoxy so that only one surface of the

coal was exposed. A catalystsolution was placed on the coal surface, then

the solvent was removed (evaporated,vacuum impregnatedor freeze-dried)

and the resultingsurface and cross-sectionalareas characterizedusing

electron and opticalmicroscopy. Particulatecoals, like those normally

used in tubing bomb liquefactionexperiments (Section3.2.), were also

studied to determinewhat degree of dispersion/impregnationwas achieved

with natural particle surfaces. SEM-EDS and electronmicroprobe techniques

were employed to locate catalystmaterials associatedwith solvent-swollen

and non-swollencoal surfaces. In addition,X-ray mapping was used to

study the effectivenessof ion-exchangingiron for calcium in the Texas

subC sample (see Section 5.2.4.).
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7.2. EXPERIMENTAL

Smallparticlesof DECS-I(freshlycollectedTexassubCcoal)and of

DECS-6(freshlycollectedBlindCanyonhvAbcoal)measuringapproximately5

• X 20mm were embeddedin plasticand polishedto exposethe beddingplane

structureof the coals. Two of the particlesof eachcoalwere soakedin

methanoland one soakedin THF for about12 h, whereasthe remaining

particleswere storedunderhighhumidityuntilcatalystsolutionswere

added. Coalparticleswere soakedin the solventsto swellthe coal and to

removesomeof the inherentmoisture.

Solutionsof 4.5_ FeSO4.7H20(=I.0- _I.7mg of catalystper coal

particle)and 2.0_ ATTM (_0.5- ,1.6mg per particle)withmethanoland

2.3_molybdenumhexacarbonyl(Mo(CO)s,0.8 mg catalyst)with THF were

prepared. Two sampleblocks(onesoakedin a swellingsolventand one

storedunderhigh humidity)were preparedfor each catalystby placing

dropsof the solutiononto the polishedsurface. Catalystsolutionswere

appliedto soakedcoal surfaceswithoutallowingthem to dry. As the

solventevaporated,more solutionwas addeduntilthe totalamounthad been

appliedto the surface. Each samplewas thenplacedin a vacuumoven at

25°C for up to 48 h to completelyremovethe solventand reducecoal

moisture. The samplesoakedin THF disintegratedandwas lost.
a'

Individual-particlestudieswerenot performedwith the otherswelling

solvents(pyridineand TBAH)employedin this projectbecausecoal-particle

disintegrationwas alsoanticipated.
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Sampleswere preparedfor observationunderthe scanningelectron

microscope(SEM)by coatingeachwith a thin layerof carbon. The coating

is necessaryto preventheat damageby the electronbeam and to eliminate

the buildupof surfacechargeswhichcan interferewith imaging. An ISI-
I

SX-40SEM was used for imagingonly. In subsequentsessionssampleswere

observedin an ISI-SX-40ASEM havinga KevexX-rayenergyspectrometer

(EDS)for qualitativeanalysisof elementsgreaterin atomicweightthan

boron.

Followinginspectionof the polishedsurfacesin the SEM,the

methanol-soakedsamplesof the ferroussulfateand ATTMcatalystswere

embeddedin an iodine-substitutedepoxyresinso that the catalystcoal

interfacecouldbe observedin crosssection[Daviset al., 1989]. The

coal particleswere cut in halfto exposea cross-sectionalarea and were

roughground(600grit)withoutthe aid of lubricant(wateror solvent)so

that the catalystwouldnot dissolve. Thesesectionswere also observedin

the SEM.

Evaluationof catalystdispersionon particulatecoalswas performed

on samplespreparedfor liquefaction,i.e.,-60 mesh coal (DECS-Iand 6)

was driedat I00°Cin vacuum,mixedwith a swellingreagentto give a

solvent-to-coalratioof 3:1 (v/w)and stirredfor 6 h undernitrogen.

Swellingreagentsused in thispartof the studywere methanol,pyridine

and THF. Solventswere removedby evaporationat roomtemperaturein

vacuumfor methanoland THF and at I00°Cfor pyridine. Aqueoussolutions

of ferroussulfateor ATTM were addedto each coal sample(0.59wt._ Fe or
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1.0_._ Ho) in the mannerdescribedin Section3.2.4, The dry,

particulatecoal samplesimpregnatedwith ferroussulfateor ATTHwere then

• prepared for study with the SEHand electron microprobe (EP). Sampleswere

carefully (gently) split to about 0.6 g using a micro-riffler and a small

subsamplemountedon a pedestal for SEMimaging using double-sided tape.

For the electron microprobe, samples were dispersed on the pedestal in a

cold-setting epoxy resin to eliminate surface charging problems.

Particulate sampleswere prepared for observation under the SEHby

coating each with a thin layer of gold, whereas those for EP analysis were

coated with carbon. All samples were coated at the sametime to ensure an

identical coating thickness. The ISI-SX-40A SEMequipped with a Kevex

energy dispersive spectrometer (EDS) was used for imaging and for the

qualitative elemental analysis.

An ETECautomatedelectron microprobe analyzer was employed for

quantitative analyses. The PET (Pentaerythritol) crystal spectrometer was

used for sulfur and molybdenumanalysis, whereasother elements were

monitored with an attached EDSsystem. Spectrometer wavelengths were

calibrated using pyrite (FeS2) as a standard for sulfur and 99.95_ pure

molybdenummetal for the molybdenum. The accelerating voltage was set at

. 15 keV and the data were reduced by the ZAFmethodusing various internal

software packages. The S_ (5.392 A) peak was used for sulfur, while the

Ho_ (5.407 _) peak wasused for molybdenum.

To evaluate the effectiveness of the iron ion-exchange for calcium in

the Texas subCcoal (DECS-1) a CamecaCamebaxSX50electron microprobe was
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usedfor X-raymappingand quantitativeanalysis. A coal samplethat had

been ion-exchangedas discussedin Section5.2.4was embeddedin iodine-

substitutedepoxyand polishedsurfacespreparedand coatedwith carbon.

p

7.3. RESULTSAND DISCUSSION

7.3.1. FerrousSulfateCatalyst

PlateIII illustratesthe differencesin affinityof ferroussulfate

(dissolvedin methanol)to methanol-soakedand moistsurfacesof the Texas

subCcoal. At the bottomof eachSEM micrographthe numbersindicatethe

electronbeamoperatingvoltage,totalmagnification,numberof microns

representedby the whitebar,and the photographnumber. PlateIIIashows

the fractured,methanol-soakedcoal surfaceto the leftand the plastic

embeddingagentto the right. As can be seen,the plasticwas heavily

coatedwith crystallineferroussulfate,whereasthe coalsurfaceappeared

to be devoidof catalyst. Usingthe EDS systemthe coalsurfacewas tested

for the presenceof ironbut no significantaccumulationswere detected.

This resultsignifiesthatdepositionof ironsulfatemay be so evenly

distributedas to give ironconcentrationsbelowthe detectionlimitsof

the spectrometeror that the methanol-soakedand dehydratedsurfaceof this

subbituminouscoal may repelironsulfate.

In contrast,PlateIIIband c showwhat appearsto be ferroussulfate

catalystdistributedevenlyacrossthe coal andplasticsurfacesof the

samplethat was storedundermoistconditions.At highermagnification

(PlateIIIc),two crystaltypeswereobserved;one occurredas large



153

crystals ranging in size from 100-300 pm, and the other type occurred as

acicular crystals that were distributed as 30 pm size clusters across the

coal surface. Inspection of this sample using the EDSsystem revealed

that the large crystals were ferrous sulfate and the acicular crystals were

" calcium sulfate. As demonstrated in Plate llId, the needle-like crystals

of calcium sulfate were embeddedand presumablygrowing from a central area

containing ferrous sulfate. These observations clearly showthat when

ferrous sulfate in solution with methanol was applied to a moist coal

surface, ion exchangeof iron was promoted with the exchangeableand

organically boundcalcium present in high concentration in the subCcoal

[Ca = 0.7 wt. _ of dry coal, AppendixAl.

Differences betweenthe methanol-soakedand moist sampleswere

observed during application of the catalyst solution. After about 25 min,

the soakedsample appeared dry, with a unifom dull luster, whereas the

moist sample remained moist and uneven. Becauseof these observations and

the apparent differences in coal/catalyst surface affinity between the

samples, we speculate that the ability of a coal to absorb/adsorb iron from

the ferrous sulfate onto internal surfaces might be greater for the soaked

sample. In other words, ion exchangeof iron from ferrous sulfate in the

• presence of water may be promotedat the coal surface, whereas removal of

water by presoaking in methanol may inhibit ion exchange. This mayor may
o •

not allow iron to penetrate deeply into the coal fracture system.

To test this hypothesis, a cross-sectional area of the methanol-

soaked sample was prepared. Plate IVa showsthe fractured coal in the
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PLATEIII
FIGUREDESCRIPTION

a. SEM micrographshowingcoalto leftand mountingplasticto the
right. The Texassubc (DECS-I)was soakedin methanoland
impregnatedwith ferroussulfate. Crystallineferroussulfatecan be
seen clearlyon the plasticsurface,but not on the coal.

b. SEM micrographshowingrelativelylargeferroussulfatecrystalson
the plasticand coal surface. Thissamplewas storedundermoist
conditions.Clusters(=30pm) of acicularcrystalsof calcium
sulfateare seen evenlydistributedacrossthe coalsurface.

c. HighermagnificationSEMmicrographshowingthe acicularclusterson
the coal surface(TexassubC). The needle-likecrystalsare calcium
sulfatethat are intergrownwith a centralareaof ferroussulfate.

d. Micrographshowingthe associationof needle-likecalciumsulfate
clustersgrowingfrom a coreof ferroussulfateafterthe
impregnationof a moistsurfaceof DECS-IsubCwith ferroussulfate.
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PLATEIV
FIGUREDESCRIPTION

a. Cross-sectionalarea of the TexassubCcoal particlethatwas soaked
in methanoland impregnatedwith ferroussulfate. High-resolution
epoxyis seen in the bottomhalf intrudingintothe coal in the upper
half of this SEM micrograph.The high-contrastregionsalongcoal
fracturesare from iodineand not fromthe depositionof ferrous
sulfate.

b. SEM micrographof moistBlindCanyon(DECS-6)coal particle
impregnatedwith ferroussulfate. Largecrystals(200-450pm) of
FeSO seen on the coalsurfacewith somesmalleracicularcrystalsof
calclumsulfate.

c. Highmagnificationmicrographof acicularclustersof CaSO4 on the
same sampleas describedin (b).

d. Cross-sectionalareaof ironand calciumsulfatecoatedDECS-6

particle. The upperportionis high-contrastepoxy,the horizontal
lineof highcontrastis the catalystand the lowerhalf is coal.
StrongFe and S peakswere obtainedfrom the verticallineof high
contrast(arrow),whichis presumablecatalystfillinga fracturein
the coal.

I
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upper half of the micrograph and the high-contrast epoxyin the lower half.

As can be seen, the interior fracture surfaces were coated with a high-

contrast material. Inspection of the exterior and interior coal surfaces
o

using the EDSsystem, however, revealed no significant iron peaks. Most of

the contrast difference resulted from iodine and chlorine found in the

epoxy resin. Thus, it must be concludedthat presoaking the subCcoal in

methanol prior to impregnation of ferrous sulfate not only inhibits ion

exchange, but also may inhibit deposition of catalyst on the coal surface.

Plate IV showsthe different forms of catalyst material on the

polished surface of a single particle of Blind Canyoncoal after having

been stored under relatively high humidity. Plate IVb showsrather large

crystals (200 - 450 pm) of iron sulfate groupedtogether on the coal

surface as was observed for the Texas subCcoal, but in muchhigher

concentration. At higher magnification (Plate IVc), clusters of much

smaller acicular crystals of calcium sulfate can be observed, someof which

also give a fairly strong iron peak.

In comparisonto the Texas subCcoal, there was less calcium sulfate

observed with the Blind Canyonsamplewhich correspondswith its lower

calcium content [Ca = 0.5 wt. _ of dry coal, AppendixAl as well as a

presumedlower calcium exchangeability. Although we are certain that the m

presence of calcium sulfate is evidence of a calcium/iron ion exchange, we

havebeen unableto locatesignificantironpeaksfromany of the exposed

surfaceof thesetwo coals, lt may be that the sitesof ion exchangewere

so widelydispersedthat our spectrometerwas unableto register
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significantcounts.

Investigationsof the methanol-soakedcoal particlesof DECS-6coated

• with ironsulfatewas not completed.However,a cross-sectionalareaof

the samplestoredunderhumidconditionswas studied. PlateIVd showsthe

epoxylayeraboveand the coal in the lowerpart of the SEM micrograph

separatedby a distinctlayerof mixediron and calciumsulfate. Also,

someminorintrusionof ironsulfate(atarrow)intoa coal fracturecan be

seen. Penetrationof catalystmaterialswas not observedwith the

methanol-soakedsubC (DECS-I)sampleandwe suspectthat the samemay be

true for the BlindCanyoncoal.

The associationof the ironsulfatecatalystwith particulate(-60

mesh)coal is i11ustratedin PlateV for bothcoals. PlateVa shows

numeroussmallparticlesof BlindCanyoncoal restingon the substrate.

Intermixedwith theseparticlesa numberof needle-likecalciumsulfate

crystalswere observedwhichappearedmostlyseparatedfrom the coal

surfaces. Inspectionof about50 individualcoal particlesusingthe EDS

systemrevealedno significantFe or Ca peaks,demonstratingthat the

catalystwas not evenlydispersedon coal surfaces, lt is possiblethat

our specimenhandlingprocedurecausedcatalystmaterialsto be loosened

- fromthe surfaces. Less often,coal particleswereobservedwith a large

volumeof catalystconcentratedin one area. PlateVb showsa coal

particlewith a mass of mixedcalciumand ironsulfatecrystalson the

surface. The crystalshapesand concentrationare very similarto what has

been observedfrom studiesof individualcoal particles.
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PLATEV
FIGUREDESCRIPTION

a. AcicularCaSO4 crystals(arrows)foundin closeproximitybut not
intimatelyassociatedwith BlindCanyon(DECS-6)coal particlesafter
impregnationwith ironsulfate.

b. A largeclusterof both ironand calciumsulfatecrystalsseen in
intimateassociationwith a BlindCanyoncoal particlefollowing
impregnationwith ironsulfate.

c. Calciumsulfatecrystalsobservedin closeassociationwith the Texas
subC (DECS-I)coalfollowingimpregnationwith ferroussulfate.

d. Most of the calciumsulfatefoundin the particulatesubC sample
followingimpregnationwith ironsulfatewas observedin very large
clusters(>300pm long)such as the one seen in thisSEM micrograph.
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PlateVc and d show areasof calciumsulfateobservedafter

impregnationof the TexassubCcoal (DECS-I);no ironsulfatewas found•

Also,most of the coalparticlestestedwith the EDSsystemgave no Ca; Fe

or S peaks. Althougha few particleswere observedwith associated

calciumsulfate(PlateVc),most of the materialwas foundin large

concentrationslikethat seen in PlateVd. Theseobservationssuggestthat

catalystdispersionmay be lesseffectivewith this coalthanwith the

BlindCanyon. However,ion exchangeclearlyhas beendemonstratedto be

far superiorwith the subC coaland thereforedispersionof ironmust be

greater. As foundduringour studyof individualcoal particles,problems

were experiencedlocatingsignificantconcentrationsof ironin proximity

to coalsurfaces.

7.3.2. Ion-exchangedIronCatalyst

Ion-exchangeof ironfor organicallyboundcalciumin the TexassubC

coal has beendemonstratedas a mechanismoccurringduringimpregnationof

the coalwith a ferroussulfatecatalyst. Samplesof the TexassubCcoal

whichwere ion-exchangedusingthe methoddescribedin Section5.2.4

(ammoniumacetatecalcium/ironion-exchange)wereobtainedand prepared

intoa polishedsection. The samplewas evaluatedquantitativelyusingX-

raymappingand microanalysistechniquesusingthe CamecaSX50electron

microprobe.Threeseparatespectrometersset to the peakwavelengthsof

sulfur,ironand calciumwere employed. X-raycountswere collectedfor

aboutI0 min to establishthe baseconcentrationof the elementsassociated

with the coal particle. Thenmicroanalysesof theseelementswere
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collected on selected (1 pm) areas of the particle interior and near the

edge to determine the variation in concentration throughout the particles.

u

Tab]e 28. Comparisonof iron and ca]ciu concentration
for raw and ion-exchangedwho]e coal with

• e]ectron microana]ysis of individual
particles (wt _)

Sample _ Fe (wt) _,Ca (wt)i i , , j

ChemicalAnalysis

Raw 0.32 1.47

Ion-Exch. 2.54 0.28

Microanalysisof Ion-exchanged
Particlesn = 2

Interior 1.96 0.36

Edge 2.39 0.22
m i J,i i i iii - i

Aboutfive recognizablecoalparticleswere selectedat randomfor

testing. In all casessimilarresultsto that shownin Figure21 were

obtained. The coal particleis illustratedin the upperleft-handquadrant

and the X-raymaps of sulfur(upperright),iron (lowerleft)and calcium

(lowerright)are provided. Thesemaps demonstratethatthe concentrations

• of all elementswere fairlylow and that,relatively,calciumconcentration

was the lowest. The ironand sulfurmaps clearlydefinethe outlineof the
.

coalparticle,but the calciumis somewhatindistinctat the particle

boundary. Microanalysisconfirmeda lowercalciumconcentrationat the

particleedge as shownin Table28. Thesedata also suggestthat ironmay
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Figure 21- X-ray Map of the Iron for Calcium Ion--exchanged Iexas
Subbituminous C Coal. I) Upper Left-Backscatter Image of Coal
Particle, 2) Upper Right-Sulfur Map, 3) Lower Left--Iron Map, 4)
I_ower Right-Calcium Map
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be slightlyhigherat the particleedge,thusdemonstratingthat ion-

exchangewas not as diffusionlimitedas may have beenthe casewith our

individualparticleimpregnationwork.

7.3.3. AmmoniumTetrathiomolybdateCatalyst

" Dispersionof an ATTM solutionin methanolontomethanol-soakedand

moistsurfacesof the TexassubC coal are shownin SEM micrographsin Plate

VI. PlateVia showsthe fractured,methanol-soakedcoal particleembedded

in plastic. Two crystaltypesof ATTMwere observed;a blade-likecrystal

formwas foundon the embeddingplasticsurfaceonlyand the otherformwas

foundin largeclusters(<120pm) on boththe coal and plasticsurfaces.

At highermagnification(PlateVlb),the clusterswere seen to be

intergrowncrystalsof ATTM that appearedto be associatedwith coal

fractures.This suggeststhatthe ATTM/methanolsolutionmay once have

been concentratedat the coal fracture,but duringevaporati_nofthe

solventand inherentcoalmoistureundervacuum,ATTMmay have been drawn

out of the fracturesystem.

Therewas some evidencethat a more uniformsurfacedispersionof

ATTM may be obtainedwhen appliedto a moistcoal surface. PlateVIc shows

that the blade-likecrystalsof ATTM havegrownacrossboththe plasticand

. coal surfaces. Also,smallcrystalsof ATTMcan be seen in the upper

right-handcornerof PlateVIc. PlateVId showsthese=10 pm plate-like
.

crystalsscatteredaboutthe surfaceindividuallyor in smallclusters.

This suggeststhatthe moistsurfaceof coalmay have a greaterpotential

for surfacedispersionthan a methanolsoakedand preswollencoal surface.
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PLATEVI
FIGUREDESCRIPTION

a. SEMmicrograph of methanol-soaked Texas subCcoal impregnated with
ATTH. The blade-like crystal form of ATTMcan be seen on the
mountingplastic (lower left corner) and relatively large crystalline
clusters of ATTHare distributed unevenly on the coal surface.

b. High-magnification micrograph of the methanol-soaked subCcoal
showingthat the intergrowncrystalsof ATTM are associatedwith a
coal fracture.

c. When the coal is storedundermoistconditions,blade-likecrystals
of ATTM are seen growingacrossthe plasticand coal surfaces. Also,
thereare individual=10pm plate-likecrystalsof ATTM distributed
acrossthe coal surface,as seen in the upperrightcorner.

d. High-magnificationSEM micrographshowingthe plate-likecrystalsof
ATTM distributedon the coal surfaceas describedfor PlateVIc.
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A cross-sectional area of the soakedsamplewith ATTMcatalyst also

was prepared for inspection in the SEM. As observedwith the ferrous

sulfate sample, no molybdenumor sulfur peaks were detected on either

interior of exterior surfaces of the coal. Fromthis we conclude that the

ATTM- methanol solution does not effectively penetrate a methanol-soaked

preswollen surface of the Texas subCcoal.

The dispersion/impregnation of ATTMin methanol on individual

particles of Blind Canyoncoal also wasstudied. However, the batch of

ATTMprepared in-house had altered to somedegree and was no longer

completely soluble in methanol. Plate VIIa showsthat whenATTMwas added

to a methanol soakedsurface of Blind Canyon, large crystals (20 - 80 pm)

of the insoluble fraction of ATTMwere cementedin place by clusters of

very fine (=0.2 pm) particles of what presumablyhad been the soluble

fraction of ATTM. Inspection of the cross-sectional area prepared from

thissampleshowedthat thecatalystwas mainlyassociatedwith the

exteriorcoal surface;no penetrationof the catalystintofracturesystem

was observed.

PlateVIIb throughd illustratesthe degreeof dispersionof ATTM on

the surfaceof particlesof the subCcoal (DECS-I)that were preparedfor

liquefaction.PlateVIIband c are micrographsof the samecoal particle

whichgave a relativelystrongMo and S peakwith the EDS. Arrowsin each

illustrationshowthe exactlocationof small(<5pm), plate-likecrystals

of ATTM attachedto the coal surfaces. Thesecrystalformsand that seen

in PlateVIldare very similarto thoseshownfrom individualcoal
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particles(PlateVI). Most of the particlesencounteredand testedin this

• sample did not give Moor S peaks, suggesting that ATTMprobably forms a

. wide dispersion of discrete particles that are loosely held to the surface

of coal. Even so, conversion and product yield has been improved as

suggested by the pretreatment data in Table 6.

Particle mountsof an unswollen Blind Canyonsample (DECS-6)

impregnatedwith ATTMwere evaluatedusingthe SEM in a similarmanneras

describedfor the TexassubC coal. Thewholesamplewas scannedand

individualparticlestestedat randomfor the presenceof sulfurand

molybdenumpeaksusingthe EDS system. Thisprocedurerequired

approximatelyI h per sampleand must be consideredqualitativeat best.

As demonstratedin Figure22, the X-rayenergiesof molybdenum,sulfurand

gold (coatingmaterial)overlapbetweenabout2.0-2.5keV. Therefore,some

interpretativedifficultyarisesas to whetherATTMmay be presentat any

giventest point. However,the presenceof goldand its relativeintensity

may be establishedby the AUk peak at -g.l keV. In addition,peak

broadeningand skewnessto higherenergiesof the main S/Mopeak at 2.2 keV

can be used as a qualitativeindicationof the presenceof molybdenumfor

any givensampleset.

" Figure23 demonstratesthe effectiveuse of the EDS systemwhere

severalX-rayenergyspectrawere collectedfromdifferentareasof a
t.

singlecoal particleshownin the accompanyingSEM micrograph.The

particle_hown.is froma BlindCanyonsampleimpregnatedwith ATTM,but

whichhad not beenpreswollenwith a solvent. Area and spectrum#1 show a
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PLATEVI !
F!GUREDESCR!PT!ON

a. ATTMin solution with _thanol was placed on a methanol presoaked
surface of an individual particle of Blind Canyon(DECS-6) coal.
Large ATTMcrystals from a methanol-insoluble fraction are held fast
to the coal surface by clusters of submicron-sized crystals of once-
soluble ATTN.

b. The centralparticleof DECS-I(subC)in thismicrographgivesa
strongMo and S peak owingto the presenceof crystallineATTM at the
arrow. Samplewas impregnated_ith ATTM fromaqueoussolution.

c. Highermagnificationmicrographof the coal particlesurfaceseen in
"b", showingthe associationof ATTMplate-likecrystalswith the
coal surface.

d. A high-magnificationmicrographof an ATTM crystalclusterfoundon
anothersubC (DECS-I)coalparticlefollowingimpregnationwith an
aqueoussolutionof ATTM.



"- 171

,n
L



2oo- Gold

172

Au

0
O o

Au

0 I I ! I I ' I I i !
0 1 2 3 4 S 6 7 8 9 10

key
54)0-

Mo + Au

u)

8

0 I I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

500 - keV

S+Au

8
4m

s

0 '1
0 1 2 3 4 5 6 7 8 9 10

keV
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relatively weakgold peak and no sulfur peak, suggesting that ATTMmaynot

be present at that site. HoweVer,for area and spectrum#2 not only is

there a stronger gold peak, but the lower energy peak near 2.2 keVwas p

found to be proportionally higher, thus implying that Moand/or S maybe

contributing X-ray energies. In genera] for this sample, muchof the ATTM

appeared to be scattered as small discrete particles across the coal

surface, muchas was shownfor the Texas subCsample.

A similar SEMevaluation was conductedfor Blind Canyonsamples that

were first swollen in methanol, pyridine and THF before being impregnated

with ATTM. However, location of discrete catalyst particles associated

with the coal surface was not altogether successful. As shownin Figure 24

for the coal preswollen in pyridine, energy spectra are very uniform from

site to site, with a relatively low gold peak and a large peak in the 2.0-

2.5 keV region. From this evaluation we were uncertain whether the low_.

energy peak was being influenced by S or Moor by both elements. Most of

the coal particles in the pyridine-swollen Blind Canyonsample gave these

sameuniform spectra. On the other hand, spectra collected for the Blind

Canyonsamplesswollen with methanol and THFwere not as uniform. In fact,

there was somedifficulty in locating lo_r-energy X-rays from these samples,

suggesting that catalyst dispersion maybe heterogeneous, i.e., as discrete

particles.
d

In addition to the Blind Canyonsamples two Texas subCparticulate

samples preswollen in methanol and pyridine and that were impregnated with

ATTMwere evaluated using the SEMtechnique. Unfortunately, there was
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significantinterferencefrom the presenceof otherelements(Ca,AI, Si,

Ti, etc.)suchthat Mo and S peakswere difficultto locateor interpret.

In the case of the pyridine-swollensample,not a singleparticlegave a Mo

or S peak. Clearly,a morequantitativecharacterizationof thesesamples

was neededand this was the reasonthe electronmicroprobewas employed.

Consequently,all ATTM impregnatedsampleswere prepared_or electron

microprobeanalysis.

Microprobemeasurementswere made by identifyingan individualcoal

particleusingthe probewhite-lightoptics,then impingingthe electron

beam on the centerof the particleand collectingX-raycountsfor 20 sec

for each element(S and Mo). Between5 and 8 particleswere analyzedin

thismannerfor each sample. This analyticalproceduredoes not providean

indicationof catalystimpregnationvs dispersion,but it aids in our

determinationof whetherthe catalystis or is not associatedwith

individualcoal particles.

Table29 liststhe resultsfrom theseanalysesand tendsto confirm

the qualitativeevaluationperformedusingthe SEM. For the ATTM-

impregnatedBlindCanyonsamples,molybdenumand sulfurpeakswere measured

in associationwith all particlestested(1004)when swellingsolventswere

not employed. When pyridinewas used,about804 of the particleshad a low

levelof associatedmolybdenum,whereasmost (75_)of the particlestested

in the methanol-swollencoal showedno molybdenumpeaks. In comparison,

particlemountsof the TexassubC samplepreswollenin methanoland

pyridineshowedthat about80_ of the methanolsamplehad associated
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Table 29. Electron microprobe results fm ATTN-impregnated Blind Canyon
hvAb and Texas subC coals

i i ii • ilia| _

Elements Detected
i

, Particle Relative Strength Relative Strength
No. Mo S Other (EDS) of MO Peak of S Peak

• 11 i ii iiii iii ml| ii l'l i i i mill l ,,,IH I li iI InI ,

. DECS-6 -- Unswolfen
I * * -- 4.8 53.6
2 * * Al, Si 6.1 51.6
3 * * -- 9.1 63.3
4 * * -- 38.0 170.8
5 * * -- 7.0 70.0
6 * * -- 7.7 51.2

DECS-6 -- Pyridine
1 * * -- 7.3 39.8
2 * * Al, Si, CI 2.5 20.6
3 None None ......
4 * * -- 3.9 24.7
5 * * -- 4.3 39.2

DECS-6 -- Methanol'
1 * * Al, Si, Ca 11.2 67.7
2 None None AI, Si ....
3 * * Al, Si, Ca 1.1 14.8
4 None None ......
5 None None ......
6 None * Al, Si9 S, Ca -- 5.1
7 None None AI, Si, Ti, Ca ....
8 None None ......

DECS-1 -- Methanol

I * * Al, Si, Ca 6.1 34.6
2 None * Al, Si -- 4.2
3 * * Al, Si, Ca 5.8 77.4
4 * * Al, Si, Ca 6.8 70.2
5 * * Al, Si, Ti 5.0 18.6
6 * * Ca 4.7 57.6

" DECS-I -- Pyridine
1 None * .... 4.I
2 None * .... 20.4

• 3 None * .... 2.6
4 None * .... 2.8
5 None * .... 2.8

• = element present
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molybdenumand sulfur, whereasnonewas detected on the pyridine-swollen

coal above about i000 ppmconcentration. The relative intensity of the

molybdenumpeak presented in Table 29 suggests that in most cases Mowas in .

fairly low concentration with respect to the masstested. This could

cef]ect a submicron dispersion of the catalyst in and about the coal

particle surface layers. The relative intensity of the sblfur peak was

muchhigher and somewhatmore variable, becausewe have measuredthe

organic sulfur fraction naturally occurring in the coal as well as a

somewhatless uniform contribution of sulfur derived from the ATTM

catalyst.

7.4. SUMMARYAND CONCLUSIONS

A numberof differentsamplepreparationand microscopictechniques

were employedin orderto characterizethe dispersion/impregnationof

catalystonto or intotwo coals,i.e.,TexassubC (DECS-I)and BlindCanyon

(DECS-6). The relativeinfluenceof variousswellingsolventswere also

investigated.Samplepreparationtechniqueswere variedowingto physical

limitationsof the systemsstudied. For example,water-and methanol-

solublecatalystscouldbe appliedto individualcoalparticlesand

effectivelystudied. However,the use of relativelystrongswelling

solvents(THF,pyridineand TBAH)causedparticledisintegration.Thus,to

effectivelystudycoalspreswollenin thesesolventsrequiredthe use of
i

particulatesamplesthatwere preparedfor liquefaction.SEM-EDS

evaluationof particulatesampleswas effectiveas longas the catalystwas

dispersedon the surfaceas discreteparticles.However,when
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dispersion/impregnationbecamemore uniformand catalystconcentration

decreasedwith respectto any givenparticle,the SEM-EDSmethodbecame

ineffectiveand the electronmicroprobehad to be employed. During

microanalysis,we sacrificeour abilityto viewthe associationsof

catalystwith the roughsurfacesof coalparticlesfor an abilityto

measurecatalystconcentration.

Solutionsof ferroussulfateand ATTM in methanolwere placedon the

polishedsurfacesof methanol-soakedandmoistparticlesof the TexassubC

and BlindCanyonhvAb coalsand vacuumimpregnated.Resultsfrom this

studyshowedthat ironion-exchangeswith the organicallyboundcalcium(to

form calciumsulfate)on a moistsurfaceof the subC,forminga uniform

distributionof calciumsulfateand excessferroussulfateacrossthe

surface. A much greateramountof ferroussulfateand a loweramountof

calciumsulfatewas foundwith the BlindCanyonsamplebecauseof a lower

contentof exchangeablecalcium. No evidencewas foundfor ionexchange

with the methanol-soakedsampleof eithercoal. When individualparticle

sampleswere viewedin crosssection,someevidencewas foundfor

penetrationof the ironsulfatein solutionwith methanolintothe fracture

systemwhen moistcoalwas impregnated.

The sameobservationsweremade usingparticulatecoal samples

concerningferroussulfatedispersionas with individualparticlesamples.
• .

Both test proceduresshowedthat ironsulfatewas involvedin an ion-

exchangeprocesswith calciumto formcalciumsulfatecrystals. As would

be expected,calciumsulfatewas foundin much higherconcentrationwith
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the Texas subCthan with the hvAbBlind Canyoncoal, although lt was not as

widely dispersed in the subCsample, e.g., the catalyst was found in large

aggregates.

To gain a better understanding of the level of iron dispersion that
m

may be achieved during the ion-exchangemechanism,ammoniumacetate

calcium/iron ion-exchange was performed for the Texas subCcoal.

Inspection of coal following the procedure showeda very unifom dispersion

of iron throughout most coal particles at a relatively low concentration.

The study also showeda reduction of calcium ions within coal particles,

with the lowest concentration found along the particle perimeter.

Presumably, the ion exchangeattained by simple contact of the moist subC

coal with a ferrous sulfate solution for 6 h would not be as effective.

As discussed in Sections 4 and 5, FeSO_was not an active catalyst

under pretreatment conditions (275°) in the presence or absenceof H2Sand

was only slightly better than no catalyst addition during temperature-stage

liquefaction in H2. With the addition of H2St:J the reaction gas during

temperature-staged processing conversion and product yields were increased

marginally. WhenFe was uniformly dispersed/impregnated during ammonium

acetate ion-exchange for Ca in the subCcoal there was a muchgreater

improvementin conversionwith H2Spresent, We have shownthroughX-ray

mappingthe extentto whichFe was widelydisseminatedthroughout

subbituminoucoal particlesand,therefore,haveclearlydemonstratedthe

positivebenefitsof uniformcatalyticdispersion/impregnationupon

liquefaction.However,underthe best conditionsof dispersionand
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sulfidizationthe iron-basedcatalystsare onlymargihallycomparablewith

molybdenum-basedcatalystwith respectto conversionand productyields.

ATTM appearedto form a reasonablygood surfacedispersionon a moist

ratherthan a preswollencoalsurface. Examinationof cross-sectional

areasof the methanol-soakedsamplesimpregnatedwithATTM revealedno

penetrationof the catalystintothe coal fracturesystem. Dispersionof

an aqueoussolutionof ATTMwithina particulatesampleof the TexassubC

coal demonstratedthat ATTM is widelydisseminatedas discretecrystalline

particlesthat are looselyheldto the surfaceof coal.

BothqualitativeSEM and quantitativeelectronmicroprobeanalyses

were performedon BlindCanyonand TexassubC samplesthat were first
s

swollenin varioussolventsand then impregnatedwithATTM. This

investigationshowedthatpyridine-swollencoalsprovideda better

dispersionof ATTM catalyston a submicronlevelon the BlindCanyoncoal

than when swollenin methanol. Whenno swellingreagentwas used,the

catalystwas foundas discrete,but uniformlydistributedparticleson the

coal'ssurface. ATTM was dispersedmore evenlyon thewaterand methanol

preswollenTexassubC coalthanwhen pyridinewas used.

Totalconversionof the TexassubCcoalwas influencedby the use of

swellingsolvents,with TBAHhavingthe greatesteffectand pyridinebeing

a distantsecondfollowedby methanol,THF and waterunderpretreatment

conditions.Additionof ATTM onlymarginallyimprovedconversionunder

theseconditionssuggestingthat it is ineffectiveas a pretreatment

catalystfor the subCcoal. ATTM contributedto an overallgreater
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conversionduringtemperature-stagedliquefaction,basicallyfollowingthe

sameorderwith regardto the swellingsolvents(TBAHand pyridine).

Methanoland THF were not used as a swellingsolventduringtemperature-

stagingbecausetheywere mostlyineffectiveunderpretreatmentconditions.

Our microscopicobservationsshowedthat ATTMwas distributedunifomly as

discreteparticleswhen waterand methanolwere used,but'couldnot be

locatedin =>1000ppm concentrationwhen pyridinewas used. This intimates

thatthe use of pyridinemay have resultedin a broaddisseminationof

molybdenumat the submicronor perhapsangstromlevel. Totalconversionof

pyridine-swollenTexassubC coalundertemperature-stagedwith ATTMwas

equalto thatusingTBAH.

Dispersionof the ATTM catalyston the BlindCanyonhvAbcoalwas

foundto be very similarto thatdescribedfor the TexassubC,althoughthe

resultingconversionand productyieldinformationwas much less

predictable.For example,underpre_reatmentconditionstotalconversion

decreasedin the order:TBAH> THF> methanol> none> pyridine,however,

when ATTM was introducedthe orderchangedto: pyridine> methanol= THF =

none> TBAH. The changingorderof TBAHand pyridinemay resultfromthe

fact that thesesolventshave a relativelystrongphysicalinfluenceon the

hvAbcoal as was discussedin Section6. The effectof particle

agglomerationand reactionwith the solventsmay interferewith the

distributionof the catalystand its availabilityto hydrogenduring

liqttefaction.Undertemperature-stagedconditionstotalconversion

basicallyfollowedthe orderof solventstrength(i.e.,TBAH,pyridine,
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THF, none and methanol),whereaswith the introductionof ATTM,preswelling

with pyridineresultedin the highestconversionand TBAH the least.

, Again,the changein orderingfor thesereactionconditionsmay have

resultedfrom the physicalinterrelationshipbetweensolvent-soluble

materialsand catalyst. However,duringtemperature-stagedliquefaction

conversionsare higherand particleagglomerationis not as importantof a

consideration.
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8. COAL/SOLVENT/CATALYSTINTERACTIONSDURINGLIQUEFACTION

8.1. INTRODUCTION

This sectionof the reportis concernedwith the investigationof the

natureof the organicresiduesof liquefactionand the associationand

B

distributionof catalystmaterialswith the remainingorganicfractions.

Residuesfrompretreatmentand two-stagedliquefactionhave beenstudied

usingopticaland electronopticaltechniquesin an effortto formulatea

more accuratepictureof the fateof catalystmaterialwith respectto the

reactingcoal. Sections3 and 5 of this reportprovideinformation

regardingthe effectivenessof catalystsand catalystconversionintoan

activephase,whereasthis sectionwill attemptto explaintheseresults

fromphysicalassociationsremainingfollowingreaction.

A systematiccharacterizationof some35 THF-insolubleliquefaction

residueshas beencompletedusingopticalor electronopticaltechniques.

The sampleswere more-or-lessequallydividedbetweenrunsmade with Blind

Canyon(DECS-6)and the TexassubC (DECS-I)coals. For each coal,residues

from runs at pretreatmentand temperature-stagedconditionswere selected

basedon processconditionsand coal treatment,i.e.,presenceor absence

of catalyst,swellingsolventsand differentgas atmospheres.Residues

were chosenin an effortto coverthe influencesof catalyst,swelling

solventsand reactionconditionson differentcoals.

8.2. EXPERIMENTAL

Table30 liststhe residuesthatwere preparedfor microscopy

togetherwith pertinentreactionconditionsand productyieldsfor each
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run. Each THF-insoluble residue was embedded in an iodine-substituted

epoxy resin and a polished surface prepared. Optical microscopy was

employed to obtain a better understanding of the progressive transformation

of the organic fraction of coal with respect to the different treatments,

" catalysts and reaction conditions,whereas electron microscopy techniques

were employed to obtain informationon the fate of catalyst materials.

Optical microscopywas performedusing a Zeiss Axiophot reflectance

microscope at 400X magnification. Reflectanceanalyses (mean random

reflectance)were performedon the vitrinite-derivedportion of some

residues using a Lietz MPV2 microscopefollowingthe general procedures as

described in ASTM D5 2798-91. Electronoptical equipment used in this

study was the same as described in Section7, i.e., the ISI-SX-40ASEM with

Kevex EDS system for qualitativeevaluation;the Cameca SX50 was used for

X-ray mapping and quantitativeanalyses.

8.3. RESULTS AND DISCUSSION

8.3.1. Optical Microscopy Of LiquefactionResidues

The influenceof swelling solventson the Texas subC and Blind Canyon

hvAb coals were characterizedin Section6 and showed that I0_

, tetrabutylammoniumhydroxide (TBAH) and pyridine promoted the greatest

effect. As discussed in Section 3, one or the other of these solvents also
f

contributedto significantlygreater total conversion and productyields

under pretreatmentconditions (275°C)when variouscatalysts were employed.

TBAH markedly improvedthe conversionof the Texas subC coal with and
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without added catalyst. In the absence of catalyst the 275°C residue from

DECS-1 exhibited some of the same properties as observed following swelling

in the base, i.e., many of the particles were severely swollen and

fractured. Following themal treatment, however, a large portion of the

residue had agglomerated into larger particles and, as shown in Plate

VIIIa, competent coal particles were cemented together with a fine grained,

low-reflecting matrix. The matrix material along with the appearance of

some of the vitrinite particles within the agglomerates suggests that minor

plasticity had developed during themal hydrogenation. This same

observation was made when a TBAH-swollen subC sample was impregnated with

Mo(CO)6 and reacted in H=S=H=at 275°C. As shown in Plate VIIIb, numerous

coal particles are cemented together; the low-reflecting matrix found in

the residue of the themal run was not observed following the catalytic run

nor were there any fine-particle agglomerates. The more pronounced

agglomeration of larger particles and the lack of the low-reflectance

matrix may correspond with the fact that this catalytic run showeda lower

total conversion compared with the thermal (15.3_ vs 17.5_). The low-

reflecting matrix material and poor agglomeration of coal particles were

observed in the TBAH-swollen Texas subC sample impregnated with Fe(CO)s and

reacted in H=S:H=;this run also had the greatest total conversionunder

pretreatmentconditions (23.6_). Similarobservationswere made with the

DECS-I sample impregnatedwith ATTM.

As expected, some coal particle plasticity,i.e., particle

agglomeration,was observed in the Blind Canyon hvAb coal without prior



189

solvent or catalyst treatment. However, it was minor compared with the

level of plasticity seen when TBAH was employed. Plate VIIIc shows theQ

tattered,thread-likeedges of a particle of DECS-6 after thermal

" pretreatment. These shreds of material appear to be the reacted remnants

of the TBAH reaction front illustratedin Plate IIc and d. Note that the

TBAH reaction product has about the same reflectanceas the coal vitrinite,

suggesting that it partiallyreacted under pretreatmentthermal conditions.

Reaction of DECS-6 under these conditions resulted in the highest

conversion of any solvent alone (24.0_)and was about equal to or slightly

lower than any of the catalystswith TBAH (i.e.,ATTM=23.7_,Mo(C0)6=26.4_

and Fe(C0)5=25.6_). However, in the case of molybdenumcatalyst addition,

TBAH preswelling adverselyinfluencedconversionof the Blind Canyon coal

compared to pyridine or THF. One reason for the apparent inactivityof

catalystsmay be a function of the TBAH reaction layer blocking the coal

porosity. Anothermay be that the catalystwas mainly in contact with the

reaction product and spent before fresh coal surfaces became available.

Yet another may be that the catalyst was incorporatedin the reaction

product and so isolated from hydrogen. Inspectionof 275°C residues of

. coals impregnatedwith ATTM and Mo(CO)6 catalystsshowed nearly the same

particle interactionas that shown in Plate VIIIc except that the particle
°.

agglomerateshad less open porosity. There were also many more fine-

grained agglomeratespresent in the catalyticresidueswhich were typically

lower in reflectancethan the vitrinite.



lgO

PLATEVIII
FIGUREDESCRIPTION

a. Exampleof particleagglomerationby a fine-particu]atematrix
followingliquefactionof a TBAHpreswollenTexassubCat 275°Cin
the absenceof addedcatalyst.

b. Apparentfusion(plasticity)of coalparticlesresultingin
agglomerationfollowingpretreatmentliquefaction(275°C)of the TBAH

preswollenTexassubC in the presenceof Mo(CO)6in an H2S:H2
atmosphere.

c. Weak agglomerationof BlindCanyoncoal particlesby the TBAH
reactantmaterialobservedin PlateIIc and d followingpretreatment
hydroliquefaction(275°C)of the TBAH preswol]enDECS-6coal in the
absenceof catalyst.

d. Apparentreactionof the pyridine-solublefractioncementing
particlesof the BlindCanyoncoal followingpretreatment
liquefaction(275°C)of a pyridinepreswollenDECS-6coal in the
presenceof Mo(CO)_in a H2S:H2 atmosphere.
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Pyridine swelling had a much less noticeableinfluenceon the

physical characteristicsof the residualmaterialsof the subC coal under

thermal pretreatmentconditions. In comparisonwith the non-swollenDECS-1

it appeared that particle size was significantlysmaller and that the
w

particleswere more rounded followingcontactwith pyridine and subsequent

reaction. Qualitativelyit seemed that many of the remnabt particles

showed more advancedsigns of desiccation(fracturing);otherwiseparticle

agglomerationand signs of plasticitywere absent. Similar observations

were made regardingpyridine-swollenDECS-I coal impregnatedwith Mo(CO)6.

Particle size was smalleryet, desiccationslightlymore advanced,and some

small fine-gainedagglomerateswere observed. Judging from the residues,

pyridine swelling of the subC coal effectivelyreducedparticle size and

resulted in little or no agglomeration. All of these factorsmay have

contributedto the fairly strong conversionand productyield attributable

to pyridine swelling in the presence and absenceof catalysts.

As shown in Plates ld and IIa, pyridine swellinghad a much greater

influenceon the hvAb coal. Although residuesfrom the thermal treatment

were unavailable,inspectionof a 275°C residue followingimpregnationwith

Mo(CO)6showed nearly the same characteristicagglomerationthat was

observed after swelling alone. Plate VIIId, showingthe agglomerationof

numerous coal particles,exhibits a layer of pyridine-solublecement

(arrow)that, followingpretreatmentreaction,has slightly higher

reflectancethan the surroundingvitrinite. Just as had been observed

earlier with the TBAH reactionproduct, the increase in reflectance
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suggests preferential reaction with the once-soluble component. In this

particular case (Plate VIIId), the pyridine-soluble material may have been

, involvedin condensationreactionswhichis generallyassociatedwith

increasedreflectance[Daviset al.,1989]. However,in most of the
w

agglomeratesthe cementhad aboutthe same reflectanceas the surrounding

vitrinite.From datapresentedin Section3, the combinationof

preswellingin pyridineand impregnationwith catalysts(ATTM,Mo(CO)sor

Fe(CO)5) had a profoundpositiveinfluenceon conversionof the hvAbcoal

underpretreatmentconditions.

Temperature-stagedreaction(275°C,30 min; 425°C,30 min) of the two

coalsunderthe variousreactionconditions(preswellingand presenceor

absenceof catalysts)resultedin totalconversionsof >50_ to 90_.

Qualitativeinspectionof theseresiduesunderthe opticalmicroscope

revealedlittleaboutthe interrelationshipsamongdifferentswelling

solventsand catalysts.

In general,temperature-stagedresiduesof the subCcoal were

composedof relativelyhigh reflectingremnantsof originalcoal particles,

fine-grainedagglomeratesand mineralmatter. Comparisonof residuesfrom

the reactionconditionswithoutswellingsolventsor catalystsshowed

" similarparticlegeometries,but the amountof recognizablevitrinite

(huminite)decreasedwith increasinglevelof conversion.For the residues
.

wheremolybdenumcompoundswere used,catalystmaterialswere not

recognized.However,sulfidemineralswere observedin abundancewhen

Feso_was employedas the catalystprecursorin an H2S:H2 atmosphere.
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Temperature-staged residues from reactions with the Blind CanyonhvAb

coal were muchdifferent. Mitchell et al. [1977] showedthat coals of

bituminous rank generate varying amountsof primary vitroplast, which is

the plastically deformed remnant of vitrinite. Vitroplast can act as a

matrixmaterialfor most of the largeparticleagglomeratesfoundin the

high-temperatureresiduesof liquefaction.As conversion'increases,

vitrop]astconcentrationtypicallydecreases;any remainderis convertedto

isotropicor anisotropicsemicokeas condensationati aromatization

reactionsoccur. Thesereactionsare accompaniedby an increasein

reflectance.Inspectionof the temperature-stagedresiduesfrom reactions

with the BlindCanyoncoal supportedtheseobservations.

Qualitativeobservationssuggestedthat reflectanceof the remnant

vitriniteand/orvitroplastof bothcoalsmay vary slightlywith changing

reactionconditions.Consequently,a seriesof residueswas selectedfor

the measurementof mean randomreflectance.As shownin Table31,

reflectancevaluesare comparedwith the fractionof aromaticcarbon(f,)

determinedby Z3CNMR as discussedin Section5.3.4,andwith total

conversion.For each coal randomreflectancevaluesof the unreactedcoal

are comparedwith thoseof thermalpretreatmentresidues(whereno swelling

solventswere employed)and then to temperature-stagedresidues(generated

with andwithoutbothATTM and swellingsolvents).

The influenceof pretreatmentconditionson reflectanceof the

residuefrom the hvAb coal showeda very slightdecrease,whereasa

signiTicantincreasewas observedfor the subC coal. Similarobservations
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have beenmade previouslyby Mitchellet al. [1977]andDavis et al.

[1989]. Temperature-stagedresiduesprovideda differentandmore

interestingcomparison.Forboth coals,reflectanceof the vitrinite-
I

derivedresiduecomponentswere slightlyhigherfor the thermal(non-

catalytic) runs than for the runs with ATTM-impregnatedcoal. The f of
a

the catalytic runs without preswelling were lower than (for DECS-6)or

equal to (for DECS_I) that of the non-catalytic residues. Whenswelling

solvents (pyridine and/or TBAH)were employedand as total conversion

increased, reflectance and the f increased to a maximum. It must be
a

stressed that '3C NMRmeasurementsof f were madeon the entire residue
a

material (including inertinite, semicokeand mineral matter), whereas

reflectance was measuredonly on the vitrinite-derived components.

Nevertheless, as conversion increases the inert coal macerals are

concentrated and the reactive macerals which are not converted to liquid

products becomemore condensedand aromatic. The fact that both

aromaticity and reflectance were lower in the temperature-staged residues

following impregnation of ATTM,strongly suggeststhat the catalyst was

performing at least one of the function for which lt was applied, i.e.,

preventing aromatic condensation.

,f

8.3.2. Catalj/stDispersionin LiquefactionResidues

• Opticalmicroscopyof the liquefactionresiduesrevealedlittle

informationaboutthe catalystmaterials,i.e.,theirpresenceand

associationswith the organicand inorganicremnants. Clearly,inspection
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of the residues to determine these association is the only means possible

of determining Whether a catalyst remained dispersed, or whether it

. agglomerated into a solid mass or was incorporated into an organic

agglomerate. Any one of these situation could result in a partial loss of

catalytic activity during processing. For example, catalyst material could

be well dispersed in that portion of the organic residue that had become

plastic during reaction, and although the catalyst maintains contact with

the organic fraction it may be shielded from the solvent and hydrogen, thus

becoming ineffective. Therefore, in this portion of the study both

pretreatment and temperature-staged residues were inspected with the SEM

_andelectron microprobe in an attempt to locate catalyst materials.

Residues of both the subC and hvAb coals impregnated with molybdenum

catalysts (ATTM and Mo(CO)6) were selected for this investigation (Table

32). Both pretreatment and temperature-staged runs with and without

preswelling solvents were evaluated. In general, discrete (=5 pm)

particles of catalyst were found in all 275°C residues of the hvAb coal

(DECS-6) regardless of catalyst type or preswelling solvent. As seen in

Figure 25, catalyst fragments of ATTMappear to be incorporated within coal

particles in the pretreatment residue of DECS-6 that was preswollen in TBAH

. (sample #14). Catalyst material most probably penetrated into the particle

interior during the plastic deformationof the TBAH reaction product.
Q

However, catalyst was only found sporadicallyand unevenly dispersed

through the residue during X-ray mapping and SEM-EDSevaluations. When

preswellingwas not performed,catalystmaterial also was found as discrete
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Figure25 - SEMMicrographof MetallicParticle(arrow)GivingStrongMo and S
Peaksin the EDS and Embeddedwithinthe Boundaryof an Organic
ResidueParticleFollowingReactionat 275°Cof TBAH-treated,
ATTM-ImpregnatedBlindCanyonCoal

Figure26 - SEM Micrographof CentralMetallicParticleGivingOnlyMo and S
PeaksUnassociatedwith the OrganicResidueFollowingTemperature-
stagedReactionof ATTM-ImpregnatedBlindCanyonCoal
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particles,but of perhapsslightlylargerparticlesize (:10pm) and either

unassociatedwith coal particlesor alongparticleedgesas has been

observedpreviously[Daviset al., 1989]. The sameobservationwas made

whenMo(CO)swas used underpretreatmentconditions(sample#I),except

catalystfragmentswere roundedinsteadof plate-like(aswith the ATTM)

and on the orderof 5-10pm.

Residuematerialsfrom temperature-stagedreactionof the hvAb coal

impregnatedwith ATTM and not preswollen(sample#23)predominantlygaveX-

ray energypeaksfor C, S, Ca, Al, Si and Fe. Broadeningof the sulfur

peakwas minimal,suggestingthat Mo was not presentor of very low

concentrationwith respectto the residueparticleagglomerates.Figure26

exhibitsa 35-40pm sizeparticleof molybdenumsulfidethat was foundin

this samples. The morphologyof the particlewas verysimilarto that

observedin otherwork [Daviset al., 1989]for sulfidedammoniummolybdate

thathad formedas surfacedepositsduringdehydrationfollowingcoal

impregnation.This particlemay or may not have beenassociatedwith a

coalsurface,but it definitelyrepresentsa very localizedoccurrencethat

wouldhavemuch lesscatalyticeffecton directcoalhydrogenationcompared

with a more disseminatedform.

SEM-EDSexaminationof the temperature-stagedresidueof DECS-G

(sample#34)preswollenin pyridineand impregnatedwith ATTM showedthat

the groundmassof most particleswas carbonaceouswith includedmineral

matter. A relativelyhighconcentrationof sulfurwith a broadpeakwas

observedfor most isolatedorganicareas,suggestingthat Mo may be
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present. Figure 29 is an X-ray map of some of the organicmatrix from this

sample obtained from the EP. lt shows the uniform distributionof both Mo

and S throughoutthe matrix and the low concentrationof Fe. Quantitative

analysis of several organic areas within this sample gave a mean Mo

concentrationof 10.3 wt._ and of 5.1 wt._ S. With respect to MoS2, which

is the presumed reaction product of ATTM during liquefaction,this sample

was deficient in sulfur, i.e., S:Mo atomic ratio of 1.49.

A uniformdispersion of Mo was observed for the temperature-staged

reaction of DECS-6 which was unswollenand impregnatedwith Mo(CO)6 (sample

#26). The reactionwas conducted in a H2S:H2 atmosphere. Figure 28

exhibits a somewhat lower concentrationof molybdenum throughoutthe

organic matrix than was found for the ATTM/pyridinesample, but dispersion

appeared uniform. Measured concentrationof Mo (5.8 wt.q) and S (4.0 wt.q)

for the organicmaterial under the cross in Figure 28, gives a S:Mo ratio

of 2.06, or basicallymolybdenum disulfide. The full implicationsof

introducingH2S into the reaction vessel thus is clear, although there can

be no real assurance that the Mo and S were directly bonded (Fe or Ca are

both present). In fact there is some evidence that radicals formed from

H2S may react with other mineral and organic components. For the DECS-6

. sample, SEM-EDSevaluation of the Mo(CO)6samples showed a relatively large

amount of pyrrhotite,suggestingthat reaction has occurred with Fe ions
• •

associated with the organic portion of the coal or the clays.

In comparison to the hvAb coal, both pretreatmentand temperature-

staged residues from Mo(CO)6-impregnatedTexas subC (DECS-I)coal showed
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Figure 29 - X-ray Map of Blind Cany3n Residue Particle Following Temperature--
staged Reaction irl Presence of ATTM and Preswo]len in Pyridine 1)
Upper Left- Backscatter Image of Coal Particle, 2) Upper Right-
lron Map, 3) Lower Left--Molybdenum Map, 4) Lower Right-Sulfur Map
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Figure 28--- X--ray Map of Particle of Blind Canyon Residue Following
Temperature-staged Reaction in Presence of Mo(CO)_ I) Upper Left--
Backscatter Image of Coal Particle, 2) Upper Right-Molybdenum Map,

3) Lower Left-lron Map, 4) Lower Right-Sulfur Map
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fairly high concentrationsof Ca and S in most particles. Particulate

CaSO, was not observed in the pretreatmentresidues (sample#18) which had

been preswollen in TBAH, but remnantcoal particles in the residuegave a

strong and uniform S peak when tested with EDS. The existenceof uniformly
m

high sulfur concentrationswas confirmedby X-ray mapping and

microanalysis, lt was furtherobserved that the catalyst'(Mo)had

impregnated3-6 vm into the outer edge of some coal particles,whereas

others were devoid of Mo. Microanalysesof Mo and S concentrationsat the

particle edge comparedwith the particle interior (1.38 vs 0.27 wt._ Mo and

1.82 vs 0.16 wt._ S, respectively)showed that not only was molybdenum

concentrationhigher, but that there was also a stoichiometricexcess of

sulfur at the particle edge (3.g5 vs 1.83 S:Mo atomic ratio). Thus, it

seems reasonablethat radicals formed from H2S may be reactingwith some

functional groups in the organic fraction of the coal and any available Ca

and Fe ions in addition to sulfidingthe catalyst.

lt is interestingthat Mo could not be locatedin the temperature-

staged residue (sample#31) of DECS-I impregnatedwith Mo(CO)s;either it

formed into relatively large discreteparticleswhich were not located

during the investigationor, as suggested in Section3.2.4, perhaps the

catalyst volatilizedduring removalof the pentane carrier solvent. The

groundmass of the large agglomeratesfound in this residueconsistently

gave S, Ca, Al and Si peaks. In addition,CaSO,was commonly found as

discrete _I vm size particleswithin the agglomerates.

As was found with the hvAb coal, impregnationof ATTM with and



205

without swelling solvents mostly results in discrete particles of catalyst

separate from the coal particles in pretreatment runs and boundwithin

. particleagglomeratesalongwith coalmineralmatterin the temperature-

stagedresidues. However,as with the BlindCanyoncoal,the T_xassubC

" that was firstswollenin pyridineshoweda betterdistributionof the ATTM

catalyst(sample#32). Figure27 showsthe X-raymap of a typicalremnant

coal particlefollowingtemperature-stagedliquefaction.The entirecoal

particlehighlightedby the densedistributionof sulfur,whereasthe iron

and molybdenummapswere sparselypopulated.In fact the Mo map only shows

cleardistributionon threesidesand the particleinteriorhas little

associatedMo. Thus,althoughthissampleshowsevidenceof impregnation

by the ATTM catalyst,the distributionis uneven. Microanalysisof this

particlegavemean concentrationsfor Mo= 6.60wt._,S= 4.45wt._,Fe= 1.08

wt._ and Ca= 7.84wt._. A S:Moatomicratiofor this particlehas no

significancebecauseof the presenceof CaSO4.

8.4. SUMMARYAND CONCLUSIONS

THF-insolubleresiduesfrom35 liquefactionruns (pretreatmentand

temperature-staged)were systematicallycharacterizedusingopticaland

electronopticaltechniques.Qualitativeopticalmicroscopywas employed

- to characterizethe effectsof run conditionson the organicresiduesof

each coal followingpretreatmentconditions,whereas(quantitative)

reflectancemeasurementsweremade on temperature-stagedresiduesfor

comparisonwith changesin fractionalaromaticity(f,)determinedfrom 13C

NMR (CPMAS). SEM and the electronmicroprobewere used to identify
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Figure 27 - X-ray Map of Particle of Texas SubC Residue Following lemperature
si.aged Re_(:tiorl in Presence of AIIM ancl Preswelling in Pyridine l)
Ul)per left B,icksc,dtter Image of Coal Pa't i(:le,2) Upper Right

Sulfur Mdl.,, 3) Lower" [.eft--Iron M(_I), 4) lower Right Molybdenum Map
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catalystremnantsand theirassociationswith the organicportionof

residues.

PreswellingsolventsTBAH and/orpyridinehad the most profound

effecton conversionand productyieldsunderpretreatmentconditions.
m

Residuesof thermalpretreatmentrunswith the TexassubCcoal preswollen

in TBAH exhibitedlarge-scaleswellingcharacteristics.However,following

reaction,the THF-insolubleresiduewas composedmostlyof large

agglomeratedparticles,cementedby a low-reflecting,fine-grainedmatrix.

Particleswere lesswell agglomeratedwhen Fe(CO)5was used as a catalyst,

perhapscontributingto a relativehightotalconversion.Additionof the

Mo{CO)6catalysthad littlepositiveeffecton conversioncomparedwith

thermalpretreatmentandwas accompaniedby an increasein particle

agglomerationand absenceof the low-reflectingmatrix. An intermediate

levelof agglomeration,presenceof the matrixmaterialand total

conversionaccompaniedthe use of ATTM. Agglomerationof individual

subbituminouscoal particlesrepresentedsome evidencefor particle-edge

plasticityinducedby the Use of TBAHo

Particleagglomerationand clearsignsof plasticitywere observed

from thermalpretreatmentrunsof the BlindCanyoncoal. As discussedin

. Section6, preswellingthe coal in TBAH resultedin particle-edge

reactions(reactionfront),leavingbehinda low-reflecting,pitch-like
.

materialresponsiblefor particleagglomeration.Duringpretreatment

liquefaction,the TBAHreactionproductcausedparticleagglomeration.

When molybdenumcatalystswere employedagglomerationwas enhanced. With
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respect to other swelling solvents,TBAH with molybdenum catalystsgave an

unpredictablylow conversion. This could be in response to the TBAH

reaction product inhibitingmass transport,e.g., catalyst impregnationas
0

well as solvent and hydrogen interactionwith the reacting coal.

i

Swelling of the two coals with pyridine resulted in relativelyless
v

agglomerationand particle plasticityand resulted in higher total

conversion. For the Texas subC coal, the main physical influenceof

pyridine was a reduction in residueparticlesize, whereas for the Blind

Canyon coal some of the agglomerationfrom the swelling procedurewas

maintained in the pretreatmentresidues. In some cases the original

pyridine-solublefractionwas convertedto an insolublecomponent during

pretreatmentIiquefaction.

Because of the relativelyhigh conversionattained during

temperature-stagedliquefaction,littlequalitativeinformationregarding

the effectsof reaction conditionscould be resolved. However,measurement

of random reflectanceof vitriniteand vitriniteremnantswithin these

residues revealed that those of the thermal non-catalyticruns were

slightly higher in reflectancethan for runs where ATTM was used,

suggesting that the catalyst does indeed reduce aromatic condensation. The

fraction of aromatic (f, 13CNMR) also increasedwith increasing

reflectance. As swelling solventswere employed,conversion increasedand

the f and reflectancereacheda maximum.
a

Discrete particles of catalystswere found in all pretreatment

residues of the Blind Canyon coal regardlessof catalyst type (ATTM or

lJ J _,
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Mo(CO)s) or preswelling so]vent (none or TBAH). Molybdenum sulfide

particles from ATTMwere observed incorporated within the organic matrix

when TBAHwas used as a swelling solvent, whereas when no solvent was

empl(_ed catalyst particles were found individually or associated with the

edges of remnant coal-particles. Molybdenumsulfide particles were also

observed along particle edges when Mo(CO)6was used under pretreatment

cnnditiGns, except catalyst particle size was comparatively smaller than

those observed from runs using ATTN.

Remnants of ATTMwere found as large discrete particles lo]lowing

temperature-staged reaction runs where no swelling sollvents were employed.

However, swe]ling in pyridine had a significant influence on catalyst

dispersion during temperature-staged reaction. X-ray maps of the remnants

of organic agglomerates in the Blind Canyon residues show an even

distribution of Mo and S. With respect to NoS2 the catalyst was deficient
=

in sulfur. Dispersed Ho was also observed in a temperature-staged residue

of unswollen Bl_nd Canyon coal reacted in the presence of Mo(CO)s and

H2S:H2, Microanalysis of a_eas within the remnant organic fraction

suggests that the Mo may be fully sulfided to MoS2, demonstrating the

importance of the presence of H2S during liquefaction. Observations of

- Fe__=Sin the residue also suggeststhat H=S radicalsmay be reactingwith

free Fe ions within the Blind Canyon coal as weil.
o .

Impregnationof the TBAH preswol]enTexas subC coal with Mo(CO)6and

subsequent reaction under pretreatmentconditions in the presence of H2S

revealed a partial but uneven impregnationof the molybdenum catalyst along

i Flr
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particle edges and possible evidence for reaction of H=Sradicals with

functional groups within the organic fraction, Without preswelling,

catalyst material was not located in the temperature-staged residues of the B

Texas subCcoal, although significant concentrations of sulfur and calcium

sulfate were identified.

Impregnation of the Texas subCcoal with ATTMin the'presence of TBAH

(275°C) or no solvent (275:425°C) resulted in the presence of discrete

particles of catalyst separate from coal particles under pretreatment

conditions or boundwithin agglomerates following temperature-staged

liquefaction. However, just as was observedfor the Blind Canyoncoal,

whenpyridine was introduced as a preswelling solvent, a fairly even

distribution of Ro was observed throughout the organic fraction.
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9. INFLUENCEOF SAMPLESTORAGEON LIQUEFACTIONPROPERTIES

9.1. INTRODUCTION

Althoughthereare relativelyfew data on the influenceof oxidation

duringstorageupon liquefactionconversionyieldsand product

- distribution,the subjectis one whichhas raisedconcernaboutthe

comparabilityof experimentaldataobtainedovertime usingstoredsamples.

The samplesused in this programhave been suppliedfromthe DOE Coal

SampleSuitemaintainedas partof the Penn StateCoal SampleBank under

ContractDE-AC22-88PC79997.Monitoringof containeratmospheresunderthat

contractrevealedthatsignificantamountsof oxygenwere leakinginto

containerswhichhad been sealedunderargon. As a result,in December

1989,samplecollectionand storageprocedureswere modified. In

particular,multilaminatebagswere used to storecoal samplesat all

samplesizesinsteadof plasticbagsthemselvessealedwithinmetalcans.

The multilaminatebagshave provedto be very effectivein maintainingan

inertatmosphere[Daviset al., 1989;Glicket al., Ig91].

The work reportedherewas undertakento investigatethe extentof

changesin liquefactionparameterswhichcan occurover relativelylong

periodsof storage.

9.2. EXPERIMENTAL

The coal selectedfor this studywas DECS-12(PSOC-1549),a hvAb

" Pittsburghseamcoal fromGreeneCounty,PA, collectedJuly 25, 1990.

Liquefactionexperimentswere undertakenusingthe same tubing-bomb

reactorsemployedfor all of the experimentationperformedunderthis
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contract. Detailsof the equipmentand productwork-upprocedureshave

been givenin Section3. Runswere made at 350°Cfor 30 min at 1000psig

hydrogenwith tetralinas solventand approximately2 g coal. These

conditionsweredeliberatelymade as simple(singlestage,no catalyst)as

possibleand relativelymild in orderto optimizeany differencesinduced

by oxidationat normallaboratorytemperatures.

An initialliquefactionexperimentwas performedon September24,

1990on minus60 meshmaterialwhichhad been sealeduntilthattime in

argonin a multilaminatebag. Additionalrepresentativesplitsof material

were stored(atminus20 mesh)untila secondperiodof testingwas

undertaken;splitsstoredin argonin multilaminatebagswere againtested

on January29, 1991,as were splitswhichhad beenexposedto the

atmosphere.The initialtestingwas done in quadruplicateand the January

1991testingwas in duplicate.

9.3. RESULTSAND DISCUSSION

The resultsare presentedin Table33. Theyshow that therehas been

no deteriorationin totalconversionof the coal storedin the foil bags.

Over the sameperiod,a sampleexposedto the atmospherein the laboratory

had undergonea relativelyminorbut neverthelesssignificantdecreasein

totalconversion(from43.1 to40.5_). No significantchangesin product
b

distributionwere noted. Togetherwith the observationcitedabove[Davis

et al., Ig8gb;G|icket al., I991],thatthemultilaminatebags are

effectivein maintainingan inertatmospherefor storedcoal samples,these
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resultsare reassuringthatcoalsstoredin this fashioncan be used for

comparativeliquefactiontestingover a reasonablyextendedtimeframe.
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Table 33. Liquefaction of stored Coals

Total
Conversion

Experiment (daf) Asphaltene_ Oil + Gas _* ,
l i i ii ii i i i ii i i i i i'-- ii I | ii li|li ii f

Initial (4/24/90) 43.12 + 0.58 41.20 + 0.74 1.92 + 0.86

Repeat, Stored in Foil Bag 45.3 41.7 3.6
(1129191)

!

Repeat, Exposedto 40.5 42.5 -2.0
Atmosphere (I/29/91)

i

*By Difference
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10. EVALUATIONOF MATERIALSFROMOTHERDOE PROGRAMS

10.1 INTRODUCTION

This facetof our investigation,conductedas Task 6, was designedto

promotecooperationbetweenour programand otherAdvancedResearchand

" DOE-sponsoredresearcheffortsin catalyticcoal hydrogenation.Through

this cooperativeeffortour programhas contributedmicroscopic

characterizationtechniquesfor thosecontractorsinvolvedin generating

materialsin largerscalehydrogenationexperimentsthan our own, or that

have been involvedin catalystdispersion/impregnationresearch.

A dialoguewas establishedwith personnelat the WilsonvillePilot

Plant(Mr.CharlesCantrell)and with HydrocarbonsResearchIncorporated

(Mr.AlfredCommolli,HRI) to learnmore aboutrecentand planned

operations/experimentationand to investigatethe potentialfor a

collaborativeeffort. Our involvementwithWilsonvilleconcernedproblems

that occurredduringtheirRuns258 and 260.

In additionto the aforementionedcharacterizationof Wilsonville

materials,threeseriesof Sampleswere submittedto us by Hydrocarbon

Research,Inc. (HRI)for evaluationin connectionwith theirCTSL Catalytic

two-stageliquefactionprocessunderDOE ContractDE-AC22-88PCSJ3818.

. 10.2 VESSELPLUGSAND DEPOSITSFROMWILSONVILLERUN 258

Run 258 beganon May 19, 1989at the Wilsonvillepilotplantin the

thermal/catalyticCC-ITSLmode with a feedof SpringCreeksubbituminous

coal,4.0 wt_ (MF coal)of a disposableFe203catalyst,and with ash

recycling[Robbinset al., 1990]. Dimethyldisulfide(DMDS)was injected

into both first-(thermal)and second-stage(catalytic)reactorsto
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provide adequate sulfidization of the disposable (Fe=03i catalyst which

circulates throughout the system and for the supported catalyst (Shell 324

1/16" Ni/Mo) found only in the second-stage reactor. The interstage

separator (V1258), which i_ employed to remove light oils and gas before
i

further processing, was used throughout the run. Spring Creek coal

(Anderson and Dietz seams) was charged for about three mbnths and then was

replaced on September 14, 1989 with the Black Thunder subbituminous coal

(Wyodak and Anderson seams). Run 258 was completed on November 8, 1989.

During the course of Run 258 many significant outages were

experienced due to plugging of the pipe connecting the thermal reactor

(R1235) and the separator vessel (V1258), and to solids build up in these

vessels. A plugged separator vessel or pipe restriction led to unscheduled

shutdown of the Wilsonville Pilot Plant and resulted in cleaning and

maintenance of the entire reactor section.

10.2.1. Results and Discussion

Samples of plug and deposit materials were received at Penn State for

characterization by optical microscopy and XRD. Table 34 describes the two

feed coals and five deposit samples provided, and gives a brief description

of test results. Figure 30 shows the approximate locations of deposit

materials removed from the plant. Samplesof deposit materialswere

obtained after about two months of operationwith the Spring Creek coal

[reactorwall scale (SNg7680)and separatorvessel p,ug (SNg7678)]and

following about two months of operationwith the Black Thunder coal

[reactor solids (SN2671),separatorvessel plug (SN2700)and a pipe

restrictionsample found between the R1235 and V1258 vessels (SN5134)].
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Both feedcoalswere preparedfor generalqualitativemicroscopy.

The SpringCreek(SNg6795)and BlackThunder(SN2053)are fairlytypical

subbituminouscoalsin thatthey are composedpredominantlyof the huminite

(vitrinite)maceral. Thereis about2 vol._inertinite(fusinite,

sclerotiniteand semifusinite)and<I vol._liptinite(mainlysporiniteand

cutinite).Someminorcontamination(<0.I_)of the feed'coalswith

bituminouscoalsand with coke breezewas observed.

Becausemost subbituminouscoalsusuallyhavea high concentrationof

organicallyboundcalcium,whichin the past has contributedto the

formationof reactorsolidsat Wilsonville[Walkeret al., 1975],all

sampleswere testedfor the presenceof calciumcarbonate.Table34 shows

the responseobtainedwhen -60 mesh (-250pm) materialwas reactedwith I0_

HCI. All of the SpringCreekdepositsreactedviolently,but only two of

the BlackThunderdepositsreactedslightlyat this particlesize. When

both of thesesampleswere crushedto -200 mesh (-74pm) therewas a more

profusereaction,suggestingthat the calciumcarbonatemay be incorporated

withinanotherphase.

In general,the depositsampleshave a highash content(Table34).

From XRD and opticalmicroscopypyrrhotite(Fe1_S),calcite(CaC03),sodium

chloride(NaCl),and quartz(Si02)are the dominantmineralphasespresent,

althoughtheirrelativeconcentrationsvaryamongsamples. Mineralsthat

were not observedfromXRD includesulfates(anhydrite,bassaniteor

gypsum),pyrite(FeS2)or troilite(FeS),vaterite(CaC03),hematite

(Fe203),or clays. Most of thesemineralshave beenobservedin previous

investigationsof reactorand processsolidsobtainedfromWilsonville
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[Walkeret al., 1975]. The factthat theyare not foun_may be an effect

of ash recyclingand to more efficientsolidsseparation.The indication

of NaCl is perplexingin thatboth coalsusedduringthe run have chlorine

levelslessthan O.Olk[Robbinset al., Iggo]and thereis no othersource
&

for chlorineotherthancontamination.

Individually,the depositmaterialsfoundduringop(rationwith the

SpringCreekcoalare somewhatdifferentthanthosetakenfromthe Black

Thunderoperatingperiod. A descriptionof each samplefollows.

10.2.1.1. SpringCreekDeposits

A reactor{RI23S)wall-scalesample(SNg7G80)removedduring

operationwith the SpringCreekcoal is a ratherhard,plate-likematerial.

Severalindividualplateswere mountedand polishedto exposea cross-

sectionalview underthe opticalmicroscope.Most of the sampleis

composedof finegrainedparticles(<2pm) whichincludepyrrhotite,

anisotropicsemicoke,granularresidue(<Ipm), and fragmentsof coal-

derivedinertinitein a matrixof process-derivedcalciumcarbonate.There

are zonesof high carbonatecontent,likethoseseen in PlateIXa,which

are orientedparallelto the reactorwall and thatare separatedby the

more heterogeneousor granularzonesjust described.

The separatorvesselplug (SNg7678)was receivedin solventextracted

form and containedfriableparticlesof<Smm diameter. This sample

consistsof ratherlarge(>200pm) reactor-solidparticles(i.e.,spherical

pellets)whichare composedof aggregatesand individualparticlesof

pyrrhotite,secondaryvitroplast,anisotropicsemicoke,coal-derived

mineralmatter(twinnedcalcite[Wakeleyet al., 1979]and quartz)and
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inertinitein a matrixoi:process-derivedcalciumcarbonate.Pyrrhotite

formsa largerproportionof thissample(PlateIXb),and fromXRD (Table

34) is presentin relativelyhigherconcentrationthancalcite. Also

observedin this sampleis a coke breezecontaminantand partiallyreacted

' coal particles(mainlyhuminite).The coke breezeis frommetallurgical

coke and probablywas introducedwith the coal feed. Thisproblemhas been

reportedpreviouslyfor otherWilsonvillefeed coals[Walkeret al., 1975].

From theseobservations,the depositsformedduringoperationwith

the SpringCreekcoalappearsto be dominatedby the presenceof calcite.

Also,becausethereis almostno pyriteobservedin the SpringCreekcoal

[Robbinset al., 1990],we concludethat the ratherhighconcentrationof

pyrrhotiteresultsfromthe sulfidizationand depositionof the disposable

Fe20_ catalyst.

10.2.1.2. BlackThunderDeposits

Samplesof the reactor(SN2671)and separatorvessel(SN2700)deposit

materialsremovedafteroperationswith the BlackThundercoal were

receivedas both largelumps(exceeding25mm)and fineparticles(<Imm).

In each case,subsamplesof eachsize classwere preparedfor optical

microscopy.

- The reactordepositsample(SN2671)is dominatedby fairlylarge

pyrrhotiteaggregates(>50pm), likethat seen in PlateIXc, in a matrixof

mesopha_e-derivedsemicoke. The pyrrhotiteaggregatesaverageabout140 pm

and rangein size from40 to 290pm. Approximately60_ of theseaggregates

exceed100pm, which is much largerthanthe ironoxidefeedmaterial(-74

pm). Theirpresencesuggestsa mechanismof aggregation,or
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PLATEIX
FIGUREDESCRIPTION

a. Calciumcarbonatelayer(Ca)separatedby heterogeneouslayers
composedof pyrrhotiteand semicokein a carbonatematrix,as seen in
the reactor(R1235)wall-scaledeposit(SN97680)formedduring
operationswith SpringCreekcoal. Planepolarizedreflectedlight.

b. Relativelylargecrystalsof pyrrhotiteassociatedwith carbonate,as
observedin the separatorvesseldeposit(SNg7678,SpringCreek
coal). Partiallycrossed-polarizedreflectedlight.

c. Relativelysmallaggregatesof pyrrhotite(reactorsolids)embedded
in a matrixof mesophase-derivedcarbon,as seen in the BlackThunder
reactordeposit(SN2671). Planepolarized,reflectedlight.

d. Mesophase-derivedcarbonwith largeanisotropicdomainsapparently
cementingtwo particlesof mesophase-derivedcarbonof smallermosaic
size (SN2700,BlackThundercoal). Partiallycrossed-polarized
reflectedlight.
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crystallizationwhichcan accountfor theirretentionin the reactorand

separatorvessel.

Sizesof individualisochromaticareaswithinthe mesophase-derived

carbonmatrixrangefromsubmicron(common)to lO0'sof microns{rare).

Incorporatedintothematrixare coal-derivedinertiniteandmineralsas

well as the coke breezecontaminant.Additionally,XRD df thissample

showsa fairlyhighconcentrationof calcite. However,inspectionby

opticalmicroscopyfailedto locatesignificantareasof carbonatematerial

likethat seen in PlateIXa. Thisobservationand the reactionof this

materialwith I_ HCI at finerparticlesizesleadsus to suspectthatthe

carbonate,in part,may be intimatelyassociatedwith the mesophase-derived

carbon.

In comparisonto previoussamples,the BlackThunderseparatorvessel

deposit(SN2700)was foundto be of low ash content(2B.S_,Table34) and

to consistpredominantlyof mesophase-derivedsemicoke.As seen in the top

and bottomportionsof PlateIXd,the carbonhas a mean mosaicsizeof_

vm. In the largerparticles,this carbonaceousmatrixappearsto be

cementedby a mesophase-derivedcarbonof much greatermean domainsize,as

seen in the centerof PlateIXd. Also,includedwithinthe matrixare

pyrrhotite,quartz,secondaryvitroplast,inertiniteand the coke breeze

contaminant.Coke breezeis foundin relativelyhigherconcentration

(about2 vol._)in thissample. PlateXa showsthemuch higherreflectance

of the coke breezecomparedto the mesophase-derivedmatrixmaterial.

Finally,a sectionof pipecontaininga depositwas receivedfor

study. Unfortunately,the ros+rictionmaterialcouldnot be vbs_rwd in
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situ. However,fromour opticalinvestigationof materialremovedfrom

insidethe pipewe havebeen ableto identifya sequenceof depositional

events. As seen in PlateXb, pyrrhotitecrystalscomposethe initial

layer,havingbeen formedin placeby sulfidizationof the steelpipe or

" perhapsby deposition.Depositedupon this innerlayeris an 85 pm layer

of crystallinecarbonate(PlateXb). Growthof the carbonatelayer

terminatesin a heterogeneouslayerof submicronisotropicorganicmaterial

(vitroplastand semicoke)in a carbonatematrix. Afterthis the exact

orderof depositionbecomesdifficultto interpret,but subsequentlayers

are composedof mesophase-derivedcarbonof variousdomainsizesranging

from 1-20pm and with inclusionsof coal-derivedmineralsand organics.

Fromtheseobservations,the BlackThunderdepositmaterialsappears

to have resultedlargelyfrom retrogressivereactionsin whichmesophase-

derivedcarbonwas depositedalongwith process-derivedcalcite,pyrrhotite

aggregates,and coal-derivedmineraland organicinertso Thereis some

evidenceof a numberof depositionaleventsin whichmesophase-derived

carbonwas producedin the reactorand perhapscarriedintothe separator

vessel. Subsequentformationof mesophasecementedthe particulatereactor

solidsinto largedepositswithinbothvessels. A thin layerof carbonate

was onlyobservedin the pipe connectingthe reactorand separatorvessel;b

however,calcitewas detectedby XRD in relativelyhigh concentrationin

" boththe pipe plug and the reactordeposit. This suggeststhat the

carbonatemay be intimatelymixedwith the organicmaterialsin these

samples. The relativelylargeparticlesize andmass of the pyrrhotite

aggregatesand the coke breezecontaminantmay be one reasonfor their
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PLATEX
FIGUREDESCRIPTION

a. High-reflecting metallurgical coke-breeze contaminant observed in the
matrix of mesophase-derivedcarbon (SN2700, Black Thunder). Plane
polarized reflected light.

b. Apparent contact of restriction deposit (SN5134) within steel pipe.
Photomicrographshowsa layer of pyrrhotite crystals growing from the
pipe surface into a layer (-85 pm) of carbonate, followed by a
heterogenouslayer of mixed organic materials in a matrix of

carbonate. Plane polarized reflected light.
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Plate X
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retentionin the reactorand separatorvessels. Consequently,the presence

of relativelylargeinertparticlesmay have adverselyeffectedreactor

flow andmay havecontributedto the depositionof mesophase.

10.2.2. Conclusions

q

As part of our cooperativeresearcheffortswith otherDOE

contractors,samplesof vesselplugand reactordeposit_aterialswere

obtainedfromthe WilsonvillePilotPlant° Thesedepositsamples

accumulatedduringRun 258 in whichsubbituminouscoals(SpringCreekand

BlackThunder)and a disposableironoxidecatalystwere beingfed to the

reactor. Accumulationof materialsin the thermalreactor,the interstage

separatorvesseland the pipeconnectingthe two unitscausedsignificant

unscheduledoutagesduringRun 258.

Followingcharacterizationof fivesamplesby opticalmicroscopyand

XRD, we concludethat depositsformedduringoperationwith SpringCreek

coal resultedfromthe depositionof process-derivedcalciumcarbonate

(calcite),whereasmaterialsfromoperationswith the BlackThundercoal

resultedfrom a combinationof mesophase-derivedcarbonand calcium

carbonate.One commonmineralphaseobservedin all sampleswas pyrrhotite

(FeI.S), whichwas foundin slightlyloweror equalconcentrationto the

carbonatephase. Pyrrhotitewas observedin bothindividual(<2pm)

particlesas well as aggregates(reactorsolids)exceeding140pm. The

originof this pyrrhotiteis mostcertainlyfromsulfidizationof the

disposableironoxidecatalystas analysisof the feedcoalsshowedless

than 0.I_ pyriticsulfur. The changein mass duringsulfidizationand the

tendencyfor aggregationof the sulfidesuggestsa mechanismfor pyrrhotite
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retentionin the reactorand interstageseparatorvessel. Calcium

carbonateand/ormesophase-derivedcarbonformsa matrixto cementthese

particlesin place.

We have seenfrom our tubingbomb experimentsthatwhen H2Sis present

" both ferroussulfateand ironpentacarbonylform pyrrhotite.Relatively

largeaggregatesof pyrrhotitehavebeen observedby opticaland electron

microscopywhen ferroussulfatewas used,but the same observationcould

not be made for ironpentacarbonyl.

10.3.DEPOSITSFROMWILSONVILLERUN 260

Threeadditionalreactor-soliddepositsampleswere receivedfromthe

WilsonvillePilotPlanton 1-28-91for opticaland mineralogical

characterization.Thesesampleshad beencollectedat the plantfollowing

the conclusionof run 260 (operatingperiod7/17- 11/13/90)whichwas

operatedin the catalytic/thermalmode with a feed of BlackThundermine

(Wyodakand Andersonseams)subbituminouscoal,at a feedrateof 350 MF

Ib/h,and usinga disposableironoxidecatalyst(Fe203)addedat 2 wt_ MF

coalwith a sulfidingagent(di-tertiary-Nonyl-Polysulfide,CgHIgSxCgH19)

in conjunctionwith the firststagecatalyst(Shell324, 1/16"). One of

the statedobjectivesof this runwas to reduceand/oreliminatethe type

. of reactordepositsthat causedoperatingproblemsduringthe Wilsonville

run 258 [SouthernCleanFuels,1991]. In that run (Section10.2),the

systemwas shut down and the firststagereactorsectionand interstage

separatorhad to be thoroughlycleaned. Reactor-solidmaterialsprovided

toPenn Statefrom run 258 revealedthatmesophase-derivedsemicokewas

largelyresponsiblefor the depositformedfromthe BlackThundercoal
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(Section I0.2). Thus, run 260 was operated in a catalytic/thermalmode

with lower first-stageand higher second-stagetemperaturesin an attempt

to prevent retrogressivereactionsand coke formation. However, the

generation of solids during the latter run prompted the request for

assistance in identifyingthe nature of the continued solids build-up.

Two of the samples (SN16411,wall deposit and SN16403, reactor bottom

solid) received from Wilsonvillewere saturatedwith a sticky black resid

which had to be removed before analysis. The third sample (SNI_413,

suction cup line) was a section of pipe containing a hard, dark gray

deposit which could be cut away with a knife. The two reactordeposit

samples were placed in 150 ml of THF for 15 h, filtered and washed with THF

and methanol and dried in a vacuum oven at room temperaturefor B h. All

solids were then split into subsamplesfor the determinationof percentage

ash content, X-ray diffractionand for optical microscopy.

10.3.1. Results and Discussion

Figure 31 shows the location of each deposit sample within the

Wil_onvillethermal reactor (R1235),and Table 35 lists the analytical

resultsL Wilsonvillereported [SouthernClean Fuels, 1991] that the first-

stage catalytic reactor and the downstream line leadingto the thermal

reactor (R1235)were clean and free of deposits,suggestingthat the

operating scheme for run 260 caused the deposit problem to be shifted

downstream. During inspectionof the thermal reactor, considerable

deposits were found on both the inside (mi/4" thick) and outside (_3/4"

thick) of the ebullatingpump suctiontube (Figure31) as well as about 132

Ibs of material in the bottom of the reactor.
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Data in Table 35 showsthat the reactor bottoms sample (SN16403) has

a much loweramountof insolubleorganicmatter(IC)M)than the wall deposit

(SN16411)and suctionlineplug (SN16413)materials,otherwisethe high ash

contentand samplemineralogywere foundto be similar. Mineralsdetected

by X-raydiffractionfor eachsample,whichare listedin orderof their

relativeconcentrationsbasedon peak intensities,were very similar.

Calcite(CaC03),halite(NaCl)and pyrrhotite(Fe1_xS)were the predominate

mineralphasesfoundalongwith spinel(MgAl20,)and quartz(Si02). Spinel

and quartzare coal-derivedminerals,whereasthe calcite,pyrrhotite(iron

oxidecatalyst)and perhapshaliteare process-derived.The majorsurprise

in this evaluationwas to find halitein relativelyhighconcentrationsin

thesesolids. Halitewas alsofoundin the BlackThunderreactorsolids

from run 258 even thoughchlorinelevelsfor the coalwere reportedto be

lessthan 0.01_(Section10.2). Again,therecan be no plausible

explanationfor the presenceof NaCIotherthan contaminationwith the

mineralbeforeprocessingor fromthe use of a chlorinatedchemicalduring

somephaseof operations(e.g.,cleaningthe reactoror lineswith HCl).

Opticalmicroscopyof the depositsamplesshowedthatthe reactor

- bottomssamplewas mainlycomposedof calciumcarbonatespheres,pyrrhotite

aggregateswithcarbonaterimsand coal-derivedmineralscementedtogether

with a thin layerof process-derivedmesophase.As an example,Figure32a

showsa layerof anisotropicmesophasecarboncoatingthe surfaceof

process-derivedvitroplast(isotropic).However,as suggestedby the

relativelylow IOM (Table35) of thissample,the accretionof calcium
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140pm I

Figure32 - WilsonvilleReactorSolidsMaterialfromRun 260 with Black
ThunderCoal,

a.) Particleof SecondaryVitroplastCoatedwithMesophase
Carbon(SN16403)

b.) IntimateAssociationof Pyrrhotite,Vitroplastand
CarbonateCementin SN16413
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carbonate appeared to be the main cause of the deposit; deposition of

mesophasemay be only secondary.

The wall deposit and suction line plug samp]esappeared to be very

similar under the optical microscope, in that both sampleswere composed

• predominantly of a calcium carbonate cement. Figure 32b showsthe

interrelationship betweensomeof the organic material (secondary

vitroplast), pyrrhotite and the carbonate cement. Most of the IOH in these

two smp]es were found to be isotropic vitroplast and coal-derived

inertinite instead of mesophase. This suggests that the process conditions

selected by Wi]sonville to prevent coking reaction may indeed have been

effective. Production of an isotropic carbon was favored instead of an
.

anisotropic organic insoluble material. However, the larger problem of

carbonate formation may not be alleviated by altering process conditions,

but only be the removal of the organically boundcalcium ions prior to

liquefaction.

10.3.2. Conclusions

As part of our cooperative research effort with other DOE

contractors, samplesof reactor deposit materials were obtained from the

Wilsonville Pilot Plant. These deposits accumulatedduring run 260 in

. which the subbituminous Black Thunder mine coal was being reacted in a

catalytic/thermal modewith lower first-stage and higher second-stage
m

temperatures.Materialsaccumulatedsolelyin the second-stagethermal

reactorat the bottomand as depositson the wall and the outsideand

insideof the ebullatingsuctionline.

Followingthe characterizationof threesamplesby X-raydiffraction
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and opticalmicroscopy,we concludethat the depositswere mainly formed as

a result of the formationand accretionor depositionof calcium carbonate

with the other availableprocess- and coal- derived inerts. Formationof

mesophase-derivedcarbon was found to be minimized, but there was a
q

proportionallygreater amount of secondaryvitroplastobserved. This

suggests that the process conditionsselected by Wilsonvi_leto eliminate

retrogressivecoking reactionswas effective in reducingmesophase

production,but did not totally alleviatethe productionof insoluble

organic inerts. Furthermore,the larger problem of the formationof

process-derivedcalcium carbonatehas not, and may not be addressedby

altering process conditions,but may requirethe removal of organically

bound calcium ions before liquefaction.

10.4. EVALUATIONOF THE HRI LIQUEFACTIONPROCESSINGOF OIL AGGLOMERATION

CLEANED ILLINOIS#6 COAL

HydrocarbonResearch, Inc.(HRI)submittedfor petrographicevaluation

five coal or coal residue samples tested in program Run CC-6, operating

identificationRun 227-63. The sampleswere of uncleaned (L0-5466)

Illinois#6 feed coal, feed coal cleaned by oil agglomeration(L0-5465),

the residue of a CTSL run with uncleanedfeed (L0-5464),the residue of a

run with oil agglomeratedcleaned coal (L0-5462),and the residue of a run

under more severe conditions using the same cleaned coal feed. All samples

were submittedas oil-free (THF washed)material. At about the same time

that the oil-agglomeratedsampleswere submittedfor evaluation,a series

of eight Otisca micronized cleaned and uncleaned feed materials, refuse and

product solids were also submitted; a provisionalexaminationof these
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latter samples indicated that no distinct differences existed in the

organic fractions of the product solids, so no further work on them was

. undertaken.

10.4.1. Resu]ts and Discussion
w

Table 36 contains the vol. _ mineral-free petlrographic analyses of

the uncleaned and cleaned feed coals. It is apparent that there is

negligible difference in the proportions of the three maceral groups

between the two feed samples. So, while the oil agglomeration c]eaning was

successful in reducing the ash from 15.2 to 4.6_, this operation did not

produce any selective separation of macerals.

Figures 33-37 are the printouts of 200-point reflectograms generated
o

on the vitrinite + inertinite components of the fi/ve samples. These

figures should enable any significant trends in the maceral compositions of

the coal and residue samples to be detected. The reflectograms of the two

feed samples show that the vitrinite of these samples is concentrated at a

reflectance of 0.4-0.7_. Above this range the reflectances show a wide

spread of readings for the Semi-inertinite (intermediate values) and

inertinite (higher values) components. The simi]arity in the reflectograms

of the two feed coals mirrors the very similar petrographic compositions of

these samples.

For easier comparison of the reflectance distributions, values have

been grouped into four reflectance ranges in Table 36. It is obvious that

while most of the vitrinite of the feed samples has reflectance values in

the two lowest reflectance groups (82-86_), there is little (8°5-11.5_)

'111
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Figure 33 - Reflectance Distribution for Vitrinite+Inertinite for HRI L0-5466

- REFLECTANCE DISTRIBUTIONS FOR VIT+INERT
L0-5466

Mean Random ( polariz ) Reflectance-'

2 0.30 I .00 **
52 0.40 26.00 -k'k.-k-kW'k-k'k'k-k-k-k-k_c'k-A--._'k'k'k'k'k_W_W__'k_'k_'k__:e

7 0,5 0 4 8.5 0 _:k:k:k_k:_ck_k_k_k_k-k-k-k-k-k_k`k-k_k-k_k-k_k_k_k_k_k_k-_)_-_)_-k:-k_k_k__k_

12 0.60 6.00 *****'k*'k*'k**
4 0.70 2.00 ****
i 0.80 0.50 *
4 0.90 2.00 ****
3 1.00 1.50 ***
0 I .10 0.00
3 1.20 1.50 ***
i I .30 0.50 *
i I .40 0.50 *
0 i .50 0.00
3 I. 60 i. 50 _**
2 I .70 I .00 **
0 I .80 0.00
0 I .90 0.00
0 2.00 0.00
0 2.10 0.00
i 2.20 0.50 *
3 2.30 1.50 ***
0 2.40 0.00
0 2.50 0.00
i 2.G0 0.50 *
0 2.70 0.00
0 2.80 0.00
0 2.90 0.00
0 3.00 0.00
2 3. i0 I. O0 **
0 3.20 0.00
2 3.30 1. O0 **
0 3.40 0.00
4 3.50 2.00 **-k.
0 3.60 0.00
0 3.70 0.00
0 3.80 0.00

- 0 3.90 0.00
0 4.00 0.00
1 4.10 0.50 *
1 4.20 0.50 *
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Figure 34- Reflectance Distribution for Vitrinite+Inertinite for HRI L0-5465

REFLECTANCE DISTRIBUTIONS FOR VIT+INERT
HRI L0-5465

Mean Random (polariz ) Reflectance:
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3 1.30 1.50 ***
1 I .40 0.50 *
1 i .50 0.50 *
1 1.60 0.50 *
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2 I .80 1.00 **
1 1.90 0.50 *
I 2.00 0.50 *
3 2.10 1.50 ***
1 2.20 0.50 *
2 2.30 1.00 **
I 2.40 0.50 *
1 2.50 0.50 *
0 2.60 0.00
i 2.70 0.50 *
I 2.80 0.50 *
0 2.90 0.00
0 3.00 0.00
0 3.10 0.00
0 3 .'20 0.00
:3 3.30 1.50 ***
0 3.40 0.00
0 3.50 0.00
0 3.60 0.00
0 3.70 0.00
0 3.80 0.00
1 3.90 0.50 *
1 4.00 0.50 *
0 4.10 0.00
1 4.20 0.50 *
1 4.30 0.50 *
0 4.40 0.00
0 4.50 0.00
i 4.60 0.50 *
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Figure 35 - Reflectance Distribution for Vitrinite+Inertinite for HRI 1.0-5464

REFLECTANCE DISTRIBUTIONS FOR VIT+INERT
" L0-5464

Mean Random (polariz) Reflectance:
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- 2 3.60 I .00 **
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3 4.30 1.50 ,'k'k
4 4.40 2.00 .k'k'k.k
1 4.50 0.50 -k
2 4.60 1.00 "k'k
2 4.70 1.O0 **
3 4.80 !. 50 ***
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Figure 36 - Reflectance Distribution for Vitrinite+Inertinite for HRI L0-5462

REFLECTANCE DISTRIBUTIONS FOR kilT+INERT
L0-5462

Mean Ran dora (pola.riz ) Ref Iect an ce :
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5 1.30 2.50 *****

11 1.40 5.50 ***********
8 1.50 4.00 ********
8 1.60 4.00 ********
8 1.70 4.00 ********
7 i. 80 3.50 *******
6 1.90 3.00 ******
9 2.00 4.50 *********

ii 2. i0 5.50 ***********
9 2.20 4.50 *********
6 2.30 3.00 ******
3 2.40 I. 50 ***
4 2.50 2.00 ****
5 2.60 2.50 *****
7 2.70 3.50 *******
2 2.80 I. O0 **
1 2.90 0.50 *
8 3.00 4.00 ********
4 3,10 2.00 ****
7 3,20 3.50 *******
3 3.30 i. 50 ***
5 3.40 2.50 *****
1 3.50 0.50 *
1 3.60 0.50 *
2 3.70 i, O0 **
2 3.80 i. 00 **
3 3.90 I •50 ***
3 4.00 i .50 ***
3 4, i0 I .50 ***
i 4.20 0.50 *
2 4.30 i. 00 **
i 4.40 0,50 *
I 4.50 0.50 *
2 4,60 1.00 **
2 4.70 i. 00 **
3 4.80 1,50 ***
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Figure 37 - Reflectance Distribution for Vitrinite+Inertinite for HRI L0-5463

REFLECTANCE DISTRIBUTIONS FOR UIT+INERT
L0-5463

. Mean Random (polariz ) Reflectance:

l 0.30 0.50 *
6 0.40 3.00 *****.kde

5 0.50 2.50 .k*.k.k*
4 0.60 2.00 .k**-k
0 0.70 0.00
i 0.80 0.50 .k
0 0.90 0.00
I I .00 0.50 .k
7 1 .10 3.50 .k*.k*.k.k*
1 I .20 0.50 *
6 i. 30 3.00 **.k.k**
4 1.40 2.00 **.k*
7 I. 50 3.50 **.k.k-k.k.
8 I. 60 4.00 **.k.k.k.k.k.k
7 i. 70 3.50 .k*.k.k*.k*
8 I. 80 4.00 .k*******

13 I. 90 6 ._0 .k*.k*.k.k*.k.k*.k**
7 2.00 3.50 .k*.k**.k*
3 2.10 1.50 .k**

I0 2.20 5.00 **.k*******
4 2.30 2.00 .k*.k*
5 2.40 2.50 .k***.k
6 2.50 3.00 ****.k.k
5 2.60 2.50 .k*.k*.k
6 2.70 3.00 .k***.k.k
i 2.80 0.50 .k
6 2.90 3.00 **.k*.k.k
7 3.00 3.50 .k****.k.k
4 3.10 2.0 0 .k*.k*
I 3.20 0.50 .k
7 3.30 3.50 ****.k*.k
6 3.40 3.00 .k.k*_**
4 3.50 2.00 ***.k
7 3.60 3.50 ****.k.k*
4 3.7Q 2.00 *.k.k*
2 3.80 i .00 **
0 3.90 0.00
4 4.00 2.00 **-k*

, 3 4.10 1.50 ***
3 4.20 1.50 *.k.k
0 4.30 0.00
3 4.40 1.50 ***
4 4.50 2.00 ****
5 4.60 2.50 **.k.k.k
1 4.70 0.50 *
1 4.80 0.50 *
2 4.90 1.00 **
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material with these characteristicsremainingin the residues. A small
w

amount of vitrinitehas been able to pass unconvertedthrough the reactor.

If the run had been entirely successful,none of this material should

remain. The reductionin the material reportingto these groups from the

residue of run L0-5463 (8.5_) especially in the lowest reflectancegroup

(O-O.4g_),indicatesthat the more severe processingof this run has

successfullyimprovedthe efficiencyof vitriniteconversion. Moreover,

the same residuecontains the greatest proportionof material in the

highest reflectancecategory (2.50-5.0_). Apparently the residueof the

most severe run contains somewhat more condensedmaterial than either of

the other residues;this may indicatethat not only has the vitrinite

undergonemore successfulhydrogenation,but also that some of the lower

reflectingsemifusinitemay have undergonedissolution.

10.4.2. Conclusions

Petrographicanalysis of the feed coals and residues of HRI Run CC-6

indicatesthat very little reactivematerial (vitrinite)remains

unconvertedfollowing runs with uncleanedIllinois#6 feed coal, with feed

coal cleaned by oil agglomeration,or under more severe processing

conditions. Reduction in theproportion of lowest reflectingresidual

material followingthe more severe processingconditionsmay indicate that
4

not only had the vitriniteundergonea slightly improved hydrogenation,but

also that some of the lower reflectingsemifusinitemay have undergone

dissolution.
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10.5. EVALUATIONOF THE HRI LIQUEFACTIONPROCESSINGIN PROCESSDEVELOPMENT

RUN 260-03

. HRI submittedsampleL0-6030on June 23, 1992. This sample

representsa depositfoundin the recyclegas feedline to the CTSL Coal

LiquefactionProcessDevelopmentUnit Reactorduringprocessingof Black

ThunderMine coal. The specificidentificationof the sampleis

L0-6030ReactorI Gas lnlet(SolidsDeposit),6-23-92 0940,260-03-S/D

(Shutdown).

The questionposedby HRI was is the deposit"a coke materialcarried

fromthe recyclegas preheater(becauseof possibleoil inclusionfromthe

recyclegas purificationtower),or a coalderivedmaterialback-washed

fromthe reactor?"

Our approachto the problemwas to examinethe materialby reflected-

lightmicroscopyusingoil immersion.The identificationof those

materialswhichhad been carbonizedto yieldhighlyanisotropicproducts

was aidedby utilizationof crossedpolarizersand an accessorymineral

plate. A pointcountof 200 pointswas undertakento acquirea semi-

quantitativeestimateof the proportionsof the differentorganic

componentspresentin the deposit.

- Becauseour examinationof the depositrevealedthe presenceof a

significantamountof coke,we requesteda sampleof the feed coal to
.

investigatewhetherany cokemighthave been introducedintothe reactoras

a contaminantwithinthe feed. A sampleof BlackThunderCoal 5991was

submittedin responseto this request.
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10.5.1. Results and Discussion

At least two of the five major organic componentsare recognizable as

being coal-derived. The first category is "Coal Residue", consisting

either of coal macerals showing little physical changefrom the feed coal
6

precursors (and including fusinite, semifusinite, vitrinite and, in some

rare instances,even liptinite),or of the samematerialsshowingno change

in morphologyor anisotropy,but an increasein reflectancein responseto

the thermalconditions.A semi-quantitativeestimateof 20_ was obtained

for the volumepercentageof the unaltered"CoalResidue"component.

The secondcategoryof recognizablecoal-derivedproductsis

"Vitroplast".This low-reflecting(pitch-likeand opticallyisotropic)

materialis a commoncomponentof liquefactionresiduesand is derivedby

simplemeltingor partialhydrogenationof the coal. lt is often

asphaltenicor preasphaltenicin character,and is solidor semi-solidat

ordinaryconditions,lt may or may not be solublein solventssuch as THF.

The semi-quantitativepointcountgavean estimateof 41_ of thismaterial.

Categoriesthreethoroughfive are somewhatmore problematic,lt is

believedthat thesehave not beenderiveddirectlyfrom coal,but probably

are thehigh-temperaturecokesderivedfromthe liquidor gaseousproducts

of the process.

The thirdcategory,presentonly in veryminoramounts(semi-

quantitativelyestimatedat 3_), is "PyrolyticCarbon". The well-known

spheruliticand highlyanisotropicform is easilyrecognizableas material

which is thoughtto form by the thermalcrackingof volatiles,usuallyat

temperaturesin excessof 500°C. However,the faintappearanceof similar



247

structures in the carbon foms of categories four and five suggests that at

least a part of those materials may have been derived in a similar fashion.

The fourth category is "Coarse Mosaics (including Ribbon

• Structures)". This type of anisotropic carbon is knownto form due to

carbonization of the liquid products of hydrogenation. However, as

observed above it is possible that someportion of the 6_ of this materia]

which occurs in the deposit maybe pyro]ytic carbon. The fifth category,

"Mediumand Fine Mosaics" represents a major component(semi-quantitatively

judged to be 30_) of the deposit; like the fourth category, it is possible

that somepart of this maybe pyrolytic carbon formed thorough the cracking

of gases.

The striking similarity in optical textures of categories four and

five to those of metallurgical coke make it necessary to enquire into the

possibility that someof the carbonized materials might have been

introduced into the reactor as a contaminant with the feed coal. HRI's
-

sample of Black Thunder feed 5ggl was examinedunder the microscope; no

coked material was observed. This, and the fact that pyrolytic structures

are rare in metallurgical coke led to the conclusion that ai] of the coke

textures originated within the reactor, either from the liquid products or

the gases as a result of temperature excursions. The high ref]ectance of

- the cokes also suggests that higher than normal temperatures were

experienced.
d.

In addition to the organic components,a large amountof inorganic

matter is present in the deposit. Minerals observed include pyrite,

pyrrhotite, carbonates and sulfates.
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10,5.2 Conclusions-- i

About 20_ of the organic componentsof the deposit are relatively

unaltered coal maceral materials. A major component(about 40_) consists

of 'Vitroplast' which is also coal-derived, but which has undergonemelting

and/orpartialhydrogenationto givea pltch-likematerial.

Threecokedmaterialsare presentin the deposit. One, a minor

component(about3_), is obviouspyrolyticcarbon,though_to be derived

throughthe crackingof gases. The othertwo anisotropiccokes(Coarse,

and Mediumand FineMosaics,togethertotallingabout36_) couldhavebeen

derivedby cokingof the liquidproducts, lt is alsopossiblethatsome

unknownportionmay also representpyrolyticcarbonformation,and that

somedirectcokingof undissolvedcoalparticlesmay have been involved.
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APPENDIXA

DETAILEDPHYSICAL,CHEMICALAND ELEMENTAL
CHARACTERISTICSOF COALSSELECTEDFOR LIQUEFACTION
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