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PROJECTASSESSMENT

Introduction
Under subcontract to Consolidation Coal Co. (U.S. DOEContract No.

DE-AC22-89PC89883),researchers at the Energy and Fuels ResearchCenter

, of The Pennsylvania State University (Penn State) examined gold tube

carbonization testing and reflectance microscopy analysis for use in

support of direct coal liquefaction process development. The full report
authored by the PennState researchers is presented here. The following

assessment briefly highlights the major findings of the project, and

provides Consol's evaluation of the potential of the methodfor appli-

cation to process development support. These results will be incor-

porated by Consol into a general overview of the application of novel

analytical techniques to coal-derived materials.

Sunnary

This study demonstrated the use of the gold tube carbonization technique

and reflectance microscopy analysis for the examination of process-

derived materials from direct coal liquefaction. The carbonization

technique, which was applied to coal liquefaction distillation resids,

yields information on the amountsof gas plus distillate, pyridine-

soluble resid, andpyridine-insoluble material formed whena coal liquid

sample is heated to 450'C for one hour at 5000 psi in an inert

atmosphere. The pyridine,,insolubles then are examined by reflectance

microscopy to determine the type, amount, and optical texture of

isotropic and anisotropic carbon formed upon carbonization. The gold

tube carbonization technique is a potentially useful methodto measure

the propensity of coal liquids to undergoretrograde (coking) reactio;:s.
The amountof pyridine-insoluble material formed upon carbonization of

different resids was found to correspondwith process conditions and feed

coal characteristics. Experimental difficulties were experienced in the

• application of the carbonization technique to these samples; somewere

apparently related to problems in obtaining representative small al iquots

, of the heterogeneous, solids-containing samples. Other problems were .

attributable to the equipment used and the experimental procedures

employed.
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The reflectancemicroscopytechnique,whichwas appliedto insoluble

residuesfrom coalliquefactionprocesssamples,alsohas the potential

to provideinsightintothe progressof conversionand retrogradereac-

tions in the liquefactionsystem, lt was possibleto evaluatethe

reflectancevariationsof vitrinite-and process-derivedresiduecompo-

nentsand determinetheirrelationshipwith the rankof the feed coal, (

reactiontemperature,and the impactof catalysts.Furtherdevelopment

of theseanalyticalmethodsas processdevelopmenttools_,aybe justified

on the basisof theseresults.

ProqramDescriptiQn

Thisreportdescribesthework performedatthe Energyand FuelsResearch

Center of The PennsylvaniaState Universityunder a subcontractto

ConsolidationCoal Co., Research and Development. Consol'sprime

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

8gPCBgB83,"Coal LiquefactionProcess Streams Characterizationand

Evaluation")establisheda programfor the analysisof direct coal

liquefactionmaterials.The programinvolvesa numberof participating

organizationswhose analyticalexpertise is being appliedto these

materials.ThisParticipantsProgramhastwomainobjectives.The broad

objectiveis to improveour understandingof fundamentalcoalliquefac-

tionchemistryto facilitateprocessimprovementandnewprocessdevelop-

ment. The specificapproachto achievingthis objectiveis to provide

a bridge between direct coal liquefactionprocess developmentand

analyticalchemistrybydemonstratingtheapplicationof variousadvanced

analyticalmethodstocoalliquefactionmaterials.Themethodologies(or

techniques)of interestare thosewhichare novel in theirapplication

for the supportof coalliquefactionprocessdevelopmentand thosewhich

have not been fully demonstratedin this application. Consol is

providingwell-documentedsamplesfromdifferentcontinuousdirectcoal

li(_uefactionfacilitiesto the programparticipants.The participants

are required to interprettheir analyticaldata in context of the

processingconditionsunder which the sampleswere generated. The

analyticalmethodologyemployedthen is evaluatedfor its usefulnessin J

analyzingdirectcoalliquefaction-derivedmaterials.
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Parttctoa_ _s _t____h_,_dol_v

Penn State applied the gold tube carbonization technique and reflectance

microscopy analysis to a total of twenty-eight samples. The sample set

for application of the gold tube carbonization tests consisted of

eighteen coal liquefaction distillation resids (850"1:+) and two blind

samples. The resids are solid at room temperature and contain THF-

soluble and insoluble organics and mineral matter. THF-insoluble

portions of eight distillation resids were supplied for petrographic

analysis by reflectance microscopy. The 28 samples were produced at

three different continuous liquefaction facilities" the Wilsonville

pilot plant,the HydrocarbonResearchInc. (HRI)bench unit, and the

Lummusprocessdevelopmentunit. The majorprocessingparameterswhich

variedamongtheWilsonvlllerunswere feedcoal,catalyst,ash recycle,

_andsamplinglocationin the plant. SamplesfromWilsonvillewere taken

from two differentlocationsin the plant. Thesesamplesare expected

to representdifferentextentsof coal liquefaction. Some of the

Wilsonvillesampleswere compositesof samplestakenover long periods

of singleruns;othersweresamplesobtainedfroma singlerun day. The

samplesfromHRI alsowerechosento representmaterialwhichhad under-

gone differentdegreesof processingand were obtainedfrom different

plant locations. HRI samplesalso were chosenfor a comparisonof

materialsproducedwithandwithoutthe useof a thermalpretreatmentof

the feedcoal. The Lummussamplesrepresentedash-containinganddeashed

recyclestreams.

The gold tube carbonization technique is a three-step procedure: the

sample is carbonized, the product is extracted, and the insoluble
material is evaluated petrographically by reflectance microscopy. A full

description of the technique is given on pages2 and 5-g of the attached

report.

• The reflectance microscopy (petrography) technique is described on pages

3 and 9-10 of the attached report. Use of this technique allows for an

evaluation of the degree of condensation or hydrogenation of the resid.

An increase in reflectance, uponprocessing, of the vttroplast contained

in the sample indicates that the material has undergonecondensation.
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Alternatively,a decreasein reflectanceindicatesthatthe materialhas

undergonehydrogenation.

)irtlcipant'sMajorFlndinQs

The followingprincipalobservationswere reportedby PennStatefor the

applicationof the gold tube carbonizationtechniqueand reflectance s

microscopyto coal liquefactionmaterials. An expandeddiscussioncan

be found in the attachedreport,pages II throughIg. The gas plus

condensatevaluesobtainedin thegoldtubetestcorrelatewith the total

paraffinicprotoncontentof the resids. The qualityand quantityof

pyridine-insolublematerial produced in the carbonizationtest was

dependenton severalfactorsincludingfeedcoalrank,oxygencontentof

the residsand of the nativefeed coal, and samplinglocationin the

productionfacility. The productionof pyridine-insolubleswas greater

with residsproducedfrom low-rankandweatheredcoalsand residstaken

fromthe first-stagereactor,especiallywhen thatreactorwas operated

thermally.Thepyridine-insolublecarbonizationresidueswere comprised

of substantialamountsof anisotropiccarbonformedthroughthe develop-

ment of mesophase. Interstagesamplesgeneratedhigherconcentrations

of mesophasespheresandmosaicsthan recyclesamples;thus,the inter-

stagesamplesappearto have a greaterpropensityfor coking. However,

highconcentrationsof ashand insolubleorganicmaterialin somc:samples

interferedwith the development,growth,and coalescenceof mesophase.

Petrographicanalyseswere performedon a set of tetrahydrofuran-

insolubleprocesssamples. Variouscomponentswere quantifiedby point

counting,and reflectancevalueswere determinedfor partiallyreacted

vitriniteand high- and low-reflectingvitroplast. [he processing

variablewhichhad the strongestinfluenceon thevitroplastreflectance

was reactortemperature.Highertemperaturesproducedhigherreflec-

tances. The comparisonof interstagesamplestakenduringoperations

with a low-temperaturecatalyticfirst stagewith those taken during

operationswith a high-temperaturethermal first stage showed that

temperature,not degreeof conversion,had the principalinfluenceon

vitroplastreflectance.The inferencefromthis is that highertemper-

ature promotedcondensationreactions. The reflectanceof partially

reactedvitriniteincreasedin the order:feedcoal< interstagesample
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< recyclesample;thus,itsreflectanceincreasedwith residencetime in

the system.

ConsolEvaluation

The gold tube carbonizationtest has potentialfor applicationto

process-derivedsamples. For the samplesanalyzedhere,the reproduci-

bility of the methodwas not high. However,trendsclearlycan be

detected. This indicatesthat the techniquehas the potentialfor

analysisof thesematerialsand is usefulfor processdevelopment.This

utilitycouldbe increasedby improvingreproducibility.The presence

of IOM and ash in the samplesstudiedwas partiallyresponsiblefor the

poor observedreproducibility. In general, analyzinginhomogeneous

materialsmay be problematic,lt appearsthat reproducibilityproblems

could be minimizedby applicationof the techniqueto solids-free

samples. However,dedicationof this techniqueto solids-freesamples

will reduceitsusefulnessas a processdevelopmenttool. Thegold tube

carbonizationtest is labor intensive. Sample preparationis time

consumingandrequiresconsiderableskill. The carbonizationexperiment

requiresroughlythreehours,includingpressurization,heat up, soak

time, cool down, and depressurization. Sample work-up requires

approximately4B hoursfor pyridineextractionof the samplesplus the

timenecessaryto examinethe samplesby opticalmicroscopy.The carbon-

ization equipmentis costly (approximately$100,000),because high

pressuresand temperaturesare requiredfor the reaction. The gold

tubing,whichis preferredfor use as the mini-reactor,also is costly.

Two blindsampleswere providedfor testingin the goldtubeexperiment.

One sample(ReferenceNo. 20) was correctlyidentifiedas an interstage

residproducedat the Wilsonvillefacility, lt was, in fact,the same

materialthatwas issuedas sampleReferenceNo. 8, thewholeinterstage

resid from WilsonvilleRun 257. The second blind sample(Reference

• No. 19) was a duplicateof the sampleissuedto Penn Stateas sample

ReferenceNo. 9, a wholerecycleresidfromWilsonvilleRun 259. The

Penn Stateresearcherscorrectlyidentifiedit as a Wilsonvillerecycle

resid. However,they found no mineralmatter in eithersample and

believedthem to be deashedsamples. This illustratesthe sampling

difficultiesdiscussed earlier. In both cases, they incorrectly
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identified the blind samples as the products of a low rank feed coal.

Run 257 used Illinois No.6 coal as feed, andRun259 usedPittsburgh seam

coal as feed; both are of high-volatile bituminous rank. The incorrect

identifications resulted, in part, from sampling difficulties.

The reflectance microscopy technique was shownto be potentially useful

for the analysis of solid heterogeneous, process-derived samples. The

methoddemonstrateda high degreeof reproducibilityin examinationof

the vltroplastreflectance(0.008%mean deviationin reflectance)and

somewhatpoorerprecisionforpartiallyreactedvitrinite(0.032%). Some ;

relationships can be observed between reflectance measurements and

processing parameters such as reactor temperatures, the presence or

absenceof catalyst, and feed coal rank. In somecases, certain expected

trends due to major process variable changessuchas reactor temperature

or the presence or absence of catalyst were obscured by other process
variables such as residence time. A clear explanation for differences

in the reflectance measurementsof samplesproducedunder diverse condi-

tions may not be possible. The reflectance method is relatively rapid,

requiring only a few minutes for examination of the sample. The equip-

ment cost is on the order of $85,000.

FurtherDeveloement

Thereare a numberof avenuesfor furtherdevelopmentof the techniques

describedhere. The gold tube carbonizationmethodneedsto be further

refined. Experimentalparameterswere originallyestablishedto accom-

modatesolventrefinedcoal (SRC)samples,andmay notbe appropriatefor

samplesfrom currentliquefactionprocesses. Problemsassociatedwith

samplingheterogeneoussamplesneedto be resolvedbeforethemethodcan

be considereda tool for processdevelopment.This may e_,_,ilbetter

homogenizingthe samplesmechanicallyor usingonlythe solubleportion

of the resids. The latterchoicemay causeproblemsin interpretation

of the results.

A relationshipwas observedbetweenthe amount of pyridine-lnsoluble

materialproducedin the gold tube experimentand the oxygencontent

(rank)andweatheredstatusof thefeedcoal. Additionally,thephenolic

-OH contentof the residwas correlatedwith the amountof pyridine-
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tnsolubles formed in the gold tube experiment. Theserelationships are

of considerableinterest. Rel_tionshipswith these and other resid

propertiesshouldbe furtherexploredaftertheprecisionof the method
r_

. is improved.
Jj

Reflectancemicroscopyiswelldevelopedfor inspectionof coalmacerals,

but not for soliddirectcoal liquefactionprocess-derivedmaterials.

In the work done here,the method showedconsiderablepotentialfor

analysisof theTHF-insolubleportionofdirectcoall;quefactionresids.

Priorto fullutilizationof themethodforprocessdevelopment,however,

an expandedsample set of well-documentedmaterialswill need to be

examinedand evaluatedso that a betterunderstandingof the influence

of processvariableson the reflectancemeasurementscan be obtained.

COntlr_ctQr's Statementof Work

Withinthe liquefactionprocess,coal-derivedliquidsmay participatein

condensationreactionsandtheformationof semi-cokethrougha mesophase

mechanism. These reactionsare inimicalto the processand may be

responsiblefor some operationalproblems,reducedreactivitiestoward

conversion,andreducedyieldsof desirableproducts.Controlledcarbon-

izationexperiments,followedby opticalmicroscopy(forexaminationof

the pyridineinsolubleportionof the carbonizationproduct),may be a

usefulempiricaltest foran improvedunderstandingof thesemechanisms.

The gold tubecarbonizationtestdevisedat PennStateis sucha method.

In this techniquethe propensityof differentcoal liquidsto become

involvedin retrograde(coking)reactionscan be determined. This

techniquehasbeenappliedtoSRC-IImaterialsandliquidchromatographic

fractionsof coal liquids,but not coal liquefactionprncessstreams

producedby currenttechnology.As such,thistechniquefitswlthinthe

scopeof the participantsprogram. Thistestyieldsinformationon the

totalamountof isotropicand anisotropiccarbonformed,and itsmosaic

texture,when a coal liquidsampleis heatedin an inertatmosphereto

450"C for one hour at 5000 psi. The techniquerequiresapproximately

250 mg of sample.
i

Examinationof the solidorganicmaterialsresidentin coal liquefaction

processstreamsby reflectancemicroscopymay alsoprovidesome insight
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into the progress of conversionand retrogradereactions in the

liquefactionsystem. A shiftto higherreflectanceof the vltroplast

containedin the sample,relativeto the feed coal vitrinite,will

indicatethatthe materialhas undergoneretrogressivereactionsto more

condensedstructures,and a lower reflectancecan be interpretedas

evidenceof hydrogenation.

Consolwillsupplyto PennStatetwenty-eight(28)samples,as designated

in the attachedlist;twentyfor gold tube carbonizationtestsand and

opticalmicroscopy,and eightfor reflectancemicroscopy.

Eighteenof the twentysamplesdesignatedfor gold tube carbonization

experimentswill be suppliedto Penn Statewith the followinginforma-

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

analysis,phenolic-OH concentration,calorificvalue,hydrogenclasses
,,

by IH-NMR,andthe fullhistoryof thesample(plant,processconditions,

age, and storageconditions).Two of the twentysamplesfor gold tube

'testswill be suppliedto Penn Statewith no documentationto serveas

blindcontrols. The twentysamplesdesignatedfor gold tube carbon-

izationtestsare non-distillable residualmaterialswhichmay contain

insolubleorganicmatter (IOM)and ash. Samplesizewill be at least

I g. Most sampleswill be brittlepitch-likematerialsthat will be

suppliedas approximatelyminus8 mesh (2.4mm) pieces. These twenty
@

sampleswill form the basisfor an evaluationof the gold tube carbon-

izationmethod.

Eightsamplesdesignatedin theattachedlistfor reflectancemicroscopy

are the THF insolubleportionof processstreamsamples. Thesesamples

contain IOM and also may containash. Identificationof the source

stream and other pertinentinformationwill be suppliedwith these

samples. Samplesizewill be at least0.5 g.

Penn Statewill performthe abovenotedtestsand analyses. Replicate

reflectancemicroscopyanalyseswillbe performedas necessaryto assess

data quality.
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EXECUTIVESUMMARY

Twenty-eightsampleswere receivedfromConsolin December1990.
Eighteenwell-characterizednon-distilledresidsampleswereprovidedfor the
evaluationby the gold-tubecarbonizationtechnique(#I- #18)and two

' additionalresidsamples(#19and #20)were providedfor blindanalysis. The
remainingeightsampleswere providedas THF-insolublefractionsfor
reflectancephotometricmeasurementson the coal-and process-derivedresidue
materials.Thesesamples(#21- #28)correspondedrespectivelyto eightof
the wholeproductresids(#7 - #14) designatedfor gold-tubecarbonization.

The gold-tubecarbonizationtechniqueemployedin thisstudyutilizeda
250 mg sampleof residwhichwas weldedintogoldtubingundera nitrogen
atmosphereandat liquidnitrogentemperatures.The tubeswerethen heatedto
450 °C for I h at a pressureof 5000 psi. Followingthe reaction,the tubes
were ventedand th_ contentsSoxhletextractedin pyridinefor 48 h. The
percentagesof gas _ condensate,pyridine-insolubleand solubleproductswere
obtained. The pyridi_,einsolublefractionwas preparedforopticalmicroscopy
wherea point-countana_vsiswas usedto determinethe amountof anisotropic
and isotropiccarbonproaucedfrom the carbonization.

Complicationsassociatedwith the gold-tubecarbonizationtestsrelated
to the difficultyin obtaininga representativesample,somefurnacecontrol
problems,and difficultywith pyridineextraction.Mostof theseproblems
resultedfrom the use of extremelysmallsampleswithvariableand unevenly
distributedash and insolubleorganicmatter(IOM). Theseproblemsin
combinationresultedin poor repeatabilitywith regardto the correlation
betweenpyridineinsolublematerialreportedfollowingcarbonizationand the
ash plus IOMcontainedin the originalsample. Nevertheless,althoughrandom
variabilityexistsin thesedata,it was not expectedto interferewith the
interpretationof majortrends.

The percentageof gas+condensatewas twiceas highfor the HRI Black
Thunderresidscomparedto Lummusand Wilsonvilleresids. A correlation
matrixof the dataprovidedat leasta pa-tialexplanationfor this
difference,lt seemsthat as the totalcontentof paraffinicprotons(_H-NMR
alkylbeta+ gammafractions)increased,the percentagemakeof gas+condensate
duringcarbonizationincreased.The BlackThunderresidshavethe largest
amountof paraffinicprotons. However,it was notpossibleto determinewith
certainty_i_etherthe higherparaffinicnatureof theseresidsresultsfrom
the particularcoal beingusedor from HRI processconditions.

Productionof pyridineinsolublesappearedto be greatlyinfluencedby
coal rankand processconditions.Regardlessof the liquefactionprocess,
residsfromthe Wyodaksubbituminouscoal,thoseof the Ohio#6 runs using
weatheredcoal,and the thermal/catalyticinterstageIII.#6samplesproduced
the most pyridineinsolubles.Each of thesecoalshavemoreassociatedoxygen
functionality,someof w_ichhas been passedto the resid. A relationshipwas
identified_lichshowedthat as the concentrationof phenolichydroxyl

-xiii-



increased,so did the amountof pyridineinsolublesproducedduringthe gold-
tube carbonization.

Comparisonof phenolicOH concentrationswithpercentageconversionof
solubleresidto pyridineinsolubles(pyridineinsolublevaluescorrectedfor
ash+IOM)showedtwo distinctrelationships;generallyone for the Wilsonville
samplesand the otherfor HRI samples(Lummusis dividedamongthe two
relationships).Bothrelationshipsshowthat as phenolicOH increasesso does
conversionof pyridinesolublesto insolubles.Thus,for a givenlevelof
phenoiicOH the BlackThunderHRI samplesappearto producerelativelymore
pyridineinsolubles.The Wilsonvillesamplesforma fairlytightrelationship
whichsuggeststhatwhen phenolicOH contentof the residsfallsbelow0.76
meq/gtheremay be a net productionof pyridinesolublesduringcarbonization.

A rank suiteof coalswas providedfromtwo-stagecatalyticprocessingat
the Wilsonvillepilotplant. Samplesincludedresidsfromthe first-stage
reactor(interstage)and recyclematerialthat had passedthroughboth stages.
More pyridineinsolubleswere producedfromcoalsof lower(subbituminous)and
higher(hvAb)rankcomparedwith two otherbitumineuscoalsof intermediate
ra_ik.Also,more pyridineinsolubleswere producedfromthe interstageresids
comparedto the recyclematerial. Thus,the additionalcatalyticprocessing
providedby the two-stageliquefactionservesto reducethepotentialof
formingpyridineinsolubles.This conclusionwas supportedDy a comparisonof
the I11.#6catalytic/catalyticand thermal/catalyticWilsonvilleruns in which
more pyridine-insolublematerialwas formedfromthe interstagethermalrun
and the leastwas producedfromthe recyclecatalytic/catalyticrun.

Petrographicanalysesperformedon all gold-tubecarbonizationresidues
(pyridineinsoluble)enabledcomparisonsto be made of the amountsof
mesophasecarbonproduced,and the relativesizeof the constituentspheres
andmosaicsto be contrasted.Unfortunately,interpretationof thesedata
were severelyhamperedby our inabilityto accountfor ash and IOM
_oncentrationsin the resids, lt may also explainv_y no correlationswere
Yound betweenour petrographicand the chemicaldataprovidedby Consol. As
the concentrationof the ash and IOM increased_the sizeand coalescenceof
the mesophasedecreased.

Generally,a greatertotalvolumepercentageof mesophase(spheresand
mosaics)was producedfrom the Wilsonvilleinterstagesamplescomparedto the
recyclesamples,suggestingthat first-stagecatalyticreactiongenerates
productshavinga greaterpropensityto leadto cokingproblems. The III.#6
thermal/catalyticrunsshowedhighermesophaseproductionas weil. Boththe
III.#6and Wyodakcoalshavegeneratedmesophaseat the Wilsonvilleplantover
the years. However,analysisof the gold-tuberesiduesfrom theWyodakruns
(Lummusand Wilsonville)showedthat low-reflectingvitroplastwas formedin
greaterconcentrationfrom runswith this coal. Thismay explainour further
observationsof a significantamountof secondaryvitroplastin the THF-
insolubleresiduesfrom Wilsonville(Wyodakruns).
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Mean random reflectancewas performedon process-and vitrinite- derived
components (high-reflectingvitroplast,partiallyreactedvitrinite and low-
reflectingvitroplast)of the THF-insolubleresiduesand their corresponding
whole product resids. Evaluation of precisionusing duplicateanalyses showed
that vitroplastreflectancecould be repeatedwithin an averageof 0.008_,

• whereas that of partiallyreacted vitrinitehad a repeatabilityof 0.0329.
Results of the analyses show that high-reflectingvitrop]astreflectance
values for the interstagecatalytic/catalyticsamplesare lower or equal to

' those of the recycle. This trend was reversedfor the thermal/catalytic
(III.#6) runs. Comparing high-reflectingvitroplastreflectancevalues with
the first-stagereactiontemperaturerevealedthat initialstage reaction
temperaturecould be maintainedat lower levels in the presence of catalyst to
achieve the same level of conversionwithout introducingsignificantmolecular
condensation.

Reflectancevalues for partiallyreacted vitriniteare higher than those
of the feed coals and are higher for the recyclecomparedwiththe interstage
samples. This may be directlyrelatedto the increasedresidencetime in the
system for the recycle samples. The Wyodak runs produceda considerable
amount of partially reactedvitrinite(huminite),a resultwhich was not
unexpected. However, the presenceof high-reflectingVitroplastin relatively
high concentrationwas surprisin_and suggeststhat the materialmay be
derived from the product fraction.

Partiallyreacted vitriniteand low-reflectingvitroplastalso were
observed in fairly large amounts (13-2C_and 16-18_volume percent,
respectively)in the thermal/catalyticIII.#6 recyclesample. Point count
analyses of the residues revealedthat on a whole-residuebasis, the two
componentswere found in about I._ concentrationby volume. This
concentration,although relativelylow, may suggestthat space rate was
perhaps too high during the thermal/catalyticrecyclerun. This could cause
incompletethermal ruptureof coal particlesand incompletehydrogenationof
preasphaltenes(low-reflectingvitroplast).

Our general assessmentof the application of the two analytical
procedures presented in this report to liquefactionprocess control can be
summarized as follows. The gold-tubecarbonizationtechnique,although
difficult to perform, has some potentialfor correlatingprocess and coal
parameterswith resid chemistry(quality). Also, the test can provide a means
of evaluating the potentialof coals and/or processconditionsto produce

pyridine insolubles and provide informationon whethermesophase-derived
carbon may be a problem during processing. Reflectancevariationsof
vitrinite- and process-derived residuecomponentsshows some relationship
with the rank of the originalfeed coal, with reactiontemperatureand the

presence or absenceof catalysts.
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Further, some specific recommendationhave been offered to improve the
precision of the gold-tubecarbonizationtest. These includeperforming the
test on samples which are free of ash and IOM, samples should be properly
homogenized before analysis to eliminatesubsamplingproblems, a greater
sample weight should be employed,and alundum thimbles should be used during
Soxhlet extraction.
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INTRODUCTION

This work was initiatedto evaluateboth gold-tube carbonizationand
reflectanceresiduemicroscopy as potentialempirical tests that could help
bridge the gap between the developmentof direct liquefactionprocessesand
analytical chemistry. These techniqueswere developed and have been used for

. the assessment of the severity of processconditions (i), generationof newly
formed organic and inorganicsolids as a result of coal or process conditions
(2), and the propensity for specificcoal-liquidsfractions to become involved
in retrograde (col(ing)reactions (3,4). However,they have not been fully
tested on well-documentedprocessmaterialsnur fully exploited for their
potential to provide improved understandingof current liquefactionprocess
technology.

During coal hydroprocessing,coal-derivedliquidsmay become involved in
condensationreactions that result in the formationof semi-cokethrough the
formation of mesophase. Liquid productsderived from coals of different rank
may respond differentlyto given reactionconditionsjust as the coals
themselves may respond differentlyand give variable total conversionand
product yields. From past gold-tubecarbonizationwork (4), we have found
that different molecularweight and functional-groupfractionsof coal-derived
liquids (SRC) tend to produce variableamounts and kinds of structuredcarbons
during relatively low-temperature,high-pressurecarbonization, t.lso,it has
been demonstratedthat liquefactionprocesstime profoundly influencesthe
amount and type of structured carbonsformed from carbonizationof solvent-
refined coal products (4).

Characterizationby reflectancemicroscopyof solid organic materials
specificallyderived from reactive coal macerals may also provide some insight
into the progress of conversion or retrogressivereactionsduring
liquefaction. Typically, an increasein the reflectanceof vitrinite and
vitrinite-derivedresidue componentssignifiesthat the material has undergone
retrogressivereactionsto yield more condensedstructures (5). Lower
reflectancevalues suggest that hydrogenationmay have occurred but has
resulted in incompleteconversion to liquid hydrogenatedproducts.

To evaluate these techniques,ConsolidationCoal Company through a
contract with DOE has provided twenty-eightsamples from three major bench or
pilot liquefactionprocesses. Sampleshave been selected from a wide range of
feed coals and process conditions. Twenty of these samples have been
identified for gold-tube carbonization,whereas the remainingeight have been
provided for the evaluation of reflectancemicroscopy. This report discusses
the findings from the analytical investigation.
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BACKGROUND

Gold-tubeCarbonization

With regardto liquefaction,the gold-tubecarbonizationtechniquewas
originallydevelopedto assessthe propensityof SRC'sand SRC fractions(from
sequentialelutionsolventchromatography[SESC])to undergoretrogressive
reactionsforminginsolublecarbonaceoussolidsand the dependencyof these
reactionson processconditionssuch as time,temperatureand pressure(3).
The techniquewas designedto heat about250 mg of coal productsealedin gold
tubingfor varyingtimesto temperaturesup to 600 °C at elevatedpressuresin
an inertatmosphere.Gold tubingwas selectedas an inertcontainmentvessel
to eliminatethe possibilityof catalysisduringcarbonization.Following
carbonization,the contentsof the gold tubewere extractedin pyridineto
determinethe amountof semi-cokeformedduringthe test. Thesedatawere
correctedfor the concentrationof pyridineinsolublesin the precursor.The
pyridine-insolubleresidueswere then examinedby opticalmicroscopyto
determinethe typesof carbonaceoussolidsformedduringthe reaction
(anisotropicmesophaseor isotropicmaterial).

FigureI showsthe soak-time/temperaturerelationshipfor the formation
of pyridineinsolublesdevelopedfromthe gold-tubecarbonizationof an
Illinois#6 short-contacttime SRC (3). This kineticstudywas undertakento
establisha standardset of conditionsfromwhicha largenumberof coal
liquidsand coal-liquidfractionscouldbe evaluated.The standardconditions
selectedfromthis studywere 450 °C for I h soaktime under5000 psi pressure
in a nitrogenatmosphere.

Resultsof work on SRC and SRC fractionsusingthe standardconditions
havebeen describedelsewhere(4,6). Briefly,the techniquewas used to
improveupon the use of pyridinesolubilityto estimatethe proportionof
semicokeformedduringthe runs. The residuesof such extractionsmay not be
composedwhollyof anisotropicsemi-coke,butmay also containisotropic
materialin varyingamounts,and of sufficientlyhighmolecularweightto
renderit insolublein the solvent. In theseexperimentsthe proportionof
anisotropicsemi-cokein the residueswas foundto increasewith the amountof
pyridineinsolubles.The sizesof mosaicsformedduringgold-tube
carbonizationof a long-contactSRC were foundto be greaterthan those
obtainedfrom a short-contactSRC; thiswas attributedto enhancedfluidity
and molecularmobilityresultingfrom a lowerfunctionality.Confirmatory
resultswere obtainedfrom the examinationof the gold-tubecarbonization
residuesof specificfractionsof SRCs preparedby SESC. The fractionswith
the most highlyfunctionalcomponentshad the greatesttendencyto form coke,
and the coke derivedfromthesefractionshad smallermosaicsizesthan those
derivedfrom the more aromaticfractions.
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ReflectanceAnalyses

Reflectancephotometricanalyses have been used fairly extensivelyfor
the evaluation of the hydrogenationof differentrank coals in single (425 °C,

5000 psi H_, 30 min) and two-stage (275 °C, 30 min then 425 °C, 30 min at SO00
' psi H_) liquefactionin the absenceof solvent (7). These studies compared

the ififluenceof the presenceand absenceof molybdenumcatalysts,not only to
conversion of coal to solvent-solubleproducts,but also to changes in the
reflectanceof the insolubleresiduematerials. Becausethe maximum reaction

temperaturewas the same during all tests (425 °C), the differing reflectance
values could be attributedto difference in the startingmaterials, i.e. the
coals. The results of this investigationshowed that at the same reaction
temperaturecoals of differentrank reacted differentlyto process conditions.
For lignite and subbituminouscoals, temperature-staged(non-catalytic)
residues were of higher reflectancethan those of the single-stagereaction.
For coals of high volatile C and A bituminousrank this effect was reversed.
Since higher reflectancemay be an indicationof a greaterdegree of molecular
condensation,these data suggestthat lower rank coals have a greater tendency
to develop crosslinks under temperature-stagedconditions. Consequently,
higher rank coals may show lower degrees of molecularcondensationunder the
same conditions.

When a molybdenum catalyst (sulfidedammoniummolybdate)was employed in
the same experimentaldesign_not only were conversionand product yields
higher, but reflectancevalues obtained on the vitrinite-derivedTHF-insoluble
residues were significantlyhigherthan those of non-catalyticruns. As a
consequenceof the doubling of conversion in the presenceof a catalyst, the
remaining solvent-insolublematerialswere found to be of higher reflectance
and presumably more highly condensedthan those of the non-catalytic
condition.

Because microscopicstudiesof the solvent-insolublefractions provide
only indirect informationregardingthe productionof liquids,some studies
were undertaken in which the reflectancedistributionsof the insoluble

residues were compared with those of thewhole unextractedproducts (5). Such
an approach is only possible where a process solvent is not employed in "dry"
liquefactionexperiments. The results of this work clearly showed how the use
of a catalyst in such experimentsgeneratedsignificantamounts of low-
reflecting vitroplast. In contrast,the thermal runs producedmostly high-
reflecting vitroplast. This latter componentwas similar in reflectanceto
those of the residues of both thermal and catalytic runs after solvent (THF)
extraction.



EXPERIMENTAL

SampIes

Table I liststhe samplesreceivedfrom Consolfor thisstudy.
Approximatelyone gramof each samplewas received. Theywere foundto be of
varyingparticlesizeand/orof looseor slightlytarryconsistency,Eighteen
(#I-#18)of the twentygold-tubecarbonizationsampleswere suppliedto Penn
Statewith extensiveanalyticalinformationand with a fullhistoryof
operatingconditions.Two of the samples(#19 and #20)weresuppliedas blind
controlsampleswith no documentation.The firsttwentysampleswere non-
distillableresidualmaterialsthatmightcontaininsolubleorganicmatter
(IOM)and coal-derivedmineralmatterand/orcatalyst. The remainingeight
samples(#21-#28)designatedfor reflectancemicroscopywerethe THF insoluble
portionsof the processstreamsamplescorrespondingrespectivelyto samples
#7-#14.

Table2 providessomeof the processand analyticalinformationsupplied
by Consol. Briefly,sampleshave bp_nprovidedfromthreeliquefaction
facilities(Lummus,Wilsonvilleand HRI). Twelveof the samples(#3-#14)are
recycleor interstage(afterfirstreactor)residsfrom the Close-Coupled
IntegratedTwo-stageLiquefaction(CC-ITSL)Wilsonvilleprocess, lt shouldbe
notedhere that recyclesamplesnot onlyhave been processedthroughthe
secondstagereactor,but havebeensubjectedto down-streamprocessin?steps
whichmay includelow pressureflashing,vacuumflashinganddeashingbefore
samplecollection.All but four of theWilsonvillesampleswerecompositesof
a numberof run periods(exceptionsare #3-#6whichwere fromsingleoperating
periods). Samples#I and #2 were fromthe LummusITSLprocessdevelopment
unit,whereassamples#15-#18were fromthe HRI ebullated-bedbenchunit 227.

In additionto the processinformation,analyticaldataprovidedby
, Consolare also listedin Table2. These includepercentagesof ash and IOM,

ultimateanalyses,the protontypesidentifiedby "H-NMRspectroscopy,and the
phenolichydroxylconcentrationdeterminedfrom FTIR. Thesedataare to be
correlatedwith the resultsof the gold-tubecarbonizationruns.

Basedupon this analyticalinformationConsolhas providedan arrayof
samplesfrom a wide varietyof subbituminousand bituminousfeedcoals. Each
sampleset containsnon-distilledcoal liquids,one from the typicallyhigher
temperaturefirst-stagereactor(interstage)and the othertakenfollowing
second-stagereactionand down-streamprocessing(recycle).Thesesamplesets
shouldprovideknowledgeaboutthe effectivenessof the second-stagereaction
and processingin diminishingthe occurrenceof retrogressivereactions.Most
of the two-stageliquefactionprocesseswere run with catalystmaterialsin
both reactors,exceptWilsonvillerun250 whichwas run in the
thermal/catalyticmode. In comparisonto Wilsonvillerun 25/
(catalytic/catalyticmode),this sampleset couldprovidesomeunderstanding
of the influenceof catalystduringthe first-stagereaction. The Ohio #6
samplesfromWilsonvilleare alsoof interestin that one of feed coals



(Holmesmine, #3 and #4) was apparentlyweathered. During operationsat
Wilsonville,oil propertiesand total conversionof this coal were
significantly lower than in a previous Ohio #6 run. When a fresh supply of
unweatheredcoal was obtained from a differentmine (Crooksville,#5 and #6)
conversion and productyield improved. Finally,the Black Thunder HRI runs
provide a comparison betweenas-received(run CC-2) versus thermallydried
(CC-5) coal (25.4_ vs 5_ moisture).i

A 250 mg portionof each sample designatedfor the gold-tubeexperiments
was removed for later inspectionunder an opticalmicroscope. The remaining
sample was crushed with a small mortar and pestle to a very fine particlesize
(not measured) and homogenized. The THF-insolubleresidues were preparedas-
received for opticalmicroscopy.

Gold-Tube CarbonizationProcedure

The procedure followedfor gold-tubecarbonizationhas changed in many
small ways from the proceduredescribedunder "Background". Variationsfrom
the original techniqueresultedbecausethe old equipment used during the
IgTOs is no longer availableand the new equipmenthas a differentdesign and
control system. The followingis an accountof the detailed procedure
followed during th_ course of our gold-tubeinvestigations.

Tube Preparation

Five feet of high-puritygold tubing of 0.5 cm O.D. was ordered from
Engelhard Corporationand received in December 1990. For each experimenta
-5.7 cm section of tubing was cut with a pipe cutter and the ends cleanedof
filings. Each sectionwas then pre-conditionedby immersingin a 50/50 v/v

, solution of HCl and deionizeddistilledwater and boiled on a hot plate for I
h. This procedurewas followedto remove traces of iron that might be present
following the manufactureof the tubing. Each section was washed in deionized
water for 10 min, dried with acetone and annealedin an open flame to soften
the tubing for welding. One end of the tube was arc welded using the device
illustrated in Figure 2. A scribe was used to mark each tube with the
appropriatesample number and the initialtube weight recorded.

Finely ground sampleswere introducedinto the gold tubing using a funnel
that was fashioned from narrowerO.D. (3 mm) gold tubing. The funnel was
constructed so that samplescould be loaded into the bottom of each reaction
tube. Any sample adhering to the insidewalls of the reaction tube would
interferewith the final welding. Between each loading the funnel was washed
in acetone and annealed to prevent contaminationof the next sample.

Approximately250 mg of sampleswas weighed out, transferredto the
appropriate reaction tube and the sample weight recorded.

Using the apparatusand procedures illustratedin Figure 2 the reaction
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tubewas firstevacuatedwitha vacuumpump for 5 rainwhilebeingcooledin a
liquidnitrogenbath. A streamof nitrogengas was bled intothe tube and the
top crimpedtightly. Additionalliquidnitrogenwas addedto the coolingbath
and the top end weldedshut. Goldtube plus sampleweightswere recorded. To
evaluateweld competencyeachsealedreactiontubewas immersedin boiling
waterfor 5 min beforebeingplacedin coldwaterand then reweighed.Samples
were rejectedas leakingif therewas any significantweightgain (>2mg).
AboutI_ of the sampleswere rejectedduringthisevaluationcausingboth
lossof tubingand sample.

Carbonization

Experimentswere designedso that four samplescouldbe reactedduringa
singlecarbonizationrun. As shownin Figure3, samplecapsuleswere loaded
intoa crucible,with quartzwool separatingthe samplesand holdingthem
tightlyagainstthe interiorcruciblewall. The cruciblewas placedin the
furnace,the closurenut tightened,and the furnacerightedso that the tubes
becameverticallyoriented. Beforeheating,the systempressurewas brought
to -3340psi (0.23kbar)usingargonas the pressure-transmittingmedium,the
furnacecontrollerset pointswereselectedfor the upperand lowerwindings
and the heatingprogramwas initiated.Each experimentrequiredabout15 min
for the temperatureand pressureto equilibrateat 450 °C and 5000psi (0.345
kbar),respectively.Sampleswere allowedto soakat this temperaturefor I h
and then the furnacewas shutdown. Temperaturedecreasedat Ig °C/min(about
20 min to reach80 °C). Oncethe furnacewas below100 °C, the pressurewas
slowlylet down at about220 psi/min.

When the furnacereachedambienttemperatureand pressurethe crucible
and sampleswere removed. Eachreactiontube was inspectedfor ruptureand
weighed. About5_ of the samplesrupturedduringpressurelet-down;most of
thematerialthat leakedfromthe tubeswas gas or liquidcondensate.The
sampleswere then placedunderrefrigerationat -5 °C to partiallysolidify
the condensate.

}

SampleWork-up

Gold-tubesampleswereremovedfromrefrigerationand immediatelyre-
weighedand ventedby puncturingthe tubeswith an X-actoknife. Typically,
only gas was released,butoccasionallysome liquidcondensatewas also lost
with the g6s. Consequently,the weightdifferencebetweenclosedand open
tubeswas recordedas gas + condensate.Followingabout10 min of ventingthe
goldtube was cut longitudinallyand priedopento exposethe solidor tarry
carbonizationresidue. Carewas takennot to disturbthe sampleinsidethe

goldtubing;the tube containingthe samplewas placedas is into a pre-tared
celluloseextractionthimble(22mm x 80 mm).

Sampleswere Soxhletextractedin 160ml of pyridineundera flow of



nitrogen for 48 h. Typically, the extract liquidwas clear after 24 h.
Followingextraction,the thimbles containingthe sampleswerecarefully
removedand washed about 5 times with absolutemethanol to assist in the

removalof pyridine. They were then transferredto a vacuum oven for 48 h
where they were heated fo_ 2 h at 100 °C and at 25 °C for the remainingtime.
The initialextractionsin the winter months were dried to a constant weight
to obtain the percentagesof pyridine insolublesand solubles. However, as
our work extended into the summer a problem developeddue to the uptake of
moisture by the cellulose extraction thimbles. In the winter months this had
not been a problem because of the very low relative humidity. However, in the
summer we were forced to allow the vacuum-driedthimbles to equilibrateto
their naturalmoisture content and constantweight. These moisture
differenceswere significant and amountedto tens of milligrams in some cases.
The selectionof cellulose thimbles had been prompted by our need to obtain
the maximum amount of carbonized residuefrom each gold-tuberun for optical

microscopy.

Once the final weight had been recorded,the extractionthimbles were cut

open and the pyridine insolubleresidues recovered. Each solid residuewas
mixed with a cold-settingepoxy resin in a small sample bottle and then spun
in a centrifugeto remove air bubblesand concentratetheresidue. After the
epoxy had hardened,each sample was molded into a 2.5 cm dliametercylinder
with additionalepoxy, allowed to harden and polished using a series of
grindingpaper and alumina for reflected-lightmicroscopy.

In additionto problems with the extractionthimbles, in some cases we
obtainedweights of carbonized residuesthat were less than the total ash plus
IOM reported by Consol. To obtain betterclosure with processstream inerts
and to determineif there might have been a sampling problem, all resids
designatedfor gold tube carbonizationwere Soxhlet extractedusing the same
proceduredescribed for the carbonizationresidues. Gold-tubecarbonization
and extractionresults are listed in Table 3.

PetrographicAnalysis

To evaluatethe amount and type of mesophase-derivedcarbon produced

during carbonizationa special point-counttechniquehad to be employed
becauseof the extremely small quantitiesof material generated during the
gold-tubecarbonization. Step distancesbetweenfields of view were limited
to 300 microns, and identificationswere made at three grid points within each
field, the distance between the grid points being 100 microns. Even with this
increasein grid-point density it was not possibleto obtain the 500
identificationsnecessary to reach a repeatabilityof +/- I to 2 _; the
surfaceareas availablefor analysis allowed between39 and 400 counts only.
In two cases, where the entire productconsistedof only a few particles, it
was necessaryto visually estimate the composition. Because of their very
fine size, residue particles rarely overlappedmore than one grid point. This
fine particlesize and the generallyuniformmixing of components are factors
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which would aid the precision of the analyses.

The following componentswere identified in the point-count analyses of
the gold-tube res i dues:

Low-ReflectingIsotropic This pitch-likematerialis one type of vitroplast
(5,8,9). Becauseit is believedto have formedby precipitationfromthe
coal-derivedliquidsratherthan by simplemeltingof coal,it is the variety
knownas "secondaryvitroplast".Its very low reflectanceplacesit clearly
in the category of "low-reflsctancevitroplast",alsoknownas hydroplast ,_',, ' ,;_,

(5,10). Some studieshave suggestedthatthismaterialis asphaltenicin , ,'_
character. Its low reflectanceindicatesthat the reactionsinvolvedin its
formationare dominatedby hydrogenationratherthan retrogressive
condensation(Platela).

High-ReflectingIsotropic Two classesof materialfallintothis category.
One is coal-derivedinertinite,mainlyfusiniteand semifusinite.The other
is process-derivedmaterial,producedthroughthe condensationof liquid
products. In some instances,the particlesize of the coal-derivedmaterial
is largeenoughfor typicalinertinitemorphologicalfeaturesto be
recognizable.In otherinstances,an intimateassociationwith mesophase
structuressuggeststhat the materialwas formedduringthe hydroprocessing.
However,in generalit is difficultto differentiatebetweencoal-and
process-derivedmaterialwith a high degreeof certaintyand the classeshave
been combinedintoone categoryin this seriesof evaluations(PlateIb).

High-ReflectingAnisotropic"Coke" This is a minorconstituentof the
residues,havingthe high-reflectanceand anisotropicstructuretypicalof
metallurgicalcoke. The fact thatthis materialis foundexclusivelyin the
productsof Wilsonvilleresids,suggeststhat it may be fragmentsof coke
contaminantthat havefoundtheirway intothe feedcoalduringcrushing.

High-ReflectinqAnisotropicMesophaseSpheresThese bodieshave formedout of
pre-existingliquidsby a processof homogeneousnucleation(11). Mesophase
formationduringhydroliquefactionis believedtooccurbecauseof the
exposureof liquidproductstoadverse reactionconditions(temperature
excursions,hydrogendepletionor mass transferproblems),lt involvesthe
growthand stackingof planarmoleculesand then,throughthe conservationof
surfaceenergy,the nucleationof spheres. Becauseof the orientationof
moleculeswithinthe spheres,a pronouncedanisotropyis visiblein polarized
lightwith alignmentbeingparallelto anequatorialplane. The gold-tube
test is a meansof comparingthe propensitiesof differentcoal liquidsor
liquidfractionsto undergoretrogressivecarbonizationand formmesophase.
In the contextof the work reportedhere,the possibilitymust be bornein
mind that somepart of the mesophasemay have been generatedduringthe
hydroprocessingwhichproducedthe feed for the gold-tubetesting(Platela
and c). '.

Becausethe feed chemistryinfluencesnot onlythe proportionof
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mesophaseformedbut alsothe spheresize (4),an attemptwas madeto assess
the spherediameters.This evaluationwas effectedby selectingwhat was
qualitativelyjudgedto be smallest,largestand "typical"sizedparticle
duringa visualscanacrossa majorpart of the pelletsurface;the diameter
was then measuredby meansof an eyepiecereticle.

J

High-ReflectingAnisotropicMesophaseMosaics When the proportionof
mesophasein a residueor carbonreachesthe levelwherethe spheresimpinge
on one another,bulkmesophaseis formedthroughcoalescence.The molecular
structureof the massmay be capableof undergoinga realignment,the extent
of which dependsuponthe fluidityof the mesophaseat thattime. In a well-
hydrogenatedcoal liquidor one with a lowerfunctionality,a greaterlevelof
molecularmobilityis likelyto be maintained,allowingthemesophaseto
remainfluidand relativelylargemosaicor domainsizesto form. In this
analysis,mosaicsizeswere estimatedby measuringthemaximumsizeof
isochromaticareasas seen in polarizedlightand with the insertionof a
mineralretardationp_,ateas an accessory(Plateld).

ReflectanceMicroscopy

The eightTHF-insolubleresidues(#21-28)were preparedintopolished
sectionsin a mannersimilarto thatdescribedfor the gold-tubecarbonization
residues. Approximatelyone gramof materialwas mixedwithan excessof
epoxyresinin a glassvial and centrifugedwithinthe vialto concentratethe
residue. Once hardened,the glassvialwas removed,the samplecut in half
longitudinally,andre-embeddedin a2.5 cm diametermold. Thesesampleswere
polishedusinga seriesof grindingpapersand aluminapolishingcompounds.
For comparison,smallquantities(250mg) of the correspondingwholeproduct
samples(#7-14)werepreparedin the samemanner.

Mean randomreflectanceanalyseswereperformedon threeindividual
componentsof eachresidueand whole-productsample,namelyhigh-reflecting
vitroplast,partiallyreactedvitrinite,and low-reflectingvitroplast.These
residuecomponentswere selectedfor analysisbecausetheyhave been
identifiedas materialsderivedfromeitherreactivecoalmacerals(mainly
vitrinite)or from liquidproductsformedduringthe liquefactionprocess.
Theirpresencesin the insolubleresiduesand theirlevelof reflectancemay
suggestsome inefficiencyin processconditionsthat has allowedthemto
escapeconversionor has been involvedin theirformationfrom liquid
products.

All reflectancemeasurementswere conductedusinga LeitzOrthoplan/MPV2
microscopephotometersystemat 625 X totalmagnification.Becauseof the
very smallparticlesize of residuematerials,randomreflectancemeasurements
(no stagerotation)were performed.Normally,randomreflectancemeasurements
are made withouta polarizinglensin the opticaltrainhowever;in this study
a polarizerwas usedand set to 45° The sizeof the aperturepermitting
lightto the EMl g558photomultiplierwas reducedto a diameterof 1.9/Jm=,
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therebyallowingmeasurementsto be made on particlesof 5 pm. In spiteofi

the wide distributionof reflectancevaluesobservedfor residuematerials,
the photoelectricsystemwas calibratedto a singlestandardglassof known
reflectance(I.009_).

A totalof two hundredreflectancemeasurementswas made on each sample.
Analysisof the polishedsurfacewas conductedusingan imaginarygridwith a
distanceof -0.5mm betweenmeasurementsand betweeneachtraverseacrossthe
surface. A particlewas identifiedas one of the threeresiduecomponentsof
interest,the measuringspotwas placednearthe centerof the particleand a
readingrecorded. In thisway, the accumulationof reflectancereadingsalso
providesthe relativeconcentrationof thesethreecomponentsin the residue.
Replicateanalyseswere performedon the THF-insolubleresiduesto evaluate
data precision,

To determinethe relationshipbetweenthe concentrationof residue
components(high-and low-reflectingvitroplastand partiallyreactedcoal)
and the otherIOM and mineralcomponentsfoundin the residues,severalpoint-
countanalyseswere performed.Residuematerialsthatweremeasuredfor
volumepercentageconcentrationwere granularsubmicronmaterials,inertinite
(fusiniteand semifusinite),high-reflectingvitroplast,partiallyreacted
coal particles,low-reflectingvitroplast,mineralmatter,anisotropiccoke
and mesophase-derivedcarbon. Theseanalysesweredeterminedfor two of the
III.#6Wilsonvillesamples(#22and #27). The analysiswas performedusinga
grid of 0.3 mm betweenpointsand linesacrossthe polishedsurface. The
materialfallingunderthe crosshairin the microscopeeyepiecewas identified
and counted. Up to 1000pointswere counted,dependingupon the sample
volume.
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RESULTS AND DISCUSSION

General Residue Microscopy

Polished surfaces of the THF-insolublesamples (#21-28)and whole
products of the resid materials (#I-#18)were evaluatedqualitativelyunder
the optical microscope. From an initialinspection,residuematerials were
identifiedfor reflectanceanalysis. Generally,the THF-insolubleresidues
are composed of particle agglomerateswithin which largerparticles (-5 to -30
vm ) are containedin a matrix of submicronorganic and inorganicmaterials.
The matrix forms between 50 to 70_ of the sample volume,but it is the
remaining 30 to 5_ which can be used to interpretreactionconditions.
Within these large agglomerates,the organic remnantsof the coal or process-
derived materials and mineralmatter are not homogeneouslydistributed. The
organic re_na1_tsidentified in order of relativeconcentrationare
recognizableparticlesof coal inertinite(fusiniteand semifusinite),high-
reflecting vitroplast,partiallyreactedcoal particles,low-reflecting
vitroplast and some anisotropicsemicoke derived from mesophase. The
proportions of these materials as well as the inorganicspecies are dependent
on the feed coal and rank. Inorganicmaterials found in highest

concentrationswere coal and process-derivedpyrrhotite (Fel S), coal-derived
carbonate (mostlyCaCO_) and a smalleramount of quartz (SiO_). An assumption
is made that a rather large portionof the matrix containsmicron-size
fragments of aluminosilicateminerals (dominantlyremnantsof illite and
kaolinite).

High-reflectingvitroplast,which is a plastic pitch-likeisotropic phase
derived from vitriniteor condensationof coal liquids,was commonly found

throughout the THF-insolubleresiduesand in the whole product resid samples
that were not de-ashed (see Plate IIa). As discussedabove, vitroplast can
form as a low reflecting intermediatematerial which is capable of reacting
fully to form liquid productsor which can furthercondense into a material of
relatively high reflectance. As seen in Plate IIa, high-reflectingvitroplast
was identifiedas rounded particlesor spheres, having no regular internal
structure, and of reflectanceintermediatebetweenthat of the coal vitrinite
and fusinite.

As illustratedin Plate lib, coal particlescan survive the rigors of

liquefactionand can be identifiedby their relativelylow reflectance and the
presence of bedding planes and associationwith other macerals. Most of these
particles have undergonesome reaction,where bedding planes may be separated,
particle edges are tattered or rounded,and particle reflectanceis slightly
higher than the mean reflectanceof the coal vitrinite. Although, this
general class of particle types includesall macerals, reflectance
measurementswere made only on the vitriniteportionof the particle.

Low-reflectingvitroplastcan be describedas the isotropic,
hydrogenated,plastic coal-derivedmaterial formed from vitrinite. In this
report low-reflectingvitroplastwill be applied to the solvent-soluble
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componentof thewholeresidsamplesand to the low-reflectinginsoluble
componentof the THF-insolubleresidues. PlateIIc showsthat low-reflecting
vitroplastservesas the matrixmaterialfor coal-and process-derivedinerts
in a whole-productsamplefrom the Ill.#6Wilsonvillerun 257. Following
extractionwith THF only a smallamountof the low-reflectingvitroplastcan
be identifiedin the residue. As seen in Platelid,remnantsof the low-
reflectingvitroplastare roundedparticlesof slightlyhigherreflectance
thanthat seen in the wholeproductsample.

Gold-tubeCarbonization

Qualityof CarbonizationData

Resultsfromthe gold-tubecarbonizationexperimentsare givenin Table3
alongwith the percentagesof ash and IOM (THF-insoluble)reportedfor some of
the residsby Consol,as well as the pyridine-insolublecontents(ash+ IOM)
obtainedfromSoxhletextraction(by PennState)of the whole-productsamples.
Furthermore,percentageconversionto pyridineinsolubleswas calculatedby
the equationgivenin Table3 in an attemptto correctthe raw data for
ash+IOMcontent. Negativepercentageconversionvaluessuggestthat theremay
be a net productionof pyridinesolublesduringcarbonization,althoughit is
more likelythattherewas variationin the ash+IOMcontent(seebelow).
However,beforethesedata can be discussedin relationto liquefaction
operatingconditionssome understandingof dataqualityis required.

Table4 liststhe scheduleof experiments,the weightpercentagesof
productsas well as commentspertainingto operationof the furnacethatmay
explainsome of the results. Furnaceoperationsrequiredclosecontrolduring
the initialequilibrationof temperatureand pressure. Equilibrationrequired
at least15 min, but in two of the experiments(2 and 3) the operation
required21 to 11 min longer. The longerequilibrationtime may have resulted
in a slightlyhigherproductionof pyridine-insolublesin experimentnumber2
(samples#6, #8, #10 and #12). A relativelystronginfluenceof time on
productionof insolubleswas demonstratedin previouswork (FigureI).

The strongeffectof temperatureon the productionof pyridineinsolubles
alsohas been demonstrated.Duringthreeexperiments,when soaktemperature
(450°C) was reached,the selectedset pointfor the upperfurnacewindings
controllercausedthe temperatureto overshoot.This occurredduringthree
experiments(I, 3 and 5); however,only duringexperimentnumber5 was therea
severeexcursionfor a significantamountof time,i.e. 50 °C for -g min. As
can be seen (Table4), this excursionhad a profoundinfluenceon the
productionof pyridineinsolubles.We believethat the excursionsnoted in
experimentsI and 3 are not significant.Theseirregularitiesin experimental
conditionshave certainlyinfluencedthe overallweightpercentageinsoluble
production,but not the propensityof a givensampleto producethem.

As a furtherassessmentof data quality_one samplewas chosenat random
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(#5 - Wilsonvillerun 256 using Ohio #6 coal) and was carbonized in three
separate experimentalperiods (Table 4, experimentsI, 3 and 7). As shown in
Table 3, the productionof pyridine insolubleswas variable,and_ sn all
cases, less than the pyridine insolubilityc__ the whole product. Because
furnace equilibrationwas relatively constant among these experiments,we
believe that the observed large variation may resultmainly from sample
inhomogeneityor from our analytical procedure.

Exploringsample inhomogeneity,some evidencethat each of the #5
replicatesamples reacted differentlywas obtained from inspectionl_fthe
contents of the gold tube after venting the gases. In each case th,a
carbonizedmaterial had a different appearance. For test #5, the material was
a sticky (tarry)mass, in test #5a the materialwas a solid powder and in test
#Sb the carbonizedresidue was basically a single solid particle. Therefore,
even though the reaction conditionswere fairly reproducibleand the starting
material had been crushed and stirred when the samplewas measured out, the
resultingcarbonizedmaterial was much different. Moreover,microscopic
observationof the whole product samples showed that ash and IOM was not
uniformlydistributedin every particle. Thus, the level of crushing that was
achievedmay not have been adequate to homogenizethe sample.

From an evaluationof the analyticalprocedure,we believe that Soxhlet
extractiontogether with the small sample size offersthe most likely
opportunityfor variation in our results. In each repeat analysis of sample
#5 mesophase-derivedcarbon was formed, but the amount of pyridine insolubles
determined for the whole-productsample was higherthan that of any of the
carbonizationresidues, lt seems likely that some of the original coal- and
process- derived ash+IOMmay have been lost duringextraction,and that these
losses are variable among differenttests. Some of the variabilitymay result
from the observed difference in the carbonized residue (tarryvs solid),
whereas micron-sizedinsolubleparticles may be more easily washed from a
tarry sample and lost during solvent return. The tarry carbonizationresidues
were more readily extractedcompared with the solid samples. These small
grains may be agglomeratedin solid particles and thereforemore difficult to
be lost from the extractionthimble.

The poor repeatabilityof the gold-tubecarbonizationexperiments for
sample #5 and the variationin reaction conditionsinfluencesthe confidence
which can be placed upon interpretationbased on our quantitativedata.
However, in spite of the random variability in these data, it is still
possible to offer interpretationsof the clearly establishedtrends.

• Carbonization- LiquefactionInterrelationships

Table 5 gives the means and standard deviationsof the carbonization
results (gas+condensate,pyridine insolubles,pyridinesolubles and conversion
to pyridine insolubles)by process, although it must be noted that because of
significantlydifferentprocessing steps and coals used, direct comparison



between the resultsobtained from these plants may not be justified. However,
the gas+condensatevalues for the Lummus and Wilsonvilleprocesseswere very
similar, whereas those of HRI were approximatelydouble. Further, the
pyridine insolubles formed during car{_onizationappearto decrease in the
order Lummus> Wilsonville> HRI. The higher pyridine insolublesfor the
Lummus resids and the higher gas+condensatefor the HRI resids appear to be
related to both coal rank and to process variables. Another general
observation can be made when comparingthe results of the Wilsonville recycle
and interstagesamples. The gas+condensateproductionwas statistically
similar regardlessof the differentfeed coals being employed (see Table I),
but the productionof pyridine insolubleswas found to be about twice as high
for the interstagesamples. Ash+IOM were found to be slightlyhigher for the
interstage samples (Table 3, except for the Wyodak samples#11 and #12), but
the difference was not large enough to account for the observeddifference in
pyridine insolublesproduced from the interstageand recyclesamples. When
considering the percentage conversion to pyridine insolubles,the Wilsonville
recycle samples showed a small negative value comparedwith a larger positive
conversion of to pyridine insolublesfor the interstagesamples.

A general evaluation of the data (not correctedfor ash+IOM)suggests
that two major trends can be identifiedin the carbonizationdata; one that
was most certainly related to coal rank or conditionand the other related to
process variables. From Table 3 it can be observed that resids produced from
the Wyodak subbituminouscoals (thosefrom Lummus #I and #2 and from
Wilsonville #11 and #12) have produced considerablymore pyridine insolubles.
Furthermore,pyridine insolublesare high for the Wilsonvilleruns using a
weathered (oxidized)Ohio #6 coal (#3 and #4) as well as for the interstage
samples of the III.#6 thermal/catalyticWilsonvillerun (#14). Figure 4 shows
a positive relationshipbetweenthe percentage of pyridine insolublesproduced
during carbonizationand the concentrationof phenolic hydroxyl. This
observation was made in earliergold-tube carbonizationwork with SRC
chromatographicfractions (4,6). As the concentrationof heteroatoms
increased in a suite of fractions,the amount of pyridine insolubles
increased. However, in this study, we are observingthe same relationship
with resids from coals that have a natural high concentrationof oxygen
functionality (Wyodak,#I_ #2, #11 and #12), functionalitythat was induced by
weathering (Ohio #6 Holmes coal, #3 and #4), or functionalityresulting from
inefficientprocessing (III.#6interstagethermal/catalyticrun, #13 and #14).
Note that most of these resids plot in the upper half of Figure 4 (except
#13).

Figure 5 attempts to separate coal rank and processing conditions for the
suite of Wilsonville resid samples #5 - #12. This separation uses the raw
pyridine insoluble information from Table 3. These runs were made using
different coals and with the plant running in the CC-ITSLcatalytic/catalytic
mode. Interstage samples were taken after the first, higher temperature
reaction vessel, whereas the recycle sampleswere processedthrough both the
first and second stage reactors as well as additionaldown-streamprocessing.
Figure 5 shows that the lower rank Wyodak coal producedmore pyridine
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: insolublethan the intermediaterank III.#6and Ohio #6 coals. A slight
increase in insolubleproductionwas observedwith further rank increase,as

" noted for the Pittsburghseam runs. As observed above, the interstagesample
set showed significantlyhigher pyridine insolublevalues comparedwith the
recycle samples, lt appears, therefore,that additionalcatalytic

' hydrogenationand down-streamprocessingof the interstageresids
significantly reducesthe potential for formingpyridine insolubles.

If the relationshipobserved for coal rank were applicableto more than
one process, one would expect the Black Thundersubbituminouscoal from the
HRI runs (#15-#18)to plot very closely to those of the Wyodak in Figure S.
However, as shown in Table 3, the Black Thunderresids, for the most part,
produced very little pyridine insolublesand a great amount of gas+condensate.
The reason for this may be process related, in that the chemical propertiesof
t_e HRI Black Thunder resids are very much differentfrom those of the Wyodak
samples. Figure 6 shows that as the total content of paraffinicprotons (_H-
NMR alkyl beta + gamma fractions,Table 2) increasesin the resids, the
percentage make of gas+condensateincreases. All but one of the Black Thunder
resids have relativelyvery high amountsof paraffinic protons, suggesting
that either the coal has a greater propensityto form paraffiniccompoundsand
alkylated aromatics,or, and more likely,that the HRI reaction conditionsand
resid processing system was significantlydifferentthan Lummus and
Wilsonville for the hydroliquefactionof subbituminouscoals.

Figure 7 considersthe relationshipbetweenpercentageconversionto
pyridine insolublesand concentrationof phenolicOH in the resids and shows
that the HRI Black Thunder samples form a separate relationshipcomparedwith
the Wilsonville and Lummus samples (exceptperhaps sample #2). As found with
the raw pyridine insolubledata (Figure4), in both cases as phenolicOH
concentration increasesso does the conversionof pyridine solublesto an
insoluble fraction increase. In comparison,for a given level of phenolic OH
the Black Thunder HRI samples appear to produce significantlymore pyridine
insolubles. The Wyodak Lummus sample (#2) may or may not be includedwith the
Black Thunder samplesl a large amount of pyridine insolubleswere produced
during carbonizationof this sample owing to a temperatureexcursionduring
the experiment (5, Table 4). The Wilsonvilleand remaining Lummus sample
forms a fairly tight relationshipwhich suggests that when the phenolicOH
content of the resids falls below 0.76 meq/g there may be a net productionof

pyridine solubles during the gold-tubecarbonization.

Another sample set found to be of great interestwas the III.#6
catalytic/catalytic(#7 and #8) and thermal/catalytic(#13 and #14)
Wilsonville runs. Formationof pyridine insolubleswas much greater for the

• resid which was only reactedthermally (40.43_for the interstagesample #14)
and far less (1.gg_ for the recyclesample #7) was produced from gold-tube
carbonizationwhen both stages employed catalyst. The remainingsamples
(interstagecatalytic/catalytic#10 and recycle thermal/catalytic#13) were
intermediatein their productionof pyridine insolubles. Furthermore,
percentage conversionto pyridine insolublesshows a net productionfor the
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thermal/catalyticruns, whereas a net loss (negativevalues, Table 3) for the
catalytic/catalyticruns. This data set suggeststhat the greater the degree
of catalytic processing the less propensitythere is for coking within the
reactors.

Petrographyof Carbonized Products

The results of petrographicanalyses of the gold-tube, pyridine-insoluble
residues are given in Table 6. Two of the carbonizationresidues were re-
analyzed (#7 and #14) to determinethe mean variation. Analysis of this
informationrevealed that the variationwas differentfor each sample (ranges
between4.4_ and 2.0_, respectively).

Generally, all of the gold-tubecarbonizationruns produced a mesophase
that either resulted in sphere formationor a coalescedmosaic. However,the
concentrationof mesophaseproduced and the overallsize of the spheres and
mosaics were controlled,to some degree, by the presence and concentrationof
ash + IOM in the original resid samples. If the petrographiccategoriesof
high-reflectingisotropicand high-reflectinganisotropic"coke" are combined
to represent pre-existingIOM, a reasonablecorrespondenceexists between the
petrographiccategories and that of the pyridine insolubles (PSU, _ash+IOM)
reported in Table 3. The sizes of spheresand mosaicswere typically smaller
when the percentage ash+IOMwas large. Obviously,these insolublematerials
have interferedwith the growth of mesophase.

With regard to plant and process control, the total volume percentage of
mesophase (spheres + mosaics) produced from the Wilsonvillesamples was found
to be greatest with the interstagesamplesexcept in one case (#14, III.#6,
thermal/catalytic). A greaterpercentageof pyridine insolubleswas produced
from the interstage sample as weil, suggestingthat single-stagecatalytic
hydrogenationhas a greaterpotentialto lead to plant coking problems.
Because the Wilsonville samplescontaineda large amount of ash+IOM, sizes of
the isochromaticareas were rather small. The average size of sphereswas
found to be relatively large for two of the III.#6 recycle samples (#7 and
#13), suggesting a greater molecularmobility. Becauseneither of these
samples produced much pyridine-insolublematerial during carbonization (Table
3), these recycle resids are less likely to form a significant amount of

, mesophase.

Just as past experiencehas demonstratedthat the Ill.#6 coal has a

greater propensity for coke formationduring non-catalyticliquefaction(I),
processing of the Wyodak subbituminouscoal also has lead to reactor deposits
containing mesophase (2). However, inspectionof the two Wyodak data sets (#1
- #2 and #11 - #12, Tables 3 and 6) showed that, although these runs produced

significant pyridine insolubles,only the one Lummus sample (#2) produced a
large quantity of mesophase. The other three Wyodak samples (#1, #11 and #12) ..
produced significant amountsof low-reflectingisotropiccarbon. The presence
of this material may explainthe relatively large amount of secondary high-
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reflectingvitroplast observed in the Wyodak THF-insolubleresidues (see next
section).

As stated above, the Black Thunder (HRI) samples did not produce a large
amount of pyridine insolubles. However,nearly all of the carbon produced was

' found to be mesophase, particularlyfor the two-stagesamples (#16 and #18).
The largestmesophase spheres and mosaic areas were produced from the two-
stage runs, whereas Smaller spheresand mosaic were formed from the single
stage. Previous investigationshave shown that SRC from short-contacttime
runs leads to the production of more pyridine insolubleswith mesophase of
smaller size compared with SRC from long-contacttime runs (4). Also, in
comparison,carbonization of the Black Thunder resids produced mesophase of a
larger size than those of the Wyodak. One process-relatedfactor that may
explain the apparent difference betweenthe Black Thunderruns and the Wyodak,
was that the Black Thunder coal was hydrogenatedat a much lower first-stage
reactiontemperature (399°C vs 4480 - 437°C).

A correlationmatrix was generatedwith the petrographicinformationin
Table 6 and the chemical informationin Table 2 in an attempt to establish

relationshipsamong these data. No significantlinear correlationswere found
betweenmesophase formation and any of the chemical parameterstested (IH-NMR
and phenolic hydroxyl concentrations). Nor were any correlationsfound
between mesophase formation and the percentageconversionto pyridine
insolubles.

ReflectanceAnalysis

Mean ran_om reflectanceresultsare given in Table 7 for all of the THF-
insolubleresidues (#21 - #28) and their correspondingwhole-productsamples
(#7 - #14). In addition, the percentagedistributionof readings made on the
three residue components (low-reflectingvitroplast,partiallyreacted
vitrinite and high-reflectingvitroplast)are provided. Furthermore,to
determineanalytical precision (repeatability)four of the THF-insoluble
residueswere re-analyzed. Resultsfrom these duplicate analyses show that
vitroplastreflectance could be repeatedwithin an average of 0.008_, whereas
partiallyreacted vitrinite could be repeatedwithin an average of 0.032_.
Because hydroplast concentrationswere so small statisticalassessment was not
relevant. Also, the percentageconcentrationvalues determined for each
component showed that vitroplastvolume _ercentagescould be repeated within
1.5_ and partially reacted vitrinitewithin 1.1_. These levels of
repeatabilityare excellentwhen the range of reflectancevalues measured for
each component is considered (Table8).

As discussed above, high-reflectingvitroplastreflectancehas been shown
to be a function of coal rank and processconditions (includingreaction

. temperatureand the presence of catalyst). Figure 8 illustratesthat for the
catalytic/catalyticruns (III.#6,Wyodak and Pittsburgh)the interstage
process samples generally have lower or the same reflectancecompared with the
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more fullyprocessedrecycleresids, lt furthershowsthat higherprocessing
temper@turestendto generatehighervitroplastreflectance.In the case of
the thermal/catalytic111.#6runs,vitroplastfrom the interstagesamplehas a
much higherreflectancethan the recyclesample. With respectto reflectance
valuesfromthe otherresids,vitroplastreflectancewas observedto be
comparablylow for the two sets of III.#6runs (#21and #22 with #27 and #28)
as are totalconversionlevels(Table2). Thisdifferenceexistseven though
therewas a relativelylargedifferencein first-stagereactiontemperatures
(421°C for the catalytic/catalyticand 438 °C for the thermal/catalytic).
This suggeststhatfirst-stagereactiontemperaturesmay be keptat lower
levelsduringcatalytichydrogenationthanduringthermaltreatmentin order
to achievethe same degreeof conversionwithoutintroducingsignificant
molecularcondensation.This conclusionmay be supportedby the observation
that the totalaromaticspecies(_H-NMRcondensed+ uncondensedaromatic,
Table2) are greaterfor the thermal/catalyticruns (26.2_and 34.5_)than for
the catalytic/catalyticruns (Ig.g_and21._).

Reflectancevaluesfor partiallyreactedvitriniteare in all cases
higherthanthe reflectanceof untreatedcoalsfromthe same locality(see
Fig_'re5). Also,with the exceptionof the Wyodakresids,the reflectanceof
the recyclesamplesare higherthan thoseof the interstagesamples. Thismay
resultfromthe longerresidencetime in the systemand additionalprocessing.
Of furtherinterestwas the fact thata considerablepercentageof the Wyodak
residswere composedof partiallyreactedvitrinite(huminite).lt has been
observedthatsubbituminousand lignitecoalsdo not undergosignificant
thermoplasticdeformationand primaryvitroplastformation(6) during
liquefactionas observedfor bituminouscoals. However,secondaryvitroplast
(process-derived)was observedin theseWilsonvilleprocesssamples.
Identificationof secondaryvitroplastin the gold-tuberesidues,suggests
that perhapssignificantretrogressivereactionswere occurringduringthe
liquefactionprocess.

@

A ratherlargeconcentrationof partiallyreactedvitrinitewas observed
in the III.#6thermal/catalyticsamples(#27and #2B). Thiswas particularly
surprisingwhen comparingoperatingconditionswith thoseof the
catalytic/catalyticIII.#6runs (#7and #8). The feed rate of the latterwas
reportedto be aboutdoublethat of the thermal/catalyticruns and the first-
stagereactiontemperaturesignificantlyless (421°Cvs 438°C,Table2). The
recyclesample(#27)appearedto havea relativelyhigh concentrationof
partiallyreactedcoal basedon the reflectanceanalysis(Table?). To
determinewhetherthis was an artifactof the reflectancestudy,pointcount
analyseswereperformedon two of the III.#6samples(#22and #27, Tableg).
Data listedin Tableg demonstratethat granularresidue,high-reflecting
vitroplastand mineralmatterrepresentsmost of each sampleand that
partiallyreactedvitriniteis a ratherminorcomponenton a whole-residue
basis. Nevertheless,the occurrenceof partiallyreactedvitrinitein
concentrationsgreaterthan a few tenthsof a percentis suspiciousand . .
suggeststhat reactorthroughputmay havebeenhigherthan recordedduringthe
thermal/catalyticrun (Wilsonvillerun 250).
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Randomreflectancevalueswere alsocollectedon the threeresidue
componentsfor the correspondingwholeproductsamples(Table7). Low-
reflectingvitroplastwas foundin the greatestconcentrationin theseresids
(>53_). lt is furthernotedthat in all casesthe residuecomponentswere of
lowerreflectancethan the correspondingTHF-insolublematerials.One reason

' for thismay be thatthe low-reflectingvitroplastmaterialreactedwiththe
immersionoil duringtesting. Not only does itssurfacechangeduringcontact
with the immersionoil,but a portionof the low-reflectingvitroplastappears

' to have been takenup by the oil. Otherreasonsfor lowerreflectancevalues
in the wholeproductincludean intimateassociationof the high-reflecting
vitroplastand partiallyreactedvitrinitewith the THF-solublelow-reflecting
vitroplast,or thatlow-reflectingvitroplastmay form a thin coatingon the
surfaceof the othercomponentsthusreducingtheirreflectancevalues°

Low-reflectingvitroplastthatsurvivedextractionin THF was foundin
varyingconcentrationsin the THF-insolubleresidues. Tatteredremnantsof
low-reflectingvitroplastwere foundin particularlyhighconcentrationin the
thermal/catalyticIII.#6samples(#27and #28),althoughit no longerreacted
with the immersionoil. Its presencein the solvent-insolublefractionpoints
to processinefficiencyin the thermal/catalyticmode of operations.If we
can assumethat THF extractionwas complete,the higherconcentrationof low-
reflectingvitroplastsuggestsan incompleteconversionof asphaltene
componentsof the resid,correspondingto the lowerefficiencyof thermal
hydrogenation.The factthatthe III.#6thermal/catalyticrecycleresiduehas
greateramountsof partiallyreactedvitriniteand low-reflectingvitroplast
againsuggeststhat reactorthroughputwas too highfor this particularrun.

Blind Samples

Provided along with the set of eighteen gold-tube sampleswere two blind
, samples to be included for carbonization and petrographic analysis. Results

for these samples (#1g and #20) are found in Tables 3 and 6. As seen in Table
3, no pyridine insolubles were found in the whole-product samples, the
gas+condensateproducts were similar and at about the samelevel with those of
Wilsonville (Table S), but the two pyridine insolubles were significantly
different. Basedon results from the other eighteen samples, we speculate
that these are de-ashedWilsonville samples, #19 a product of two-stage
liquefaction (recycle), whereas #20 maybe a product of single-stage
liquefaction (interstage). The fact that each sampleproduced a fairly large
amount of isotropic carbon (Table 6) suggests that the feed coal may be Wyodak
or similar subbituminouscoal. Without additional analytical information on
these samples further speculation is not possible.
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CONCLUSIONS

Resultsof gold-tubecarbonizationand the productionof gas + condensate
and pyridine-insolublehaveprovideda numberof interestingcorrelationswith
the rankof coalsused duringliquefaction,processconditionsand resid
chemistry. Also,the formationof mesophase-derivedcarboncloselyfollows
the productionof pyridine-insolublematerials.

• Twicethe amountof gas + condensatewas producedfollowing
carbonizationof the BlackThunder(HRI)residscomparedwith the other
residsprovidedby Consolwhichcorrelatedwell witha relativelyhigh
totalparaffinicprotoncontent.

• Coalsand the resultingresidshavinga relativelyhigh oxygen
functionality(Wyodak,weatheredOhio#6and thermal/catalyticIII.#6)
generallyproducedmore pyridine-insolublematerialthanothersamples.

• InterstagesamplesfromWilsonvillealso generatedmore pyridine-
insolublematerialcomparedto the recyclesamples,demonstratingthe
advantageof two-stagecatalyticliquefactionfor the preventionof
plantcokingproblems.

• Productionof pyridine-insolublematerialwas influencedby coal rank
(subbituminousand mediumrankhvAbgivinghighervaluesrelativeto
coalsof low rankbituminouscoals)and the presenceor absenceof
catalystin both reactors.However,the coal rankcorrelationmay be
confoundedby processrelatedfactors.

• A substantialportionof the pyridine-insolublematerialgeneratedin
the gold-tubeexperimentsis anisotropiccarbonformedthroughthe
developmentof mesophase.However,the presenceof ash and IOM in the
residsprofoundlyeffectedmesophasedevelopment,growthand
coalescence.

• As anticipated,a greateramountof mesophasewas generatedby the
interstagesamplescomparedwith recyclematerial.

• Exceptin one case (sample#2), runsusingthe subbituminousWyodakcoal
generallyproduceda significantamountof isotropiccarbon. Thismay
explainthe observationof secondaryvitroplastin the THF-insoluble
residues.

• The size of mesophasespheresandmosaicareastendedto be largerin
those residsthat producedlesspyridine-insolublesand had _ss IOM.
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Reflectanceanalyseswereperformedon vitrini_t__-and process-derived
materials(high-reflectingvitroplast,partiallyreactedvitriniteand low-
reflectingvitroplast)of THF-insolubleresiduesfromthe Wilsonvilleprocess.
Also determinedwere the relativeconcentrationsof the differentresidue
components.Our resultsshowthat:

• Perhapsowingto a longerparticleresidencetime,high-reflecting
vitroplastand partiallyreactedvitrinitereflectancevaluesare

' generallylowerfor the interstagesamplescomparedwith the recycle
catalytic/catalyticruns.

• Generally,processingtemperatureappearsto have a dominantinfluence
on vitroplastreflectance.

o Vitroplastreflectanceas well as totalconversionare relativelylower
for the two setsof III.#6runs (catalytic/catalyticand
thermal/catalytic),eventhoughtherewas a fairlylargedifferencein
first-stagereactiontemperature(421°Cvs 438°C,respectively).This
suggeststhat first-stagereactiontemperaturemay be kept lowerto
achievesimilarlevelsof conversionduringcatalytichydrogenationto
reducemolecularcondensation.

• Low-reflectingvitroplastwas foundin the thermal/catalyticIII.#6
recyclesamplesuggestingthat asphalteneconversionmay have been
incompleteduringthisrun. This factcombinedwith the observationof
partiallyreactedvitrinitein the samplesuggeststhatresidencetime
in the reactormay havebeenlowerthan reportedfor this run.

• A substantialamountof partiallyreactedvitrinitewas identifiedin
the Wyodakresidues.However,the presenceof high-reflecting
vitroplastin relativelyhighconcentrationssuggeststhat it may be
processderived.
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RECOMMENDATIONS

As a consequenceof this investigationa numberof recommendationscan be
made regardingthe gold-tubesamplesand analyticalprocedures,lt is clear
from this work thatthe presenceof ash and IOM in the residsinterfereswith
the developmentof mesopha_eduringcarbonizationand our abilityto obtaina
representativesubsample.Removalof ash and IOM shouldpermitgreatly
improvedrepeatabilityfor the gold-tubetechnique.

Furnacecontrolwas identifiedas anotherproblemduringthe current
investigation.One concernin any futurestudyshouldbe to developthe
first-orderkineticsof the new systemto establishstandardconditionsfor
that system. Then,if therearedifferencesin heatingtimeor temperature
excursions,a betterinterpretationof the resultingdatacan be made.

In planningthe solventextractionof the gold-tubecarbonization
residuesour foremostconcernwas the recoveryof the insolubleresidue.
Thus,celluloseextractionthimbleswere used. With such a smallinitial
samplesize (250mg), variationsin themoisturecontentof the thimbleswas
believedtohave contributedto the variabilityof our results. In future
work,alundumextractionthimblesof fineporosityshouldbe used for pyridine
extractionand recoveryof the insolubleresidueshouldbe of secondary
importance.The possibilityof usinglargerinitialsamplesizesshouldalso
be considered.

One area of this investigationwhichneedsto be addressedfurther,is
the determinationof the relativeconcentrationof mesophasein the IOM of the
individualresids. Preliminarypetrographicanalysesof the THF-insoluble
residuesShowedthatmesophasemay be presentas a process-derivedmaterialin
some of the samples. To providea betterunderstandingof the inter-
relationshipsbetweenthe concentrationsof ash+IoMin the residsand the
natureof the pyridineinsolublesproducedduringgold-tubecarbonization,
petrographicanalysesof thewholeresidsshouldbe conducted.Thesedata
also may provideinformationregardingsamplinginhomogeneityamongthe resid
samples.

In attemptingto determinethe precisionof the gold-tubecarbonization
results,it was concludedthatpoor subsamplingof the resid(sample#5) may
have contributedto a ratherlargevariationamongreplicatetests,even
thougheach samplewas finelycrushedby hand and homogenized.Inspectionof
the wholeresidsunderan opticalmicroscopeshowedthatmostof the ash and
IOM materialwas of very fineparticlesize (<5_m) and was not uniformly
dispersedthroughoutparticleagglomerates.Theseobservationssuggestthat a
studyshouldbe undertakenspecificallyto improvesubsampling.Unfortunately
mechanicalcrushingat roomtemperaturesmay not be satisfactory,as many of
the residsare tackysolidsor wouldmelt due to the heatgeneratedduring
processing. Liquefyingeach resid(byheatingor by additionof solvent)
underan inertatmosphereand stirringmay be a more effectivemeansof
homogenizingthesesamples,but the influenceof this processingon sample
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qualityand the extratime requiredmay not be costeffective. Clearly,this
is an area requiringadditionalresearch.

Finally,the relationshipobservedbetweenthe amountof pyridine-
. insolublesproducedduringcarbonizationand the phenolichydroxyl

concentrationof high functionalitycoalsshouldbe investigatedfurther.
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Table I

List of Consol Samples

Ref. No. Coal Feed Source/Conditions Comments
.. , , i i i

Gold Tube CarbonizationTests

' I Wyodak Lummus;3LCFIO; 0111F Feed to LCF; Resid

2 Wyodak Lummus;3LCFIO; P 0128F Feed to LCF; Resid

3 Ohio 6 (H) W; 256 B; C/C RecycleStream; Resid

4 Ohio 6 (H) W; 256 B; C/C InterstageStream; Resid

5 Ohio 6 (C) W; 256 E; C/C RecycleStream;Resid

6 Ohio 6 (C) W; 256 E; C/C InterstageStream; Resid

7 IllinoisNo. 6 W; 257; C/C RecycleStream;Resid

8 IllinoisNo. 6 W; 257; C/C InterstageStream; Resid

g Pittsburgh W; 259; C/C RecycleStream;Resid

10 Pittsburgh W; 259; C/C InterstageStream; Resid

11 Wyodak W; 251-111; C/C RecycleStream; Resid

12 Wyodak W; 251-111; C/C InterstageStream; Resid

13 IllinoisNo. 6 W; 250; T/C RecycleStream;Resid

14 IllinoisNo. 6 W; 250; T/C InterstageStream; Resid

15 Black Thunder HRI; CC-2 (227-57) First Stage; FL

16 Black Thunder HRI; CC-2 (227-57) PFL

17 Black Thunder HRI; CC-5 (227-62) First Stage; FL

18 Black Thunder HRI; CC-5 (227-62) PFL

19 Blind Sample

' 20 Blind Sample ,,

Residue Petrography

21 IllinoisNo. 6 W; 257; C/C RecycleStream; IOM

22 IllinoisNo. 6 W; 257; C/C InterstageStream; IOM

23 Pittsburgh W; 259; C/C RecycleStream; IOM

24 Pittsburgh W; 259; C/C InterstageStream; IOM

25 Wyodak W; 251-111; C/C RecycleStream; IOM

26 Wyodak W; 251-111;C/C InterstageStream; IOM

27 IllinoisNo. 6 W; 250; T/C RecycleStream; IOM

28 Illinois No. 6 W; 250; T/C InterstageStream; IOM

Note" T/C = thermal/catalytic;C/C = catalytic/catalytic;PFL = pressure
' filter liquid; P= period;W = Wilsonville; IOM = InsolubleOrganic

Material (may contain ash); (H) = Holmes Mine; (C) = Crooksville
Mine; LCF = LC-FiningPilot Plant; FL = Filter Liquid
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Figure 1. Dependence of the Formation of Pyridine Insolubles (M)
from Illinois No. 6 (Monterey) SC-SRC (N2, 5000 psi)
on Temperature and Soak-Time (Ref. 3)
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Figure 2. Tube Welding Apparatus (from Ref. 3)
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during Gold-Tube Carbonization and Concentration
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PLATEI
FIGUREDESCRIPTION

i

a. The interrelationshipbetweenlow-reflectingvitroplast(darkgrey
matrix)and sphericalmesophaseobservedin pyridine-insolublegold-tube
carbonizationresidueof sample#3 (Ohio#6, Wilsonvillerun 256B
resid).

b. Sphericalmesophaseformedin a matrixof coal-and process-derivedIOM
as foundin the pyridine-insolublegold-tubecarbonizationresidueof
sample#7 (III#6,Wilsonvillerun 257 resid). Most of the angularwhite
and Iight-greyfragmentsare thoughtto have been formedfrom relatively
unalteredcoal fusiniteand semifusinite.

c. The formationand partialcoalescenceof sphericalmesophasefoundin
the pyridine-insolublegold-tubecarbonizationresidueof sample#13
(III#6,Wilsonvillerun 250 resid).

d. Completelycoalescedmesophaseforminglargeanisotropicdomainsunder
partiallycrossednicolsin the same sampleas "c". The molecular
structurehasundergoneaccommodationfollowingcoalescence.
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PLATEII
FIGUREDESCRIPTION

a. Relativelyhigh-reflectingvitroplastparticles(rounded)comparedwith
coal-derivedinertinite(angular)foundin the THF-insolublesample#23
(Pittsburgh,Wilsonvillerun 259).

b. Partiallyreactedvitrinite(huminite)observedin the matrix(granular
residue)of an agglomerateand foundin the THF-insolublesample#26
(Wyodak,Wilsonvillerun251-111).

c. Low-reflectingvitroplastservesas the matrixfor ash and IOM as found
in the whole-productsample#8 (III#6,Wilsonvillerun 257).

d. The central,low-reflectingsphericallyshapedparticleis a remnantof
low-reflectingvitroplastfoundin the THF-insolublesample#28 (III#6,
Wilsonvillerun 250).

i
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