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SUMMARY

Significant progress was made by the CFFLS in the May, 1990 to May, 1991

contract period in three primary coal liquefacation research areas: catalysis, structure-

reactivity studies, and novel liquefaction research areas: catalysis, structure-reactvity

studies, and novel liquefaction processes. A brief summary of the accomplishments in

the past year in each of these areas is given below.

m

L Catalysis

An Fe(CO)5 precursor was effective at increasing the conversions of three

types of coal tested in coprocessing at 425°C. The use of Illinois No.6 high volatile

bituminous and Wyodak subbitumLuous coals resulted in conversions of greater than

70 % using 0.5 wt% Fe. The Upper Freeport medium volatile bituminous coal had a

low conversion even with a catalyst, but there was still a significant increase over the

negative conversions obtained without catalyst. Each of these conversions represented

a largeincreaseovertheuncatalyzedreaction.The additionofsmallamouL _:ofMo

from solubleprecursorsincreasedconversionswhen used aloneand withFe(CO)s,but

conversionsgreaterthan90 % werenotobtained.The effectoftheMo catalystwas to

increaseconversionswhilealsoincreasingthehydrogencontentoftheliquidproducts.

The imagesoftheMo and Fe-Mo catalystsobtainedusingTEM show a highly

dispersed catalyst, with particle sizes below 50 nra.

Further studies were performed on the improvement and application of a

recently-developed procedure for ]ow-temperature coal depolymerization-liquefaction

[35, 39-43]. The procedure includes a two step initial depolymerization stage in which

different types of intercluster linkages are cleaved: (1) intercalation of the coal with

catalytic amounts (3-15%) of FeC13 followed by mild hydrotreatment (HT) of the coal-

FeCI3 intercalate; and (2) base-catalyzed depolymerization (BCD) of the product from

step 1. In the final stage of the procedure, the depolymerized coal product from the

HT-BCD treatment, consisting primarily of monocluster compounds, is subjected to

hydroprocessing(I-lPR)withsulfidedcatalyststoobtainlighthydrocarbonfuelsasfinal

products.

Researchactivitiesthisyearincludedsystematicstudiesofthelow-

temperaturedepolymerization-liquefactionofthreeselectedU.S.coalsprovidedby the

Argonne NationalLabor:itory,i.e.,BlindCanyon (UT),BeulahZap (ND),and

Pittsburgh#8 (PA)coals;(2)preparationoflargeramounts ofdepolymerizedcoalsfor

the purposeofin-depthcharacterizationofbothprcductsand theironcatalystusedin

thefirststep.The totalconversionofthesecoalsintodepolymerized(THF-soluble

productyieldedabout68-71wt% ofcyclohexane-solubles(oils)which predominantly

consistofmonoclustercompounds containinga singleringsystemwithmolecular
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weights in the approximate range of 100-300. Hydroprocessing (HPR) of the

depolymerized coals (365°C, 2700 psig H2, RuMo or CoMo sulfided catalyst) yielded

hydrocarbon fuels with a very high proportion (70.8-74.2 %) of low-boiling fractions

(gasoline, kerosene, and gas oil; b.p. up to 325°C/760 torr). The high values for total

distillables (<538°C) are consistent with TG/MS analysis of the same products.

Significantprogresshas beenmade incharacterizingboththestructureand

sizedistributionofironcatalysts.STFeMt_ssbauerspectroscopyand X-rayabsorption •
finestructure(XAFS) spectroscopyhave beentheprimarytechniquesusedinthis

work. The resultsindicatea remarkabledegreeofuniformityofcatalyststructurefor

a varietyofsynthesismethods. The suiteofironcatalyststhathas beeninvestigated

followingpreparationand atdifferentstagesofhydrotreatmentorliquefactionincludes

samplesfrom theShabtaiFeClaimpregnationprocess,Fe203/SO,"2specimens,samples

preparedby treatmentwithironcarbonyl,and lignitesamplespreparedby cation

exchangeinbothFeCl2and Fe acetate.Both theMt_ssbauerspectraand theXAFS

spectrashow thatinitiallytheadded ironispredominantlyintheformofa highly

dispersedferricoxidethatresemblesa veryfineparticleironoxyhydroxideor

hematite.The temperaturedependenceoftheM6ssbauerspectraallowa measure-

ment ofthesizedistributionoftheseveryfine,superparamagneticparticlesby

determiningthepercentageofironcontainedinparticleslargeenough toexhibit

magnetichyperfinespectraas a functionoftemperature.Typicalsizedistributions

derivedfortheironadded by theShabtaimethod and thecationexchangemethod

show most oftheirontobepresentinparticlessmallerthan20-70A indiameter,

whilethe FelOn/SO4"2particlesizesrangefrom30 toover100 A indiameter.

Radialdistributionfunctions(RDF) derivedfromXAFS spectraalsoexhibit

theeffectsofparticlesize.Specifically,theamplitudesofthirdand fourthnearest

neighborironshellsintheRDFs aresignificantlysmallerthan thoseofthebulk

phasesofhematiteand goethite.Thisreflectsthefactthattheironatoms in

particles20-100/kindiameterhave lessthirdand fourthnearestneighbors,on

average,than theydo inbulkphases.During liquefaction,ifsufficientsulfuris

present,theadded ironisconvertedtopyrrhotite,as indicatedby bothMt_ssbauer

XAFS spectroscopy.Ifsulfurcontentofthecoaland solventislow,partorallofthe

ironmay be unconvertedduringliquefactionand remain asa fineparticleferricoxide. o

ltmay be thatthe ferriciron-oxygenparticlesand molecularcomplexesactas acid

catalysts,promotingbond cleavagereactions,whilethepyrrhotiteactsasa

hydrogenationcatalyst.

A catalyticsystembasedon thecombinationoftriflicacidand iodinewas

foundtobeeffectiveforthreetypesofcoal:IllinoisNo.6,Wyodak, and Pittsburgh

seam. Weaker acidssuchasp-toluenesulfonicacidand 98% sulfuricacidwere less



effectivethantrifiicacidinthisca,talyticcoalconversion.From the dependenceof,_.e

productselectivityon thecat_yticsystemand reactionconditions,and fromthe

elementalanalysesofliquidsand residuesand IH and xsCNMR measurements,itis

concludedthatthemain functionofthe acidistoenhancecoaldepolymerizationto

. asphalteneswhilethemain roleofiodineinthecombinedcatalyticsystemisto

hydrogenateand hydrocracktheasphaltenestooils.Finally,thecombinedcatalytic

systemremoved more than 50% ofthenitrogenand over90% ofthesulfurfromthe

originalcoal.Triflicacidby itselfwas foundtobe a veryefficientdenitrogenation

catalyst.

Thermogravimetry(TG)and insituelectronspinresonance(ESR) studies

have demonstratedthatzinchalides(ZnClsZnBrs and Znl2)promotesignificant

catalyticcrackingofcoalinflowingnitrogengasattemperaturesaslow as 150to

175°C. Peaks inthefreeradicaldensityasa functionoftemperatureareshiftedto

significantlylowertemperatures.Such peaksaremarkedlyreducedin_swing

hydrogen,presumablybecauseofhydrogenquenchingoffreeradicals.

Sulfurisotopestudieswere carriedouton presulfidedNiMo/Al_O3catalysts

fromthefirstand secondstagereactorsatW-dsonville.Only about.I/3ofthesuL6xrin

thecatalystexchangesrapidly(with-1-2days).The S34Svalueofthecatalystthen

approachesthatofthecoalslurryveryslowly.

New bimodaland un/modalcatalystswitha suiteofadditionalcoalsfromthe

DOE Argonne Premium CoalBanl_ Fivecatalysts,withdifferentporestructures,

containingnickeland molybdenum supportedon aluminawere investigated.A

continuous-flowmicro-reactorwas usedtostudythedeactivationofthesecatalysts

withmodel compound hydrogenation/demetallationreactions.In additionpore

diffusion experiments were performed to obtain effective diffusivities for these

catalysts.Our resultsintheseareasaresummarized inthefollowing.The results

indicatethatthepresenceofmacroporesdecreasestherateofcatalystdeactivationin

coalliquefaction.

IL Structure- Reactivity Research"4

One of the most challenging tasks involved in characterizing the molecular

properties of coal derived liquid (CDL) is to obtain a reliable estimate of the molecular
a,

weight distribution. Due to the relatively high MW, aromaticity and/or polarity of the

major components, conventional MW determination techniques, e.g. based on

coiligative properties, tend to perform poorly with coal liquids. A novel MW

determination method has been developed based on MS measurement of the

relationship between vacuum distillation temperature and average molecular weight in

combination with thermogravimetric (TG) measurement of the relationship between



vacuum distillationtemperatureand relativemass loss.Combinationofthesetwo

measurements thenproducestherelationshipbetweenmolecularweightand mass

fraction,inotherwords themolecularweightdistributionofthesample.Obviously,

thismethod can onlybe appliedto-_acuumdistillablecomponents.Withinthis

limitation,however,thetechniqueisrelativelyinsensitivetomass lossesduring

sampleintroductionand/orMW dependentdifferencesininstrumentresponse.

Analysisofthe oilfractionproducedfroma number ofcoalsby theShabtai
@

hydrotreatment-basecatalyzeddepolymerization(HT-BCD) treatmentby thisTG/MS

method yieldedmean molecularweightsof235 to270.

A number ofadvancedNMR techniquesarebeingappliedintheinvestigation

ofthemolecularstructureofcoal,coalpyrolysisproducts,and coalliquefaction

products.These techniquesincludemeasurement and analysisofthestaticpowder

lineshape,analysisofthevariableanglesamplespinninglineshapes,and analysisof

theintensitypatte_ obtainedfromspinningatthemagic angleata rotationrateless

than thewidthoftheanisotropy.Techniquesthatrequiremore elaborateequipment

and controlovertheorientationofthesamplewithrespecttothemagneticfield

includethemagic anglehoppingexperim_:ntand thedynamic anglespi_g

technique.Inbothofthesetwo dimensional(2-D)experimentstheorientationofthe

sampleischangedduringeachscan.Anothertechniqueinvolvesspinningatthe

magic angleand usingrfpulsestoregainthe chemicalshiftanisotropyinformation

thatisaveragedby spinning.Inmost oftheseexperimentalmethodsthearomatic

regionofthespectrumisanalyzed,ltisfoundthatthearomaticcarbonscan be

quantitativelygroupedintofourcategories:protonated,substituted(havingan alkyl

carbonsubstituent),phenolic(havingan oxygensubstituent)and bridgeheador

condensed.Such detailedstructuralinformationisimportantforassessingtheefl'xcacy

ofdifferentliquefactionprocessesand catalystsinproducingcoalliquidswithdesirable

characteristics.

Electronnucleardoubleresonance(ENDOR) has beenused toidentifythree

distincttypesoffreeradicalsincoal.The temperaturedependenceoftheENDOR

signalhas beenmeasured attemperaturesup to150°C.Thishas been made possible

throughthedevelopmentofa new ENDOR probethatenhancedsignaltonoiseratios

by a factorof200.

61 coalsamplesobtainedfromOhio,Illinois,Indianaand theV_rtlsonvillepilot

plantwere characterizedand subjectedtothermalliquefactiontestsattemperaturesof

385 to455°C. The eightcoalsfromtheArgonne Premium CoalSample Bank (APCSB)

were alsothermallyliquefiedat385°C. The largestrangeofconversion(30-95%)is

observedat385°C;asconversionincreases,theasphaltenepluspreasphalteneyield

increaseslinearly,whiletheoilplusgasyieldremainsfairlyconstant.Secondary



reactions (conversion of asphaltenes plus preasphaltenes to oil plus gas) becomes

dominant as the temperature is increased.

The APCSB coals exhibited systematic liquefaction behavior with both

chemical composition and structure, as determined from the NMR data of Pugmire and

coworkers. With increasing carbon content, conversion increases to a peak at 77% C

mar) then decreases fairly rapidly, while oil plus gas (o + g) yields also exhibit

systematic behavior with'coal structure as indicated by NMR. The o + g yield

" increaseswithincreasingfractionsofbothaliphaticcarbonbondedtooxygenand

aliphaticcarbonpresentas CH orCI-I_,but decreasesrapidlywithincreasing

aromaticity.
The CFFLS has decidedtoconcentratemuch ofitsresearchefforton the

Argonne Premium CoalSample Bank (APCSB) coals,inordertofacilitatecomparison

ofresultsfrom differentinvestigatorsatdifferentCFFLS universities.Because

mineralmatterand sulfurformscan significantlyaffectliquefactionbehavior,a

detailedcharacterizationofthesecoalpropertieswas conductedusingcomputer-

controlledscsnningelectronmicroscopy(CCSEM), Mt_ssbauerspectroscopy,and X-ray

absorptionfinestructure(XAFS) spectroscopy.In ordertoobtainmore meanin_

correlationswithliquefactionbehavior,thedatasetwas augmented by investigating

eightKentucky coalsselectedfrommany coalstoexhibita rangeofsulRtrcontents,

rank,and liquefactionyields.Meanin_ correlationswereobservedbetween

liquefactionbehaviorand carboncontent,pyritesurfacearea,and silicateminerals

surfacearea.

X-rayphotoelectronspectroscopy(XPS)has been usedtostudythesurface

characteristicsofa suiteofcoalsamplesthatincludedtheeightAPCSB coalsand a

number ofcoalsofinterestintheCFFLS program. The techniqueprovideselemental

identificationand chemicalinformationabouttheoutermost3-4nm oftheexposed

surfaceofa solid.The surfacecompositionofthecoalsampleswas measured and

comparedwiththeresultsofbulkanalysis.A goodcorrelationwiththebulkanalysis

was obtainedforthetotalcarbonand nitrogenusingXPS quantitativeanalysis,

althoughtheaccuracyoftheXPS determinationsseems tobe lower,inviewof

uncertaintiesindeterminingsensitivityfactors.The surfaceand bulkconcentrations

differinthecaseofsulfur,oxygen,silicon,aluminum and iron.Silicon,aluminum and

oxygenareenrichedatthesurface,forexample,whileironissurfacedepleted.

Peak deconvolutionwas conductedtoobtaininformationon thechemical

environmentsofelements,suchassulfur,carbonand nitrogen.Theseresultshave

been comparedwithmodel compound studiesand goodagreementwas observed.

The ASED-MO (atomicsuperpositionand electrondelocalizationmolecular

orbital)method was usedtocalculatebond dissociationenergiesina compound studied



recently as a model for coal fragments. The method has yielded results in qualitative

agreement with experiment and appears to be promising for studying coal liquefaction

processes. General trends appear to be reproduced, such as product distribution

comparisons, but not absolute numbers. The "- "s_uay of the model compound, as well as a

fragment of the Shin- model, dearly show the interplay of structure and reactivity, and

underscore the importance of such fundamental studies in the development of novel

catalysts or processes. Further testing and improvements of the method are

underway.

A group-contribution equation of state for coal liquids has been tested and

found to be more flexible, more widely applicable, and more internally consistent than

other available models. An adaptive algorithm for continuous-thermodynamics phase-

equilibrium calculations has been tested and published. Five papers describing the

details of the work have been published and two are under review for publication.

Contacts have been developed with industry to try to obtain more data for

representative systems.

Spectroscopic methods for the study of the pyrolysis processes of a variety of

organic sulfur compounds have been developed. Thiophenoxy radicals have been

detected directly by laser induced fluorescence in the pyrolysis products of phenyl

disulfide. A pulsed pyrolysis jet source has been built, tested and proven to be a

useful apparatus for producing pulses of pyrolysis products which are subsequently

cooled by supersonic expansion. A new, precise wavelength calibration method has

been developed for use with high resolution pulsed dye lasers in the 500-350 nm

regiom

The deuterium content of 1-methylnaphthalene, a non-donor solvent,

increased substantially during liquefaction of a Western Kentucky No. 9 coal in

deuterium gas. For a 30 mim, 450°C experiment, deuterium NMR showed that 78% of

the deuterium was at ring positions and 22% in methyl groups. At 300°C and one

hour, essentially ali of the deuterium is at ring positions.

HL Novel Liquefaction Processes

In continuing with the search to identify bacteria that will hydrogenate

organiccompounds and can eventuallybe appliedtocoal,experimentswere performed

using Rhodopseudomonas palustris, Desulfotomaculum nigrificans, Desulfovibrio

desulfuricans and a fungus Poria placenta. The model compounds used were

naphthalene, benzoic acid and diphenyl methane. Experiments were conducted using

UV spectroscopy in the aqueous phase to see the action of bacteria on coal.

Sodium lactate and diphenyl methane proved to be good substrates for

Rhodopseudomonas palustris. Benzoic acid enhanced its growth on yeast extract while



naphthalene showed some inhibitory effect. Desulfotomaculum nigrifiz_ns acting on

zulphthalene increased the total organic carbon in the aqaeous phase thus implying

thatithad brokendown naphthaleneintomore solubleproducts.Desulfovibrio

desulfur/cansactingon coalresultedinincreasedabsorbanceand formationofmore

peaksintheUV spectraofthesupernatautliquidphase.Coalwas treated

anaerobicallywithSulfolobusbrierleyiusingappropriatemedia inan atmosphereof

15% COs and 85% Hs. A selectiveremovalofsulfurfromthecoalalongwithhydrogen
u

sulfideproductionwas observed.Additionally,a literaturereviewwas usedtoidentify

potentialmicroorg_nl.qmsthatwouldbe suitableforbioprocessingofcoal.

A shortstudywas made toinvestigatethepossibleadvantagesofthe

coliquefactionofcoaland lignin.The main reasonsforlookingintothissubjectwere:

(a)ligninisthesecondmost abundantpolymericorganicproductfoundinnature;(b)

nativeligninisa complex3-dimensionalpolymerwhich containsabout0.3wt% sulfur

and essentiallyno nitrogen;additionoflignin(insignificantamounts)incoal

liquefactionwould cutdown unwanted emissions;and (c)lignin-coalcoliquefactionmay

increasedistillateyields.A problemimmediatelybecame apparent:notonlydoesthe

word "lignin"mean differentthingstodifferentpeoplebutthedifficultyand expenseof

obtainingpure"native"ligninwithlow sulfurand nitrogenistoogreatforan

investigationofcoliquefactiontobe worthwhile.A few experiments(withouta

catalyst)were run.

ExtractionkineticsusingthesolventN-methylpyroUidone(NMP) were

measured forthreedifferentbituminouscoalswhich exhibiteddistinctextraction

behaviorand characteristics.These kineticdataweremodeledby a newly-developed

reversiblekineticmodel. The model simulatesnotonlythebehavioroftheextraction

atshort,times,but can alsobe usedtopredicttheultimateextractionyieldofeachcoal

atany desiredtemperature.

Removal oforganicsulfurspecieswas attemptedusinga metal•metal-saltredox

couple.When appliedtotheraw coal,organicsulhtrintheextractdroppedfrom

2 38% down to0.84%. Model compound studiesshowed themethod tobe applicableto

thioltypelinkagesbut noteffectiveindibenzothiophenicbonds.,t

HydrogenationexperimentsusingNMP bothasa solventduringhydrogenationand

asa catalystimpregnationsolventinpretreatmentshowed some effectson theoverall

productyieldand distribution_Shiftsinthe productslatetowardstheheavier

asphaltolsindicatedthattheironchloridecatalystpromotedcondensationreactions

ratherthanfurtherringcleavageand hydrogenation.However,s,_chexperimentsmay

be usefulinthefuturefordeterminingtheeffectsofiron-basedcatalytichydrogenation

sincethecoalextractsasprepareddonotcontainany ironspecies.

Thermal liquefactionexperimentsat385,427,and 445°C were carriedouton
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demineralised Ohio No. 5 and Ohio No. 6 coals and on vitri_te maceral separates from

those coals. Although the coals are very similar, the vitrinite from Ohio No. 5 exhibits

a significantly different liquefaction pathway from the demineralized coals or the Ohio
#6 vitrinite.

Pyrolysis and solvent extraction of several Argonne Premium Coal Samples

have been studied. For pyrolysis runs, three samples from each coal were prepared:

undried raw coal, dried raw coal and pre-extracted coal. The reaction conditions were
@

350°C, I atmosphere of nitrogen (initial pressure) and a reaction time of 3 hours.

When pyrolyzed, dried coals (at 100°C, in vacuo) gave signfficantly lower liquid yields

compared to undried coals. On the other hand, pre-extraction with tetrahydrofuran

(THF) showed no apparent effect on subsequent pyrolysis yields, as compared with

yieldsobtainedwithoutpre-extraction.Hydrogen contentsoftheliquidproductswere

significantlyhigherthan thoseoftheraw coals.The liquidproductsofBlindCanyon

coalcon*,_dnedasmuch as7.7% hydrogen,presumablybecauseofthehighresinite

contentofthiscoal.

Thermal liquefactionreactionsinnitrogenwithadded cyclicolefins(CLO)

resultedina substantialincreaseincoalconversionincomparisonwiththeir

respectivehydroaromaticanalogues.More hydrogenwas correspondinglyreleased

from theCLO's than fromthehydroaromaticdonors.Likewise,substantialdifferences

were observedamong theCLO's and theirhydroaromaticanaloguesinhydrogeninan

inertsolvent,hexadecane.The CLO's convertedsubstantiallymore coaland released

more hydrogenthantheirhydroaronmticanalogues.

CatalyticreactionswithpresulfidedNiMo/Als0s,hydrogen,hexadecaneas

solvent,and added donorsresultedinisotetralin(ISO)convertingmore coalthan

tetralin(TET) and hexahydroanthracene(HHA) more thanoctahydroanthracene

(OHA);however,dihydroanthracene(I)HA)convertedmsre coalthaneitherand

appearedtoincorporatemolecularhydrogenfromthecoalreactionsystem.The major

reacti_'onproductfromDHA was OHA. The reasonforhighreactivityofDI/A under

theseconditionshas notyetbeen determinedbut may inpartresultfrom ste_cor

configuralinteractionsbetweenDHA and theNiMo/Al203catalyst._'neotherthree-

ringdonorspeciesformedthesame reactionproductsbut didnotformDHA orshow

thehighreactivitylevelofDHA.
,#

Theoreticalcalculationsusinga molecularorbitalmodel,modifiiedneglectof

differentialoverlap(MNDO), predictthatISO dehydrogenatedto 1,4-

dehydronaphthMene(DHN) and subsequentlytonaphthalene(NAP) viaa freeradical

mechanism. The calculatedheatsofformationfortherequiredtransitionswere less

thanwith eitheran anionicora cationicmechani.qm MNDO calculationswithsteric

considerationsalsopredictedthatthegroundstateofISO islessstableand more
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reactive than that of TET because ISO has a higher heat of formatior,.

Four model probe compounds were introduced to investigate the complex

chemistry of coal-oil coprocessing reactions in this study. These four probe reactants

served as monitors for evaluating the catalytic inhibitory effects of different

hydrocarbonaceous substances. The four probe systems used were dibenzofuran for

hydrodeoxygenation, dibenzothiophene for hydrodesulfizrization, quinoline for

hydrodenitrogenation, and anthracene for hydrogenation. The four model compounds
w

were reacted individually with resid, coal, two different resid fractions and two

prehydrogenated residua respectively, in order to discover how different compositional

factors affected the reactivity of the individual probe reactions.

The results of these probe reactions indicate that when resid coal or a

combination of coal plus resid was added to all probe reactions the HYD reaction as

well as HDO, HDS and HDN were decreased. The resid participated in competitive

catalytic reactions with the model reactions where the resid molecules compete for the

active catalytic sites, perhaps even poisoning the active site thereby inhibiting the

catalytic activity of the sites. A comparison of the heteroatom removal probe reactions

showed that added untreated resid, coal, and coal plus resid had little effect on sulfur

and nitrogen removal from dibenzothiophene and quinoline, but inhibited oxygen

removal from dibenzofuran. All HYD reactions were affected; the most affected was

the HYD of dibenzofuran, followed by benzothiophene, anthracene and quinoline in
that order.

In the detailed reactions using hydrocarbon fractions, hexane soluble and

prehydrogenated resid, prehydrogenated resid inhibited reactions more than did

hexane soluble resid which in turn was more irLhibitory than hydrocarbon fraction

residua. The addition of untreated resid showed the greatest inhibitory effects on

model compound reactions in comparison with the addition of different specified resids.

The four model compounds had the same trend of reaction with the different added

resids. The added resids and coals, in order of their inhibitory effect on the probe

reactions, are: coal-resid mixture > coal > untreated resid > thirty-minute

prehydrogenated resid > three-hour prehydrogenated resid > hexane soluble resid >

hydrocarbon fraction resid.

Compared with reactions with untreated resid, any additional pretreatment of
m

resid to remove heavy materials, such as prehydrogenation of some heavier

components, contributed to some improvement of the four probe reactions. In a

comparison of the four model compound reactions, quinoline consistently showed more

HYD reaction than other model compounds and a high mole percent of HDN reaction

while anthracene did not show much variation in HYD reactions with addition of the

different resids.
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A slurry phase reactor system was developed during this past year that offers

sufficient versatility in reaction rate controllability and the necessary mass

transfer/heat transfer characteristics to prevent retrogressive reactions bom occurring

due to _ starvation, while at_inlng a very high conversion of reactants. During the

initialstagesofliquefaction,free-radicalreactionsoccurrapidlyand reactionrates

increasealmostexponentially.As a result,no practical,commercialgas-liquid

contactorwas foundthatwas capableofprovidingHs ata sufficientlyhighenoughrate g

topreventI-_starvation,and thusretrogressivereactions,fromoccurring.Therefore,

an alternativedesignapproachwas used.The reactorsystemwas designedinorderto

controltherateoffree-radicalgenerationsothatonlypractical,achievableH2 mass-

transferrateswould be required.

The approachtakenindevelopingthereactorsystemwas two-fold:1)a

r_actantflowpatternwas selectedwhich would allowversatilityinreactionrate

controllabilityand 2)a gas-liquidcontactordesignwas soughtthatprovidedthe

highestmass-transferratesperunitvolume withoutsignificantlyaffectingreaction

ratecontrollability.

Basically,a bang-bangcontrolstrategywas implementedtoregulatereaction

rate.That is,a cyclicswitchingfromhightolow reactiontemperatureswas usedto

controlreactionrate.The adjustablecontrolparameterselectedwas thefrequencyof

thecyclicswitchinginreactiontemperature.Physicallythiswas accomplishedusinga

xecycleloop-typereactorinwhich thetemperatureinpartoftheloopwas kepthigh

(thereactionzone)and thatintheremainderoftheloopwas keptlow (thequenching

zone).Thisreactorflowarrangementhas been commonly usedwithjet-typereactors

which have been utilizedcommerciallywhen reactionratesareveryhigh.The

frequencyofcyclicswitchinginreactanttemperaturecanbe variedsimplyby changing

thereactantrecycleflowrate.

A varietyofdesignsforgas-liquidcontactorswere evaluated:gas-liquidjet

injectors,motionlessmixers,column packings,and high-shearingmechanicalagitators.

Of thecontactorsstudiedtodate,eachtypewas evaluatednotonlyinterms ofits

relativeeffecton gas-liquidmass transferbut alsoon thefeasibilityofitsuse inthe

proposedreactorsystem.The effectivemass transfercoefficientsforthecontactorsin

a low-temperaturesodium sulfiteoxidationsystemand ina slurry-phasecatalytic

naphthalenehydrogenationsystemwere determined.Naphthalenehydrogenationwas

used asa model reactiontodirectdevelopmentalefforts.

A mathematicalmodel forthereactorsystemwas developedforinterpreting

experimentalobservationsand parameterizingthesystem.The H2 mass-transfer

coefficientinthe currentsystemwas determinedtobe onlyabout0.13persecond,

which isaboutsixtimeshigherthanthatofa bubblecolumn (0.02persecond).But

12
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evenwiththislow orderofimprovementintheI_ mass-transferrate,a sign_"cant

hydrogenconcentrationappearedtobe maintainedthroughoutthereactionzone,and

theoverallreactionwas observedtonotbe stronglymass-transferRmitea

A mechanicalhigh-shearinggas-liquidcontactornow under co:_rxuctionwill

be usedinfuturestudies.Upon completionoflimiteddevelopmentalstudies_coal

liquefactionstudieswillthenbe performedtoobservetheresponsesinproduct

distributiontowell-controlledliquefactionunderhighI-_mass transferrateconditions.
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Task 1.1

BIOPROCESSING OF COAL

• PI's: D. Bhattacharyya A.M. Khalid
M. I. H. Aleem H. Venkatachalam
R. I. Kermode F. Paryavi

Report
Coordinator:. D. Bhattacharyya

Phone: (606) 257-2794

Period: May 1, 1989 - April 30, 1990

SUMMARY

In continuing with the search to identify bacteria that will hydrogenate organic

compounds and can eventually be applied to coal, experiments were performed using

Rhodopseudomonas palustris, Desulfotomaculum nigrificans, Desulfovibrio desulfuricans and

a fungus Poria placenta. The model compounds used were naphthalene, benzoic acid and

diphenyl methane. Experiments were done to see the action of bacteria on coal (KCERL #

91182). The effect of the bacteria was observed by UV spectroscopy in the

aqueous phase.

Sodium lactate and diphenyl methane proved to be good substrates for

Rhodopseudomonas palustris. Benzoic acid enhanced its growth on yeast extract while

naphthalene showed some inhibitory effect. Desulfotomaculum nigrificans acting on

naphthalene increased the total organic carbon in the aqueous phase thus implying that it

had broken down naphthalene into more soluble products. Desulfovibrio desulfuricans acting

on coal resulted in increased absorbance and formation of more peaks in the UV spectra of

the supernatant liquid phase. Coal was treated anaerobically with Sulfolobus brierleyi using
!

appropriate media in an atmosphere of 15% C02 and 85% I-_. A selective removal of sulfur

from the coal along with hydrogen sulfide production was observed. Also a literature review

was used to identify potential microorganisvas that would be suitable for bioprocessing of

coal.

Literature review

The general area of biologicalconversion of substrate materials to fuels and chemicals

presently comprises five basic areas of research. These include: wastewater treatment,
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biomassdegradationand conversion,hydrogenproductionviamicroorganisms,bioconversion

ofcoal,lignite, and peattousefulchemicalsand energyand sulfurremoval.

The researchreportedon wastewater,focusedexclusivelyon treatment,ltwas

concernedprimarilywiththebiologicaldestructionand e]iminRtionofwatersoluble

compounds producedby conventionalconversionand processing.Both experimentaland

designfeasibilitystudies,forwastewatertreatment,were reported.Severallaboratoryscale

studiesreportedphenoldegradationresultsincludingitstoxicitytovariousmicroorganisms.

One studyreportedthe resultsofa onetonper day PDU which utilizedH-coalwastewater.

Althoughmethane was produced,the focusofthisresearchwas destructionofwatersoluble

compounds inH-coalwastewater,and notfuelproduction.

Currentbiomassconversionresearchisfocussedalmostexclusivelyon theanaerobic

conversionofcellulosicmaterialstoa mixtureofCH, r_d C02. Ingeneral,theseprocesses

occurredinratherdilutesuspensionsofcellulosicsubstrate.Two abstractsreportedefforts

ofproducingchemicalssuch asacetone,butanols,ethanol,monocarboxylicacids,etc.,from

celluloseratherthan combustiblegases.

Three references(1.2,3)reportedexperimentalresultson Rhodopseudomonas

palustris and Rhodopseudomonas molischianum to convert paper mill and sugar refinery

waste streams to hydrogen. Molecular hydrogen was produced for 30 days at a rate of 50 to

139 mu liter per hour of H2 per rag of cells; depending on the microorganism and the

substrate. Approximately 30% of the COD was converted to hydrogen. Other gases produced

in the process were not reported. One study (2) involved the use of hydrogenases in purple

bacteria, such as Thiocapsa oseopersicinia BBS and Ectothiorbodospira shaposbnikovii 1K,

under anaerobic conditions. Finally, one abstract reported the cloning of the cellulose gene

of C. cellobioparun using E. coli (4). The resulting material degraded carboxymethyl

cellulose and p-nitrophenyl - beta - D - ceUobioside. In no case was coal suggested as a

substrate for a hydrogen producing process.

An overview of progress in the conversion of coal, lignite, and peat to other useful
.

energy forms and chemicals, can be found in several review articles (5-10). These are, in

general, rather broad in scope covering numerous aspects of bio-conversion. These usually

reviewed progress - to - date and suggested potential general research areas using coal as a

part of the substrate. Two studies (11,12) focussed on the biological conversion of coal and

lignite to met.bane. The first of these (11) proposed bench scale evaluation of a North

Dakota lignite, Wyodak subbituminous, and an Ohio bituminous coal. The ultimate goal

was to develop scale-up data for a larger system. The bacteria and fungi used in this project

were to be supplied by Atlantic Research Pretreatment via thermal softening for breaking
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thecross-linkedmatrixwas alsotobe studied.The secondstudy(12)had similar

objectives;however,thefocuswas on convertingmodel compounds anaerobicallytomethane.

These includedphenol,2-naphthol,1-naphthoicacid,and 1-phenanthrol.Both studies

indicatedthatthistypeofprocesscouldeconomicallyconvertlowerrankedcoalstoa more

usefulfuel,such as,methane. Neitherreportwas specificinterms ofthebacteriaorfungi

tobe used. One study(13)reportedthepotentialforconvertingpeattomethane.

Three investigations(14-16)examinedthepotentialforconvertinga synthesis

producedgasfrom coaltousefulchemicalssuchasalcohols,acidsand aldehydes.The

reactionsoccurredanaerobicallyand at"reasonablerates".Again,potentialbacteriaand

fungiwere notidentified.

The remainingpapersinthisarea(4,17-25)were concernedwithsolubilizationan,_

liquefactionofcoaland lignite.Two ofthese(18,19)utilizedfungiisolatedfromlignite

outcroppings.These wereP.chrysosporiumand T.versicolor.Both were concernedwith

producingwater solubleproductsfromlignite.Two abstracts(20,22)reported

biodegradationofmodel compounds. Includedwere 2-naphthol,1-naphthoicacid,and

9-phenanthrol.Microorganismsusedwere isolatedfromsewage and anaerobicswamp

sediment. Finally a Japanese patent (17) reported that Penicillium MT - 6001 converted

coal to a liquid material with an analysis pattern similar to a naphthenic petroleum

containing a lipid with polar radicals.

As indicated the original approach to biological coal liquefaction implied the aerobic

production of water soluble species from lignite or low rank coals. An analysis of the water

soluble material showed that in general it contained more oxygen than the original coal,

thus decreasing its potential fuel value.

Recently two different approaches (23-25) have been proposed to overcome this. The

first method attempts to duplicate the desirable characteristics of chemical liquefaction

without the disadvantages of high temperature and pressure. That is, liquefy coal at room

temperature and atmospheric pressure using microorganisms and enzymes under anaerobic

. conditions. Both elemental hydrogen and hydrogen donor solvent have served as the source

of hydrogen. In addition to thc benefits of very mild operating conditions, the anaerobic

• process is carried out in an organic solvent such as benzene. The resulting products are

non-polar in nature and more similar to the products of chemical liquefaction.

The initial phase of this research (23) indicated that 20% of bituminous and

subbituminous coal could be solubilized using a modified hydrogenase. The resulting

products were aromatic in character. One of the encouraging aspects of this research is that

hydrogenases from organisms such as P. vulgaris, Desulfotomaculum, and Desulforibrio,
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which can utilizemolecularhydrogen,arerelativelystableinsolventssuchas benzene.

Both thestabilityand concentrationwere increasedby attachingtheenzyme topolyethylene

glycol.

The secondapproach(24,25)was tobiologicallydepolymerizea watersolublelignite

fraction.The resultingmaterialwas lowerinmolecularweight.Lignitewas dissolvedin

sodiumhydroxideand thenreprecipitatedatpH 7,5.5,and 1.5withdiluteHCf. The

fractionateachpH was separatedpriortoloweringthepH. The materialcollectedatpH

1.5,approximately10% ofthestartinglignite,was thenredissolvedby raisingthepH to5.5•

Thissoluble"coalpolymer"was usedas substrateforP.capac/a.Shake flaskexperiments

were carriedoutfor60 dayswithmolecularweightdeterminationsmade initiallyand at30

and 60 days. After60 daystheaveragemolecularweighthad beenreducedfrom 101,000to

79,500withshouldersat96,000and 39,000.The complexnatureofthematerialsprecluded

analysisatthisstageoftheresearch.

Experiments with Rhodopseudomonas palustris.

Rhodopseudomonas palustris is a phototrophic bacteria belonging to the class

Rhodospirillales. The photosynthesis of the Rhodospirillales depends on the presence of

oxidizableelectrondonors,such asreducedsulfurcompounds,molecularhydrogenor

organiccarboncompounds.Rhodopseudomonaspalustrishas been known toreducecyclic

organiccompounds (eg.benzoicacid)and sincecoalconsistsofcyclicorganics,thismade it

an idealchoiceforinvestigationregardingthehydrogenationofcoal.

Rhodopseudomonas palustris(ATCC 17000)was grown phototropicaUyon Van Niers

medium inthepresenceof1% Naphthalene.The medium compositionisK_HPO4, 1 g/l;

MgSO4, 0.5g/l;Naphthalene,1.0%;Tap water,1 I.The experimentwas performedto

determinethecapabilitiesofthisbactexiumtocarryoutany reductionorhydrogenationof

Naphthalene.The opticaldensityofthesecultureswas determineddailyat410 nm tocheck

forgrowth.After6 days,when thecultureswere atstationaryp_se, thecellswere

harvested.Naphthalenewas recoveredby extractingitwithv.-hexane.The growthcurves

(atpH 6.5)shown inFigure1,showed a slightinhibitoryeffectofnaphthaleneon thegrowth

of Rhodopseudomonas palustris.

A secondsetofexperimentswas carriedoutwithbenzoicacid.Rhodopseudomonas

palustris(ATCC 1700)was grown on Van Niersmedium withyeastextractasthesubstrate.

The pH was adjustedtoaround 7 and Benzoicacidwas added totwo separateflasks.(0.5g/l

and 1 g/l).The pH was readjustedto7 afterthebenzoicacidwas added. Anaerobic

conditionswere maintainedby bubblingnitrogenfor10 minutesthrougheach flaskinitially
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and also each time the flasks were opened to withdraw a sample. The optical density (O.D)

values at 420 and 520 mn were observed by UV spectroscopy. The characteristic absorption

spectrum of benzoic acid at 272 and 280 nm was also recorded. Figure 2 shows that there is

good growth of Rhodopseudomonas palustris, and that the presence of benzoic acid caused

• considerable enhancement of the bacterial growth.

Finally for the experiment on diphenyl methane, Rhodopseudomonas palustris (ATCC

• 17000) was grown phototropically on sodium lactate. The cells were centrifuged and stored

in buffered solution pH - 7.2 under refrigeration. For the action on diphenyl methane, 2 ml

of this cell suspension was added to 100 ml of media solution containing diphenyl methane

(0.5 %) a_ the sole substrate. The composition of the medium is as follows. MgSO4, 0.20 g/l;

CaC12 0.05 g/l; KI_ PO4 0.30 g/l; I_ I-IPO40.7 g/l; NH4 C1 1.0 g/l; Yeast extract 0.05 g/l; and

diphenyl methane 0.5 ml / 100 ml medium solution.

The absorption spectra over the range 190 - 820 mn was observed. Figure 3 shows

that there is good observed growth of R.palustris on diphenyl methane. Figure 4 shows the

change in the spectra of the centrifuged samples. A change in absorbance values is seen at

256 nra. When this change is plotted versus time (Figure 5), it is seen that there is a sharp

rise in the absorbance wittRn the first three days after which the absorbance drops and then

begins to rise gradually. A similar trend is observed in the experiment with

Desulfotomaculum nigrificans on naphthalene.

Bacterial Action on Coal

A lactate grown culture of Rhodopseudomonas palustris was used for the experiment

with coal. The medium used was the same as that for growth on sodium lactate, the only

change being that the substrate used was replaced by a 3 % slurry of coal (KCERL #91182).

3 ml of bacterial suspension was used for 100 ml of media solution. The experiment was run

for 12 days. After 12 days the coal was filtered, washed with distilled water and dried in an

oven at 105 ° F for an hour. The coal was sent to the Center For Applied Energy Research

(UK), 3572 Iron Works Pike, Lexington, KY 40511 for chemical liquefaction studies to

determ£ne if the bacterial pretreatment had enhanced the liquefaction of coal. The

supernatant liquid was centrifuged and the UV spectra was observed over the range from

190 to 820 nra. A slight increase in absorbance was seen in the 200-300 nm range.

Experiments with Desulfotomaculum Nigrificans.

Desulfotomaculum nigrificans belong to the genus Desulfotomaculum. There are three

species of bacteria under this genus. They are gram negative and their most common

21



characteristic is their ability to reduce sulfate to sulfide. Of the three species only D.

nigrifi_ns is thermophilic. The reducing properties of this bacteria made it a choice for

hydrogenation studies.

A culture of Desulfotomaculum nigrificans (ATCC 19858) was revived from a freeze

driedcultureand grown on modifiedStarkey'smedium C (ATCC #207)•Itscompositionis

asfollows;KI'I_O4,0.5g/l;NH,CI, 1.0g/l;Na2SO4,1.0g/lCaCl_.2I-_O,0.1g/l;MgSO4.7H20,

2.0g/l;Sodium lactate(60%),3.5g/l;Yeastextract1.0g/l.

The pH was adjustedto7.6.The medium was autoclavedfor15minutesat15psi.

ltwas then cooledand theprecipitatefilteredoff.The pH was readjustedto7.4.The

medium was thenresterilizedat10 psifor20 minutes.A 2N NaOH solution,filtersterilized

7.5% cystine-HCf,and filtersterilized1% ferrovsammonium sulfatesolutionswere

preparedseparately.1.0ml ofthecystinesolutionand 5.0ml oftheferrousammonium

sulfatewas added to100 ml ofthebasalmedium. The pH was adjustedusingthesterile

NaOH to7.5.The bacteriawere grown under anaerobicconditionsat.eq35-40degreeC.

The revivaltimewas two weeks. The growthtimewas oneweek.

For theteston naphthalene,150 ml ofthemedium solutionwas taken and the

substratewas replacedwith5 g ofsolidnaphthalene.Thissolutionwas inoculatedwith2.5

ml oftheculturesolution.The experimentwas run under anaerobicconditionsat.eq35

degreeC.The UV spectranearthecharacteristicabsorptionwavelengthfornaphthalene

(282nra)was observed.From Figure6 itcanbe seenthattheabsorbanceofnaphthalenein

thesolutionas a functionoftimedropsa littleinitially,thenrisesand beginstodropback

again.The sharp risecouldbe attributedtothebacteriaactingon solidnaphthaleneand

making itmore solublethusbringingitintosolution.An analysisofthetotalorganiccarbon

inthesolventphase gavethefollowingresult.

S.AMPLE .Avlzbum Variance

Blank 110 1.39

(Medium+naphthalene)

Sample 1 (8days) 193 1.66

Sample 2 (10days) 154 1.71

Thisincreaseinthe totalorganiccarbonfurthersupportsthepreviousview.

Experiments with Desulfovibrio Desulfttricans.

These bacteria belong to _e genus Desulfovibrio. They are Chemoorganotrophs.

They are anaerobic and utilize substrates like lactate, pyruvate and malate which they
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oxidize to acetate and carbon dioxide. They have the ability to reduce sulfate to H2S, and

this property of theirs makes them a bacteria of interest in hydrogenation studies.

Desulfovibrio desulfuricans was grown anaerobically on Starkeys medium with

sodium lactate as the substrate. For the experiment on coal the lactate was replaced by a 3

• % slurry of KCERL #91182 coal. The run time was 12 days. The coal was filtered, washed

and dried in an ov,_,nat .eq 105 degree F for an hour. The supernatant was centrifuged and

. its UV spectra was observed over the range 190 to 820 mn. The UV spectra showed an

increased number of peaks and an increased absorbance as seen in Figure 7. The dried coal

will undergo chemical liquefaction studies at the Center for Applied Energy Research (UK),

3572 Iron Works Pike, Lexington, KY 40511. A change in liquefaction yield could indicate
that the bacteria had had an effect on the coal.

Action ofFungi on Coal

Coal(#85039)was treatedwithPoriaplacenta,accordingtotheoutlineshown in

Figure8,for7 daysatpH = 7. Aftertreatment,thefilteredculturebrothwas checkedfor

solubilizationproductsby determiningit'sabsorptionat400 nra.Sinceno absorptionwas

detected,itwas assumed thatthefunguswas unabletosolubilizethebituminouscoal.

However thetotalsulfurcontentsofthepre-treatedcoalsdecreasedfrom 5.9to4.2%. This

fungustreatedcoalwas thendesulfurizedusingthermophilicbacteriaSulfolobusbrierleyiat

.eq60 degreeC.The resultsshowed that50 % ofthetotalsulfurwas removedby the

bacteriafrom thetreatedcoalsascomparedto45 % from theuntreatedcoalsinthesame
periodofone week.

Action of Sulfolobus Brierleyi on Coal Under Anaerobic Conditions

This experiment was performed to study the selective removal of sulfm- from coal and

possible hydrogenation of coal organics. Sulfolobus brierleyi was grown on DSM-150 medium

whose composition is as follows. (NH4)2 SO,, 3.0 g/l; I_HPO4.3H20 ' 0.5 g/l; MgSO4.7H20 ' 0.5

. g/l; KC1, 0.1 g/l; Ca(NO3)2, 0.01 gA; Yeast extract 0.2 gA. A 1000 ml fermenter was filled

with 750 ml of the above media solution and autoclaved for 20 minutes. 3 ml of 5% yeast

• extract and 3 ml of 5% casamino acids were added to the fermenter. The fermenter was
connected to CO 2 (15%) and I-I2 (85%) gas cylinders.

To collect the H_ formed auring the growth of the bacteria the following method was

used. All the openings to the fermenter were bled into a flask containing 1L of 6% NaOH

solution. A bismuth nitrate - acetic acid reagent was prepared by dissolving 4.28 g .eq

Bi(NO3) 3.H_O in 300 ml acetic acid and diluted with 1.5 L distilled water. The NaOH was
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mixed withan equalvolume ofthebismuthnitrate-aceticacidreagentand theabsorbanceof

thebismuthsulfideinsolutionwas measured at350 mn. The fermenterwas inoculated

with20 ml ofan activeaerobicallygrown cultureofSulfolobusbrierleyi.

To increasethecellyieldtheculturewas firstgrown aerobicallyfor3 daysat.eq61

degreeC. The initialpH was 2.4.ARer thisperiod12 g ofcoal(KY #85098)was added tothe

fermenterand theexperimentwas parformedunder anaerobicconditions.The experiment

was run for7 days. Duringthisperiod,theabsorbanceofthebismuthsulfidesolutionand

thepH was noted. Coalsampleswere alsowithdrawnatperiodicintervals.Figure9 shows

thepH profileoverthesevenday period.The dropinpH isindicativeofbacterialgrowth.

ltmust be notedthatthe sharpriseinpH betweendays4 and 5 isdue toa pH adjustment

thatwas done inthecourseoftheexperimentand notdue toany bacterialaction.Figure

10 shows an increaseintheabsorbanceoftheb_muth sulfidesolution,indicatingthe

formationofH_ gas. Sinceno externalsulfurwas availablefromthe medium, thebacteria

had to have utilized the sulfur present in the coal. The coal samples taken out were dried

and have been sent to the Center for Applied Energy Research (UK), 3572 Iron Works Pike,

Lexington, KY 40511. An analysis for total carbon, hydrogen nitrogen and sulfur will be

done on the coal to determine the effect of the bacteria on the coal..pa
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Figure I •Growth of Rhodo_vseudQmgr_

In the Presenceof Naph_e.
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Figure 2 : Growth Curves of R.polustris

on Benzoic Acid (0.5 z) ot 420nm &: 520 nm
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. Figure 3 : Growth Curve of R.polustris on Diphenyl methone.
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Figure 4 : UV Spectra of Supen_tant From a Centrifuged Sample of

Rhodopseudomor_ _valustrison Diphenyl methane.



Figure 5 : R.polustris on Diphenyl methone (0.5 x).
Absorbonce ot 256 nm
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Figure 6 : De.sulfotomoculum n|gr;f;cons on Nophtholene
Absorbonce Vs Time ot 282 nm
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Figure 7: UV Spectra of Supen_tant From A Centr/_ged Sample of

Desulfovibrio desul_ricar__ On CoaL

AbsOrbance of Blank Medium.

r_

Absorbance after 12days.
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Figure 8 : Procedure For Treating Coal With Fungus.
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Pi_Lure9 : p.H Profile During Anaerobic Treatment Of Coal (KY#85098) By
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Figure 10 : H_ Production During Anaerobic Treatment Of Coed (KY
#s5o98)By_ _.
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TASK 1.2

Materials Characterization Study of Coal
Liquefaction Processes

PI's: G.P. Huffman I_ Subbaswamy
F. E. Huggins Denn_ Clouthier

" P.J.Reucroft Naresh Shah

Report
Coordinato_ G.P. Httffman

Phone: (606) 257-4027

Period: May 4, 1989 - May 3, 1990

XAFS and M6ssbauer Spectroscopy and CCSEM Studies of

Coals of Interest in the CFFLS Program

(N. S_h, F. E. Huggins and G. P. Hu_ffman)

Coal CharacterizationStudies

The CFFLS has decidedtoconcentratemuch ofitsresearchefforton theArgonne

Premium coalsamples,inordertofacilitatecomparisonofresultsfrom different

investigatorsatdifferentCFFLS universities.Becausemineralmatterand sulfurformscan

significantlyaffectliquefactionbehavior,we havecarriedoutdetailedcharacterizationof

thesecoalpropertiesby computer-controlledscanningelectronmicroscopy(CCSEM),

Mtissbauerspectroscopy,and X-rayabsorptionRue structure(XAFS) spectroscopy.Inorder

toobtainmore meaningfulcorrelationswithliquefactionbehavior,thedatasetwas

augmented by investigatingeightKentuckycoalsselectedfrommany coalstoexhibita

range ofsulfurcontents,rank,and liquefactionyields.TableIliststhecarbonand sulfur

contentsofallcoalsstudied.

p

LiquefactionResults

Inordertomaximize any catalyticorretrogradeeffectsofmineralmatter,the

liquefactionexperimentswerecarriedoutata relativelylowtemperature(385°C)with

tetralinas thesolvent(1:1.5coal/solventratio),withoutany added catalystfora reaction

timeof15 minutes.Microclaves(tubingbombs) were coldpressurizedto800 psiwith

hydrogenbeforeheatingtoreactionconditions.Productsofliquefactionwere classifiedas:
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oils - pentane soluble; asphaltenes- pentane insoluble, benzene soluble; preasphaltenes -

benzene insoluble, pyridine _luble; insoluble organic matter (IOM) - pyridine insoluble.

Total conversion is defined as 100 - IOM. A more detailed discussion of apparatus and

procedures is given elsewhere. C_)Figure 1 is a bar chart showing the liquefaction results for

all coals.

CCSEM

Different mineral and inorganic species can act as catalysts or retardants during

liquefaction, depending on reaction conditions. It is, therefore,' important to know the types

of minerals present and how they are distributed in coal. Computer controlled scanning

electron microscopy (CCSEM) is an excellent tool to rapidly characterize the miueral matter

in coal. As discussed elsewhere, (2_'4)CCSEM is capable of measuring the size and

composition of 200400 particles per hour. In the current study, 1200 mineral particles were

measured for each sample.

Tables 2 and 3 list the mineralogical data obtained to date by CCSEM examination of

Argonne and Kentucky coals. Column 1 hsts the mineral categories observed in these coals,

while remaining columns give the weight percentages of the total mineral matter accounted

for by each category. With CCSEM, size distributions of various minerals present in _he coal

can also be determined. The results obtained for pyrite in several of the Argonne coals are

shown in Figure 2. Because the Argonne coals are currently under investigation by many

coal scientists, we have included the size distribution information for the msjor mineral

phases in all of these coals in Table 4.

It may be noted the "mixed silicates" account for a fairly large percentage of the

mineral matter in these raw coal samples. This phase primarily includes clay .minerals and

quartz in juxtaposition to each other, perhaps in partings. This is illustrated by the ternary

diagrams in Figure 3. Each point in Figure 3a represents a mineral feature identified in

CCSEM analysis that contains _>90%of (K + Fe) + A1 + Si on the basis of its energy

dispersive X-ray (EDX) spectrum. The c :mposition is normalized to these four elements and

plotted in a ternary representation, as shown. As discussed in detail in earlier CCSEM

papers, C2_)aluminosilicate minerals are placed in one of several mineral categories depending

on the approximate particle composition indicated by the EDX spectrum. The compositional

ranges being used for quartz, kaolinite, illite and other silicate minerals are indicated in

Figure 3b. It is evident that particles exhibit a range of compositions extending between the

quartz, kaolinite, and illite composition areas. It is these intermediate compositions that the

coal mineral analysis (CMA) program identifies as mixed silicates.



lt may also be noted that the Wyodak and Beulah Zap coals from the Argonne suite

contain a significant amount of the phases identified as "miscellaueova_ sulfide,"

"miscellaneous mixed," and "mixed carbonates." These are, for the most part, not discrete

mineral phases, but the contribution of Ca and S molecularly dispersed in the coal matrix.

Normally, CCSEM analyses are run in a fashion that detects only discrete mineral matter

and the measurements on these coals will be repeated on new samples in this manner.

MSssbauer Spectroscopy

67Fe M_ssbauer spectroscopy was used to identify and quantify iron bearing phases

present in the coals. (6_) Iron predomi-_ntly exist_ a_ pyrite, siderite or Fe-containing clay in

coals. M_ssbauer spectroscopy is the most accurate technique for quantitative analysis of

the iron-bearing phases in coal and provides a direct, non-destructive method of measuring

the pyritic sulfur co_n_o of the co,_l. Table 5 lists the MOssbauer spectroscopy results for all

coals. The pyritic sulfur determined by the M0ssbauer meas:Irement (s_is given in column 2,

while columns 3-6 give the percentages of the total sample iron contained in the various

iron-bearing phases observed. It is evident that the Argonne coals were in pristine condition

and exhibited no pyrite oxidation. However, some of the Kentucky coals, mainly those with

high pyrite contents have undergone minor oxidation that converts pyrite to ferrous sulfate

form.

In order to examine the transformations of Fe-bearing minerals in coals as they

undergo liquefaction and thereby assess the role of the inherent iron minerals as catalysts,

the insoluble organic matter (IOM) of the Argonne Premium Sample coals were also

investigated using Mt_ssbauer spectroscopy. Figure 4 shows room temperature M_ssbauer

spectra of Illinois #6 coal before and after liquefaction treatment. In Illinois #6 coal, almost

all Fe is present in the form of pyrite; after the liquefaction test, 60% of the pyrite converts

to pyrrhotite, while the remaining pyrite is unconverte& Under more severe conditions

and/or longer liquefaction times all of the pyrite would convert to pyrrhotite. In the

" Pocahontas #3 coal, iron is distributed among clays, siderite, and pyrite; however, in the

Pocahontas #3 IOM, Fe in clays and siderite remains unchanged whereas pyrite has been

" converted to pyrrhotite. As summarized in the Table 5 for the Argonne Premium Samples,

this observation appears quite general: the Fe-bearing minerals, other than pyrite, do not

appear to undergo significant transformation during liquefaction, whereas some or all of the

pyrite converts to pyrrhotite. According to Montano et al., (7"9)pyrrhotite is the primary Fe -

containing catalytic species derived from coal minerals that is correlated with liquefaction.

Iron in the form of clays or carbonates does not appear to he connected with liquefaction
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behavior.

Correlations Between Coal Properties and Thermal Liquefaction Behavior at Mild

Conditions

Severalcorrelationsbetweencoalstructureand thermalliquefactionbehaviorunder

mildconditions(385°C,800 psigHs atroom temperature,15 minutereactiontime)intubing

bomb reactorshave been observed.Correlationswithorganicstructureareshown inFigures

5 and 6. The decreaseofgasproductionwithincreasingcarboncontentshown inFigure5 is

not surprising.The behaviorofthetotalconversionpercentagewithcarboncontent(Figure

6)ismore interesting,showinga bell-shapedmaximum betweenapproximately77 and 83%

carbon.Thistypeofbehaviorhasbeen observedpreviously.¢_)

To explorecorrelationsbetweenmineralmatterand liquefactionbehavior,thetotal

surfaceareasper gram ofcoalofthe principalmineralswere calculated.Thiscalculation

usesmean mineraldiametersdeterminedfromtheCCSEM measurement. For each

mineral,the averageparticlediameter,<d_>,foreachofthesevensizebins(seeFigure2)is

calculatedby addingthemean diametersofalltheindividualparticlesand dividingby the

number ofparticlesinthatbin. Ifw° istheweightpercentagepyriteinsizebinn,itcan be

shown thatthetotalpyritesurfaceareapergram ofcoalisgivenapproximatelyby

• IA/(M°ss') 7
pzr v .-pyr W, (1 )

i0 4; Ppyr,-z

where W _o_)isthe weightpercentageofpyritedeterminedfromtheMSssbauer
pyr

measurementCs)and P_risthedensityofpyrite(5.0g/cre3).For otherminerals,we use the

formula

v.T (_.,,51DI) • v._ 7

=in- 6"",.in W"h_ Wn (2)
-_ot - • 10"p,,, _ <d,>

where W._ istheASTM ash percentageand W (ccsm)is theCCSEM determinedweightu
percentageofthetotalmineralmattercontainedby themineralinquestion.Equations(1)

and (2)areratherrough approximationsinan absolutesense.First,themineralparticles

are,ofcourse,notsphericaland many arefarfrom it.Second,theresolutionoftheSEM is

onlyabout0.1tunand particlesbelowthatsizearenotmeasured. Our objective,however,is

toidentifymeanin_ trendsbetween CCSEM mineralsizeand weightdistributionsand

thermalliquefactionbehavior.Inthatcontext,Equations(I)and (2)arereasonablefirst

approximations.Moreover,thesemineralsurfaceareasaremore meaningfulparametersfor
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catalyticactivitythan,say,theweightpercentagesofmineralphases.

InFigure7,theoilproductionisplottedagainstthepyritesurfaceareapergram of

coaldeterminedfrom theCCSEM dataasdiscussedabove.The datashow largescatter,but

a generallyincreasingtrendofoilproductionwithpyritesurfaceareaisobserved.The large

• amount ofscatterisnotsurprising,inviewofthefactthatcoalscoveringa fairlylarge

rangeofranksand carboncontenthavebeenstudied.Moreover,onlyone sample(Kentucky

coal#5416,BeaverCreek seam)has a pyritesurfaceareapergram ofcoallargeenough

(nearlylm2/g)tobe expectedtogivesignificantcatalyticactivity,ltmay be notedfrom

Figures5 and 6 thatthissampleexhibitssignificantlymore totalconversionand lessgas

productionthanwould be expectedon thebasisofitscarboncontentalone.Presumablythis

isbecauseofcatalytichydrogenationactivityofthepyrrhotitederivedfromthe

comparativelyhighsurfaceareapyriteinthiscoal.

Figure8 shows thetot_conversionpercentageplottedagainstthesurfaceareaper

gram ofall"silicate"minerals;thatis,illite,kaolinite,quartzand mixed silicates(seeFigure

3).Again,thescatterislargeand no simpletrendsareeasilydiscernible.If,however,we

trytoeliminatethesuperimposedeffectofcoalrankby ignoringcoalsofhi_ and low

carboncontent(BeuJ.ah-Zap,Wyodak, Upper Freeport,Pocahontas,KY sample#6398,and

KY sample#5416),thereappearstobea generaldecreaseofconversionpercentagewith

increasing"silicate"surfaceareapergram ofcoal.A similartrendhasbeen observedby

Stohl(I°)forkaolinite,ina more controlledexperiment.Theseresultssuggestthatthe

surfacesofclaymineralsand quartzmay serveassitesforinitiationofretrogradereactions.

XAFS Studiesof Sulfurin the Argonne Coals

As partofanotherresearchcontract,Cm we have developeda method ofleastsquares

analysisoftheX-rayabsorptionnearedgestructure(XANES) ofsulfurXAFS spectrathat

allowsus tomake quantitativedeterminationsofsixdifferentformsofsulfurincoal:pyrite,

organicsulfide,thiophene,sulfoxide,sulfoneand sulfate.Thisresearchissummarized in

severalrecent(L_mand forthcomingpapers,aS)For thecurrentreport,we simplysummarize

inTable6 thepercentagesofthetotalsamplesulfurdeterminedfromtheXANES tobein

" eachidentifiedsulfurformfortheArgonne coals.ExceptfortheBeulah-Zapsample,which

containeda minor amount ofgypsum,no oxidizedsulfurwas observedinthesepristine

coals.The readerisreferredparticularlytoreference15forfurtherdetail.

Summary

A fairly complete database for the mineral matter, forms of iron, and forms of sulfur
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intheArgonnePremium CoalSampleshas beengeneratedby CCSEM, MSssbauer

spectroscopy,and XAFS spectroscopy.Mineralogicaland formsofirondatawere also

obtainedfora number ofKentuckycoalstobroadenthe databasesomewhat. Correlationsof

thermalliquefactionbehaviorwiththesurfaceareaspergram ofpyriteand silicateminerals

(claysand quartz)were examined. Oilproductionshowed a generalincreasewithtotal

pyritesurfacearea,whiletotalconversionexhibiteda decreasingtrendwithincreasing

silicatesurfacearea.These correlationswere fairlyweak,however,and itislikelythatsuch

mineralmatterinteractionsplaya secondaryroleformost coalsinliquefactionprocesses

where a catalystisadded.
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Table 1. Rank and total sulfur content of Kentucky and Argonne coals

ffi II

Coal # Seam County / %C %S
(UKCAER) State DAF DAF

III I I Iii li I

91864 WKY #9 Union 82.15 3.93
6398 Harlan Harlan 85.33 0.86
2145 PeachOrchard#3 Magoffin 83.66 0.63
71302 WKY #6 CaldwelI 82.50 3.37
3913 Stockton Martin 82.34 0.75
2167 CannelCity Magoffin 80.97 1.62
5416 BeaverCreek Pulaski 74.45 13.92
71464 WKY #9 Henderson 79.44 3.84
71468 WKY #9 Muhlenberg 80.27 4.15
I I II II II

Pocahontas#3 Virginia 91.05 0.66
Upper Freeport Pennsylvania 85.5 2.32
Pittsburgh#8 Pennsylvania 83.2 2.19
Lewiston-StocktonWest Virginia 82.58 0.71
Blind Canyon Utah 80.69 O.62
Illinois#6 Illinois 77.67 4.83
Wyodak-Anderson Wyoming 75.01 0.6
Beulah-Zap NorthDakota 72.9 0.8

ii ,iBm. ...
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Table 2. Mineral Composition of Argonne Coals

Wt% of Mineral Matter

Up. Wyo Ill Pitt Poca Bl. Lew Beul

Mineral Species Fr. dak #6 #8 #3 Cany Stoc Zap
_.,

Quartz 5 8 g 12 4 4 10 6
Kaolinite 4 3 3 8 10 9 15 5
Il]ite 48 I 18 20 8 40 56 I
Chlorite 13
Misc. Silicates 15 15 23 25 37 37 16 12

Pyrite 21 6 27 25 4 3 I 16
Misc. Sulf. I 28 I I 2

Fe-rich 2 4
Calcite 4 8 I 7 2 5
Mixed Carbonates 2 I 5 I 27
Sil-Sulfur 3 3 2

Other 3 4 i
Misc. Mixed I 29 3 4 4 3 26

i
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Table 3. Mineral Composition of Kentucky Coals

Wt% of Mineral Matter
., ,, , , ,

Mineral Species 6398 71468 2145 71302 3913 91864 2167 5416 71464 -
I II I I

Quartz 3 8 11 7 10 13 6 I 8
Kaolinite 12 4 7 3 8 3 2 7
Illite 7 18 45 22 29 16 21 I 13
Misc. Silicates 56 18 35 26 47 22 33 7 25

| ii ,,, ,, ,, i i

Pyrite 2 31 25 26 6 55 26
Misc. Sulf. I 4 I 5 I 13 3
Fe-rich I 14 I
Calcite I 11 4
Mixed Carbonates I I 11 I
Ti rich 3

i i i mm i i, i, , i i

Qtz-Pyrite 3 I 6
Sil-Sulfur 5 3 2 2 5 2 5
Sil-Pyrite I 2 I 7 I
,,, , ,, , ,,

Misc. Mixed 9 3 I 5 2 5 5 6 5
• i i ,
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Table 4 Size distributions of the major mineral phases in the Argonne coals
Size ranges of average particle diameter in microns for more than 7 wt %minerals.

Wyodak coal

Size Ranges (Microns)

MINERAL SPECIES WT.% 0.0 2.5 5.0 " i0 20 40 80
2.5 5 0 10 0 20 40 80 500

QUARTZ 7.9 5 0 17 52 17 8 0

MISC SILICATES 14.8 18 29 15 29 6 3 0
MISC SULF 27.8 22 64 8 5 0 0 0
MISC MIXED 28.6 26 50 11 8 2 2 0
MINOR MINERALS 20.9 15 36 14 22 6 8 0

GRAND TOTALS 100.0 20 44 12 17 4 3 0

Upper Freeport coal

Size Ranges (Microns)

MINERAL SPECIES WT.% 0.0 2.5 5.0 i0 20 40 80
2.5 5.0 10 0 20 40 80 500

ILLITE 47.7 14 30 15 24 6 5 6
MISC SILICATES 14.5 18 27 20 17 6 5 7

PYRITE 20.5 6 27 15 13 16 16 6
MINOR MINERALS 17.3 8 24 21 22 8 I0 7----......--..--___

GRAND TOTALS 100.0 12 28 17 21 8 8 6

Lewiston-Stockton coal

Size Ranges (Microns)

MINERAL SPECIES WT.% 0.0 2.5 5.0 i0 20 40 80
2.5 5.0 10.0 20 40 80 500

QUARTZ 10.2 8 44 23 18 4 2 1
KAOLINITE 14.6 13 25 32 25 4 1 0

ILLITE 56.4 23 49 8 13 5 2 0
MISC SILICATES 16.0 15 34 14 15 6 3 12
MINOR MINERALS 2.8 15 22 7 43 4 I0 0

GRAND TOTALS 100.0 19 42 14 17 5 2 2
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Table 4 (Continued) Size distributions of the major mineral phases in the
Argonne coals Size ranges of average particle diameter in microns for more than
7 wt % minerals.

Illinois #6 coal

Size Ranges (Microns)

MINERAL SPECIES WT.% ' 0.0 2.5 5.0 I0 20 40 80
2.5 5.0 10.0 20 40 80 500

QUARTZ 9.1 9 40 30 19 1 1 0
ILLITE 18.3 18 71 6 3 1 1 0

MISC SILICATES 23.0 30 53 7 6 2 1 0
PYRITE 27.1 6 3 13 23 19 28 8
CALCITE 8.0 0 3 19 29 17 27 6
MINOR MINERALS 14 .5 41 34 11 6 2 4 3

.

GRAND TOTALS 100.0 19 35 12 13 8 11 3
, , ,, .....

Beulah-Zap coal

Size Ranges (Microns)

MINERAL SPECIES WT.% 0.0 2.5 5.0 I0 20 40 80
2.5 5.0 10.0 20 40 80 500

.... .

iMISC SILICATES 11 .5 17 35 9 36 4 0 0
PYRITE 15.9 0 69 12 4 10 3 2

MIXED CARBONATE 26.9 19 50 12 17 1 1 0
MISC MIXED 26.0 30 13 24 30 2 1 0
MINOR MINERALS 19.7 5 24 14 31 11 13 1

. .. , ,, .,. ..

GRAND TOTALS 100.0 16 37 15 23 5 3 1
" L,..,'_.......... _ ... ,'-',, ' ' '.... " "

Pittsburgh #8 coal
. , . ,,., ,,. ,. ,., .

Size Ranges (Microns)

MINERAL SPECIES WT.% 0.0 2.5 5.0 I0 20 40 80
2.5 5.0 10.0 20 40 80 500

, . , , , .., r ,, . , ,. .. ,i i

QUARTZ 12.4 8 42 25 18 4 0 3
KAOLINITE 8.2 13 32 28 15 10 2 0

ILLITE 20.4 19 42 14 14 7 3 2
MISC SILICATES 24.6 31 29 12 8 7 7 5
PYRITE 25.1 Ii 9 15 15 13 27 II

MINOR MINERALS 9.3 42 21 14 11 8 4 0
..q

GRAND TOTALS 100.0 20 28 16 13 8 10 5
........ ....
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Table 4 (Continued) Size distributions of the major mineral phases in the
Argonne coals Size ranges of average particle diameter in microns for more than
7 wt % minerals.

Blind Canyon coal
,,,, , , ,,, ,

Size Ranges (Microns)

MINERAL SPECIES WT.% 0.0 2.5 5.0 10 20 40 80
2.5 5.0 I0.0 20 40 80 500

"I' _ ' , _

IKAOLINITE 9.2 11 77 7 4 1 0 0

ILLITE 39.6 25 73 2 0 0 0 0
MISC SILICATES 37.0 32 65 2 1 0 0 0
!MINOR MINERALS 14.2 14 38 13 15 8 9 2

GRAND TOTALS 100.0 25 65 4 3 1 1 0
.,,

Pocahontas #3 coal

Size Ranges (Microns)

MINERAL SPECIES WT.% 0.0 2.5 5.0 i0 20 40 80
2.5 5.0 10.0 20 40 80 500

KAOLINITE 9.6 4 36 21 23 8 2 6

ILLITE 8.2 24 62 7 2 2 2 0
CHLORITE 12.5 18 71 8 2 1 0 0
MISC SILICATES 36.8 24 48 11 11 2 2 1
CALCITE 7 .3 3 8 27 31 16 12 3

MINOR MINERALS 25.6 13 29 13 21 12 8 4

GRAND TOTALS i00.0 17 43 13 15 6 4 2
, ,
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Table 5. MOssbauerData for Argonne Premiumand Selected Kentucky Coals

Argonne Premium Wt% %Fe in
or pyritic

Kentuckycoals sulfur Clay Siderite Pyrite Sulfate

Upp. Freeport 1.60 6 94
Wyodak 0.13 26 74
Illinois#6 2.14 3 97
Pittsburgh#8 1.26 I 99
Pocahontas #3 0.11 33 46 20
Blind Canyon 0.25 28 72
Lewis-Stockton 0.20 32 15 53
Beulah-Zap 0.22 100

91864 2.04 95 5
6398 0.03 61 16 22
2145 0.15 57 43
71302 1.86 5 88 7
3913 0.17 34 66
2167 0.93 9 72 19
5416 11.50 92 8
71464 1.87 96 4
71468 2.14 95 5

M6ssbauerData for ArgonneCoal IOMs

Argonne %Fe in
Premium

Coal Clay Siderite Pyrite Pyrrhotite

UpperFreeport 100
Wyodak 21 42 37
Illionis#6 40 60
Pittsburgh#8 33 67
Pocahontas #3 38 50 12
BlindCanyon 31 69
Lewis-Stockton 63 37
Beulah-Zap 31 69 "
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Table 6. Percentages of the total sulfur contained in different sulfur forms
derived from analysis of XANES spectra.

Wt% Sulfur Forms, %
Argonne Premium Total

Coal Sample Sulfur Pyrite Sulfide Thioph. Sulfox. Sulfone Sulfate

Pocahontas #3, VA 0.66 24 0 75 0 I 0

Upp. Freeport, PA 2.32 62 6 33 0 i 0

Pittsburgh #8, PA 2.19 52 13 35 0 I 0

Lewis.-Stock., WV 0.71 26 16 56 I I 0

Blind Canyon, UT 0.62 40 15 46 0 0 0
,,,

Illinois #6, IL 4.83 48 19 33 • 0 0 0

Wyodak-Anders., WY 0.63 24 29 46 0 0 0

Beulah, ND (fresh) 0.80 29 28 30 2 0 12,,

Beulah, ND (2nd.) 0.80 37 24 30 2 0 7I
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Figure 1 - Liquefaction yields for Argonne Premium coals and a suite of Kentucky coals.
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Figure 3a - Ternary representation of CCSEM compositional data for quartz and clay minerals in the KentuckyStockton coal, #3913
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Structure and Size Distributions of Highly Dispersed

Iron-Based Catalysts

(G. P. Huffman, B. Ganguly, M. Taghiei, F. E. Huggins, and N. Shah)

Introduction

Iron-based catalysts for direct coal liquefaction has been identified as a principal

research thrust area for the CFFLS. Much of our research in the past year has been

directed at developing new methods for utilizing M_ssbauer and X-ray absorption fine

structure (XAFS) spectroscopy for determining the size and structure of such catalysts in

their initial, as-dispersed state, and at various stages of the liquefaction process. The results
are summarized below and in two recent papers. (_

Experimental Procedure

A variety of samples from various CFFLS groups have been investigated. These
samples included:

(1) Specimens of both Wyodak and Blind Canyon coal after impregnation with
FeCIs by Shabtai and coworkers. (3_

(2) Samples from (1) after a mild hydrotreatment (290oc, 1500 psig H2, 2 hrs.) (3_

(3) A highly dispersed, sulfated hematite catalyst precursor synthesized by a
treatment described elsewhere.(6_

(4) Iron added to lignite by cation exchange.

(5) Highly dispersed hematite on carbon black _

(6) Catalytic iron species derived from Fe(CO)6c1_ and from several of the catalyst
precursors above under typical liquefaction conditions.

The synthesis and testing of most of these catalyst precursor forms have been

described elsewhere.Cl-s_ No previous description of the cation exchange process to generate a

liquefaction catalyst has been given, however. The basic procedure was similar to that used

by Walker, Jenkins and coworkers. (_2_ The coal was first floated in a mixture of 1:10 by wt.

of coal and carbon tetrachloride (p=1.55) in a separating funnel which was shaken to a

homogenous slurry then lei_ undisturbed until two distinct layers were formed. The

minerals in the sink fraction were drawn off and the process was repeated until no sink

fraction formed. The floated coal was then filtered off and treated with 5N HCL. The coal

was further washed with distilled water and air dried to constant weight. While this step is
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not essential, it was felt to be desirable in order to remove most of the pyrite from the coal,

thereby eliminating its interference from Mt_ssbauer and XAFS spectra.

In order to cation-exchange the iron into the coal, the following procedures were used.

The sample of demineralized and air dried coal was mixed with freshly made iron chloride

solution with a 2.5 pH value. A mass ratio of 100 part FeCI_ solution to 1 part of dry coal

was used. This mixture was s_rred at 40°C for 24 hours. In a second treatment, an Fe

acetate solution was used. Two samples were prepared, one using an iron acetate solution

concentration of 0.026 M, the second using a concentration of 0.05 M under a helium

atmosphere. In order to remove any adhering salt from impregnated coal, the coal was

repeatedly washed with distilled water until the pH value of filtrate for two consecutive

washes was constant. The three samples prepared had total iron concentrations of 1.01%,

8.49% and 10.4%.

The prinicpal methods used for catalyst characterization have been 5_Fe Mt_ssbauer

spectroscopy and XAFS spectroscopy. As discussed below, these two techniques provide

complementary information on both the structure and size of highly dispersed iron species. A

recent paper summarizing the complementary investigation of iron dispersed in Australian

brown coal by these techniques has been published by Yamashita et al. (la)

A standard constant acceleration MSssbauer spectrometer was used, (13'14)employing

either a 50 mCi 57Coin Rh source or 100 mCi 57Coin Pd source. Sample cooling was

accomplished using a Displex cryogenic system manufactured by Air Products. All isomer

shifts are measured with respect to iron metal.

The XAFS experiments were carried out at the National Synchrotron Light Source

(NSLS) at Brookhaven National Laboratory and at the Stanford Synchrotron Radiation

Laboratory. Si(lTD double crystal monochromators were used for all measureme.nts, most of

which were carried out in the x-ray fluorescent mode using a Stearn-Heald detector

described elsewhere. (_e) The zero of energy for all spectra is taken as the first inflection point

of the spectrum of iron metal.

Results and Discussion

. For all of the as-synthesized samples examined, Mtissbauer spectroscopy showed the

iron to be in the form of a highly-dispersed, superparamagnetic, ferric oxide. This is

illustrated by Figures 1-3. Figure I compares the room temperature and 12 K spectrum of a

Wyodak coal impregnated with Fe from an FeC13 solution by Shabtai and coworkers. (a_) In

Figure 2, the 12 K spectrum of a lignite (Hagel seam, PSOC 1482) subjected to a cation

exchange process using FeCL_ is compared to that of the same coal subjected to cation



exchange using an iron acetate solution. Finally, in Figure 3 the room temperature and 12

K spectra of a sulfated hematite (Fe2Os/S04 "2)catalyst precursor are compared.

In all cases, (see Table 1) the isomer shifts, quadrupole splittings and magnetic

hyperfine fields indicate that the dominant iron species for the initially prepared catalysts is

a superparamagnetic ferric oxide. For the ion-exchanged samples and the Shabtai samples,

the M0ssbauer parameters are similar to those of an oxyhydroxide such as goethite

(a-FeOOH). The Fe2Os/SO4 "2and Fe20 3 on carbon black samples have parameters consistent

with very fine particle hematite.

All of the spectra exhibit superparamagnetic relaxation effects. This is immediately

evident from the fact that both hematite and goethite are antiferromagnetic and would

normally exhibit only six-peak magnetic spectra in the bulk state at room temperature. As

discussed elsewhere, (17"22)when a magnetically ordered particle is small enough, thermal

vibrations may cause the ordered spins of the particle to flip over the magnetic anisotropy

energy barrier to a new orientation. To a first approximation, the frequency of spin flipping

is given by

f- ro (,)

where I¢_is the magnetic anisotropy constant, %r is the volume of the particle, k is the

Boltz_ constant and T is the temperature. The frequency factor fo is given by Ktmdil et

al. (m as

f ,, K,A/pN,h (2)

where A is the molecular weight, p is the density, NL is Avogadro's number, and k is the

Planck constant. For the magnetic anisotropy constants, we have used the values give by

Van der Kraans; (2°)IQ = 0.55 x i05joule/m 3 for hematite, and I_ = 1.67 x i05joule/m _ for

goethite. Eq. (2) then give f_ = 4.2 x 109 sec"1for hematite and fo = 8.7 x 109 sec "1 for

goethite. When f is small compared to the nuclear Larmor precession frequency of the 57Fe

nuclear magnetic moment (fL = 5 X 107 sec_), the particle will exhibit a well-resolved six line

magnetic hyperfine spectrum. However, when f becomes comparable to or exceeds fL, the

magnetic spectrum collapses to a two peak quadrupole doublet. Putting f equal to fL and

rewritingeq.(i),we obtain
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,3,
Eq. (2) can be viewed as defining a critical volume, Vr, for temperature T. At temperature T,

to a first approximation, particles of volume > V=will give rise to a six-line magnetic

hyperfine spectrmn, while particles of volume < Vc will exhibit a paramagnetic quadrupole

doublet•

The temperature variation of the MSssbauer spectra can be used with Eq. (2) to

generate size distributions for the ferric catalyst particles. This is illustrated by Figure 4,

which shows the Mt_ssbauer results for a highly dispersed hematite (Fe20 a) on carbon black

catalyst. C_ Figure 4a is a plot of the percentage of iron exhibiting a magnetic hyperfine

spectrmn versus temperature. The spectra are very similar to those shown in Figure 3.

Combining Eq. (2) with the magnetic phase percentage temperature dependence, a size

distribution histogram can be generated, as shown in Figure 4 b. Here, we have assumed

spherical particles in order to derive a mean particle diameter. It is seen that this catalyst

has a somewhat bimodal size distribution.

Acquisition of the M0ssbauer data required to derive size distributions as detailed as

that of Figure 4b is quite time consuming, since each spectrum requires -10-20 hours of

running time. However, less detailed but very informative size histograms can be generated

from Mt_ssbauer spectra at only a few temperatures. A number of such histograms are

shown in Figure 5 for ferric oxide catalyst precursors synthesized by a variety of methods.

For the Fe2Oa/SO42 catalyst we have used the anisotropy and frequency constant of hematite

in Eq. 2. All of the other samples exhibited spectra similar to superparamagnetic iron

oxyhydroxide, and the anisotropy and frequency constant of goethite, a-FeOOH, seems most

appropriate.

It is seen that most of the catalyst particles in all of the catalysts examined are

smaller than approximately 65 - 85 _ in diameter, with from 10 to 70% of the iron contained

• in particles less than 20-30 _ in diameter. Moreover, many of the particles in the smallest

size bin may be of molecular dimensions. It is also seen that the samples prepared by the

. Shabtai FeC1a impregnation method c3_ exhibit the smallest size distributions. During the

mild hydrotreatment (290°C, 1500 psig _ hot, 2 hours) used by _habtai and coworkers, c3_

the iron remains in the form of a ferric oxide or oxyhydroxide and the particle sizes increase

somewhat, as seen in Figure 5.

The XAFS data for the as-synthesized catalysts are summarized in Figures 6-9 and

Table 2. Figure 6 compares the X-ray absorption near edge structure (XANES) spectra of a
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number of standard compounds to those of several as-dispersed catalysts. It is seen that the

XANES spectra of the FeC12-cation exchanged lignite (PSOC 1482) prepared by our group

and the FeCla-treated Wyodak coal prepared by the Shabtai group are very similar to those

of the oxyhydroxides, (z-FeOOH and 7-FeOOH. Similar XANES were exhibited by all of the

Shabtai samples examined, both before and after mild hydrotreatment (290°C, 1500 psig H_,

2 hrs.)and by a lignitecation-exchangedusingan ironacetatesolutiontoa levelof8.5% Fe.

A thirdFe acetatecation-exchangedlignitereacheda levelof10.4%Fe and theXANES

clearlyshows theformationofmagnetite.The Fe2Oa/SO4"2XANES isessentiallyidenticalto

thatofC_-Fe20s.

FouriertransformationoftheextendedX-rayabsorptionfinestructure(EXAFS) of

theXAFS spectrumproducesa radialstructurefunction(RSF)thatissimilartoa radial

distributionfunction.Some typicalRSFs from thecurrentsamplesareshown inFigures7-

9. As discussedindetailelsewhere,(_)eachpeak representsa shellofatoms surroundingthe

centralironatom• The peak positionson thedistanceaxisareshiftedslightlydownward by

about0.5_ relativetothetrueinteratomicdistancesbecauseofphaseshifts,and thepeak

amplitudesareproportionaltoseveralfactors,one ofwhich istheshellcoordinationnumber.

The radialstructurefunctions(Figures7-9and Table2)aremore informativethan

theXANES. InFigure7,theradialstructurefunction(RSF)of_-Fe203iscompared tothat

oftheFe20_/SO4"2catalyst,ltisseenthattheamplitudesofthepeaksarisingfromthethird

and fourthnearestneighbor(nn)ironshellsinthecatalystaresignificantlyreducedrelative

tothoseofthe same shellsinbulka-FesO_.A similareffectisseenforthecation-exchanged

lignitecontainingmagnetite(Figures8).For thelessconcentratedcation-exchanged

samplesand foralloftheShabtaisamples,beforeand aRer hydrotreatment,theRSFs are

similartothatofgoethite,butinmost casesthethirdand fourthnn Fe shellsarenearly

undetectable.Thisisillustratedby Figure9.

One explanationofthedecreasedamplitudesofthethirdand fourthnn ironshell

peaksisthattheironatoms atornearthesurfacesoftheseverysmallcatalystparticlesdo

nothave theirfullcomplement ofthirdand fourthironnn. Sinceitmay reasonablybe

expectedthatthefirstnn oxygencoordinationoftheseironatoms isunchanged,a

convenientmeasure ofthedecreaseintheaveragenumber ofironatoms inthethirdand

fourthnn shellsisthe ratioofthosepeak heightsintheRSF tothatoftheoxygenfirstnn

shell.These peak heightratiosaresummarized forallcatalystsamplesand forthe

appropriatestandardcompounds inTable2. Assuming thattheseratiosareproportionalto

theratiosofthecoordinationnumbers,we can deducetheaverageironcoordinationnumber

forthecatalystsby comparingtheirpeak heightratiostothoseofthestandardcompounds
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for which the coordination numbers are known. These results are also indicated in Table 2.

It is of interest to note that the third and fourth nn shell peaks are essentially absent from

the RSFs of several of the Shabtai and cation-exchanged samples. However, because of the

noise level of the RSFs, the lowest peak height ratio that can be reliably determined from

the current data is approximately 0.2. Therefore, we can only put a lower limit on

coordination numbers for these samples.

While this approach is useful for comparing different catalysts on the basis of the

RSFs derived from EXAFS, it is clearly a rough approximatiom One major source of error is

in ignoring the effect of thermal vibration on the RSF peak amplitudes. It is likely that

atoms at or near the surfaces of the small catalyst particles will exhibit larger thermal

vibrationsthan atoms intheinterioroftheparticles.Moreover,itislikelythatallofthe

atoms insuchsmallparticleswillexperiencelargerthermalvibrationsthanthoseinthe

correspondingbulkphases.As discussedelsewhere,c_)theEXAFS signalisproportional

bothtocoordinationnumber and toa Debye-Wallerfactorthataccountsforsuchthermal

vibration.Lytleetal.c_4_have discussedtheeffectsofsuchvibrationalfactorson theEXAFS

ofsmallcatalystparticles.Low temperaturemeasurementsmay determinehow important

thermalvibrationis,sincethepeak heightratiosofthecatalystsshouldchangemore

dramaticallythanthoseofthebulkphasesastemperatureislowered.

Clearly,itisofinteresttodeterminemean particlediametersfromtheXAFS dataif

possible.Ifwe assume thatallatoms oftheparticleshave thesame thermalvibrational

factorand thattheratioofthatfactortothebulkvibrationalfactoratroom temperatureis

r, we can write:

PfH3(Fe)/H,(O)

P_t_, 3 _ _ q r

where q isthe ratiooftheaveragenumber ofthirdnn forironatoms withina distanceR3 of

thesurfacetothatofthebulkphase,I_isthedistancefroman ironatom toitsthirdnn .

shell,and R istheaverageradiusofthecatalystparticles.Ifwe assume reasonablevalues

forq and r,particlediametersofI0to50 ,_,arecalculatedfromthepeak heightratiosin

Table2. Both q and r couldbe evaluatedempiricallyby XAFS measurementson particlesof

known sizeand Eq. 3 couldthenusedtodeterminetheaveragecatalystparticleradii.This

willbe addressedinfutureworl_
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During liquefaction,theironoxideparticlesarepartiallyorcompletelytransformed

topyrrhotite.Thishas been discussedpreviousl_I_inconnectionwith catalyticspecies

derivedfrom ironpentacarbonyl,which firsttransformstoa mixtureofsuperparamagnetic

ferricoxideand ironcarbide,and subsequentlytopyrrhotite-oxidemixtures.Typical

MSssbauer spectraaresho_n inFigures10. The topspectrumwas obtainedfromtheIOM

takenfrom a coprocessingliquefactionrun usingIllinoisNo.6 coaland Maya ATB withan

Fe_O_/SO_ catalyst.The bottomspectrumwas derivedfromtheIOM ofa run usingWyodak

coalandMaya ATB withan Fe(CO)6catalystprecursor.Allofthepeaks inthetopspectrum

may be assignedtoFeI._S,whilethebottomspectrumshows thatpartoftheironis

containedinFe_._S(40%)and partina superparamagneticferricoxide(60%).While a

systematicstudyremainstobe done,examinationofa number ofsuchsamplesindicates

thatthehighlydispersedferricoxidereadilytransformstopyrrhotiteifsufficientsulfuris

presentinthesystem.

The sizeand structureofthepyrrhotiteparticlesareofgreatinterest,sincethe

presenceofthepyrrhotitephase isassociatedwithhydrogenation.Figure11shows the

RSF's ofpyrrhotitederivedfrom cation-exchangedironinligniteduringliquefactionina

microautoclaveat385 and 427°C (800psigI-Is cold,i hr).Sufficientdimethyldesulfidewas

added toensurethatalloftheferricoxidespeciesproducedby ion-exchangewould be

transformed,ltisseenthattheRSFs ofthecatalystsareverysimilartothatofbulk

pyrrhotite,althoughtheheightoftheironshellpeakrelativetothesulfurpeaksis

somewhat reducedinthecatalystRSFs. Thisreductioninoutershelltoinnershellpeak

heightratiois,however,much lessthanexhibitedby theferricoxideprecursors(Figures7-9

and Table2).Similarly,theMt_ssbauerspectrado notindicatelargechangesinthe

pyrrhotitespectraduringcoolingdue tosuperparamagnetism.These resultssuggestthat

significantpyrrhotiteparticlegrowthhas occurredduringliquefaction_A more thorough

studyoftheextentand kineticsofpyrrhotiteparticlegrowthisplanne&

Summary and Conclusions

A varietyofiron-basedliquefactioncatalystshavebeen investigatedby M_ssbauer

and XAFS spectroscopy.Samples investigatedincludedcoalssubjectedtoan FeCl3

impregnationtreatmentdescribedby Shabtaiand coworkers,c_)a highlydispersedFe203 on

carbonblackcatalyst,c7)irondispersedina ligniteby cationexchange,a sulfatedhematite

catalyst(Fe_Os/SO4"2)preparedby Wender and coworkers,ce_and ironcatalyticspeciesderived

from theseforms and from Fe(CO)6duringliquefaction._ The resultsmay be summarized

brieflyasfollows:
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1. Both MOssbauer and XAFS spectroscopies can determine the structure of the

catalysts and provide information on their size. The M_ssbauer technique is

more accurate but is also a much slower measurement, typically requiring 10-

20 hours, while the XAFS measurement normally requires about 30-60

. minutes.

2. In all cases, the initial as-dispersed or as-prepared catalyst is in the form of a

• highly dispersed ferric oxide or oxyhydroxide.

3. Because of superparamagnetic relaxation effects, the Mt_ssbauer spectra

exhibit a significant increase in the percentage of iron contributing to

magnetic hyperfine patterns as the sample temperature is lowered. These

magnetic hyperfine percentages may be converted into particle size

distributions which indicate that the size of the as-dispersed ferric

oxyhydroxides and oxides range from molecular to particles ~ 20 - 100 ,_ in

diameter.

4. During a mild hydrotreatment, _) the ferric particles produced in the Shabtai

treatment exhibit some growth but no change in atomic structure. During

liquefaction, a part or all of the ferric ox/hydroxide/oxide is converted to

pyrrhotite (Fe_.,S), depending on the amount of sulfur available.

Future characterization work on these similar specimens will include scanning

transmission electron microscopy (STEM) and magnetization studies using a SQID

magnetometer. A detailed study of the kinetics of the transformation and growth of the

initial ferric phase to pyrrhotite is also planned, using an in situ sampling probe in

conjunction with a one liter stirred autoclave reactor.
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Table 2. Summary of peak height information from RSFs. H/H0x is the
ration of the height of the peak from the iron shell to that

of the oxygen nn shell.

.... _ .&, , .,., , ......

Sample Peak Shell Distance H/H0x Coord. No.
No. type (A) (_+0. i) (_+i)i m i ,m

Magnetite, Fe304 3 Fe 2.97 i. 65 8
4 Fe 3.49 1.69 12 -

PSOC 1482, ion ex. 3 Fe 1.00 4.8

0.5M Fe(OOCCH 3)? 4 Fe 1.07 7.6J | • ...i , ,

Hematite, 2-Fe203 3 Fe 2}219788 <2.95> 1.74 1} 4

4 Fe* 3.70 1.27 6

Fe20_SO4 "2 3 Fe 0.91 2.1
4 Fe* 0.70 3.3

Fe203 on carbon 3 Fe 1.03 2.4
black 4 Fe* 0.58 2.7

, m ,. . • .., .

Goethite, o-FeOOH 3 Fe 3.01_ 0.8021

3.22_ <3.28> 2 _ 83.4 4

PSOC 1482, ion ex., 3 Fe 0.43 4.3

0.02 M Fe(OOCCH 3)2
3 Fe <0.2 <2

PSOC 1482, ion ex.,

FeC] 2 3 Fe <0.2 <2

Blind Canyon [FeCl 3 ,_
treated - Shabtai]

•Oxygen neighbor shells also contribute to this peak.

• * Peak nos. 3 & 4 could not be detected.
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Spectroscopic Studies of the Pyrolysis of Organic Sulfur Compounds

(Dennis J. Clouthier)

Sulnmary

Spectroscopic methods for the study of the pyrolysis processes of a variety of organic

sulfur compounds have been developed. Thiophenoxy radicals have been detected directly

by laser induced fluorescence in the pyrolysis products of phenyl disulfide. A pulsed

pyrolysis jet source has been built, tested and proven to be a useful apparatus for producing

pulses of pyrolysis products which are subsequently cooled by supersonic expansion. A

new, precise wavelength calibration method has been developed for use with high resolution

pulsed dye lasers in the 500-350 nm region.

Introduction

The studyofthepyrolyticdegradationoforganicsul£_- compounds has receivedscant

attentionintheliterature,despitetheimportanceofsuchprocessesincoalliquefaction.In

particular,thereactiveintermediatesand transientspeciesinvolvedarelargelyunknown.

We have been attemptingtoapplysensitivespectroscopictechniquestoidentifythe

intermediatessothatdetailedmechanisms canbe explored.Unlikeother approaches,we

directlyprobetheprimaryproductsofthepyrolysisreaction,ratherthan analyzingthe

stablesecondaryproductsand inferringtheinitialeventfrommechanisticconsiderations.

The techniquesusedinthiswork includelaserspectroscopyand a new method we have

developedtermedpyrolysisjetspectroscopy_.The pyrolysisjettechniqueconsistsofdiluting

thevapor ofthecompound ofinterestwitha largeexcessofcarriergas(He,At,N2,H2 etc.),

passingthemixturethrougha heatedzoneand thethenrapidlyexpandingthepyrolysis

productsintoa vacuum chamber througha smallorifice.The expansionproducesextensive

coolingoftheinternaldegreesoffreedomofthepyrolysisproductsand providesa

collision-freeenvironmentsothatreactivespeciescannotcoalescetoformsolidaggregates.

The gaspressuresused (1-10atm.)and thepyrolysistemperaturesattainable(300-1300K)

aresuitableforthe studyofmost organicspecies.The resultingsupercooledgasstreamis

then chemicallycharacterizedby laserspectroscopictechniques.The onlymajorlimitation

ofthetec"hniqueisthatthespeciesbeingprobedmust fluoresceinordertobe detected.

Pulsed PyrolysisJet Spectroscopy

At thebeginningofthisprojectperiodwe setouttodevelopa pulsedpyrolysisjet
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method,analogoustothecontinuousjettechniquewe had been using.The advantagesof

thepulsedmethod arethatitc_u givea largerfluxoftransientspeciesduringthetimethe

laserison,thepumping loadon thevacuum systemismuch lessdue tothelow dutycycle

and theinternalrotation-vibrationcoolingispredictedtobe substantiallybetter.There is

so_,eliteratureprecedentforsucha technique.Chen etal.2used a pulsedvalveand post

expansionpyrolysistoproducepulsesofmethylradicalswhich were detectedby multiphoton

ionizationand mass spectrometry.

We began our attemptstodevelopa pulsedpyrolysisjetapparatusby designinga

systembased on a GeneralV_Ive mini-pulsedvalve.ARer extensiveexperi_ients,we were

forcedtoconcludethatthisvalvedidnotperformaccordingtothemanufacturers

specificationsand was uselessforourpurposes.We thenpurchaseda Newport Corp.model

BV_100 pulsedmolecularbeam valvewhich hasprovenreliable.The apparatuswas

redesignedaroundthisvalve.The majorproblemtobe overcomeinthepulsedpyrolysisjet

systemforlaserinducedfluorescencework istopreventtheglowfromthepyrolysiszone

from reachingthephotomultiplierwhichdetectsthefluorescence.Thishas beenachieved

aftermuch experimentation-A schematicdiagramofthefinaldesignisshown inFigure1.

._hemain body iswaterjacketedtoprotectthebeam valvefromoverheating.The pyrolysis

tubeisa speciallyconstructedquartzpiecewitha flangetoholditinplace.The heaterisa

home builtnichromeelement1.5cm longwitha 1 cm outsidediameter.

Testsofthepulsedpyrolysissystemshow thatitiscapableofproducinghighintensity

pulsesofverycold(10-15K) transientspecieswithhttleheaterglow,goodreproducibility,

and longterm continuousoperation.The pulseintensityand durationcan beprecisely

controlledtomatch therequirementsofa particularexperiment.

Thiophenoxy Radical Spectroscopy

The substantialamount oforganicsulfurbound up incoalinaromaticstructures

motivatedus tolookatthepyrolyticreactionsofphenylsulfidesand disulfides.A literature

searchrevealedthatverylittlework has been doneon thespectroscopicdetectionand

, characterizationofthiophenoxyand substitutedthiophenoxyradicalsinthegas phase.

Some work has been publishedon tryingtoestablishtheroleofArS radicalsi:coal

liquefactionprocesses3.4.

In continuousjete.xperiments,phenyldisulfidewas heatedto340 I_and seededintwo

atmospheresofargon.The mixturewas passedthroughtheheatedzoneand expanded ,nto

vacuum witha residencetimeofaboutIms. At pyrolysistemperaturesof1025K, a

fluorescenceexcitationspectrumofthe thiophenoxyradicalwas obtained.The spectrum
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consists of 10 sharp [eatures in the 490-520 mn region which provide a unique and readily

identifiable fingerprint of the radical. The fluorescence lifetime was found to be within the

time resolution of our detection system, suggesting that it has an upper limit of about 20 ns.

Our results are in good agreement with a recent study in which ultraviolet laser photolysis

was used to produce the radical in a supersonic jet 5. Further experiments on substituted

thiophenoxy radicals have been delayed by equipment failures in our laser and vacuum

systems which are currently being rectified.

Laser Wavelength Calibration System

Many of the transient species we have been studying absorb laser light at wavelengths

shorter than 500 mn. Unfortunately, the standard method of high resolution laser

calibration, using laser induced fluorescence (LIF) reference spectra of iodine vapor, is

limited to the 800-500 nm region in which the iodine spectrum has been accurately

measured e. In order to make further progress on our studies of transient species, it became

necessary to invent a new calibration metho& Our new method has been thoroughly tested

and found to have high precision, good accuracy and likely to be widely applicable. A paper

on the technique has been accepted for publication in the Review of Scientific Instruments 7.

The technique relies on Raman shifting the residual laser beam, after it exits the

experiment, back into the 800-500 nm iodine spectrum region. The weak Stokes shifted

beam can then be used to excite the iodine LIF spectrum and the original wavelength

calculated from precisely known spectroscopic data for hydrogen gas. The apparatus is

shown in Figure 2. The Raman shifter is a simple cylindrical cell filled with hydrogen gas at

100-300 psi pressure. The interaction of the gas with the laser beam causes stimulated

Raman scattering, producing a multitude of new laser beams, shifted to higher and lower

frequencies by multiples of the hydrogen vibrational frequency, 4155 wavenumbers. The

beams are separated by a prism and the one of interest used to excite iodine fluorescence

which provides the calibration spectrum. Tests have proven the method to be aczurate '20

within 0.007 wavenumbers on a variety of transitions.
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Surface Characterization of Coals by XPS

(P.J. Reucroft and J.Y. Kim)

Introduction

X-ray phot_)electxon spectroscopy has been used to study the surface characteristics of

coal samples. The technique provides elemental identification and chemical information

about the outmost 3-4 mn of the exposed surface of a solid. The surface composition of the

coal samples was measured and compared with the results of bulk analysis. A good

correlationwiththebulkanalysiswas obtainedforthetotalcarbonand nitrogenusingXPS

quantitativeanalysis,althoughtheaccuracyoftheXPS determinationsseems tobe lower,in

viewofuncertaintiesindeterminingsensitivityfactors.The surfaceand bulkconcentrations

differinthecaseofsulfur,oxygen,silicon,aluminum and iron.Silicon,aluminum,and

oxygenareenrichedatthesurface,forexample, whileironissurfacedepleted.

Peak deconvoutionwas conductedtoobtaininformationon thechemical

environmentsofelements,suchassulfur,carbonand nitrogen.These resultshave been

compared withmodel compound studiesand goodagreementwas observed.

1. xpenmentalE "

1.1. Materials

Two types of coals, 7 KCER samples and 8 APCSB samples, were used in the surface

characterization studies. The KCER coal samples were obtained from the Kentucky Center

for Energy Research (now Center for Applied Energy Research) Laboratories and are typical

Kentucky coals. The APCSB (Argonne Premium Coal Sample Bank) coals were obtained

from Argonne National Laboratory. The KCER coals had generally been exposed to air and

were thus oxidized.The APCSB coals were stored under nitrogen and showed no significant

degree of oxidation. The powdered coal samples were examined in their as-recieved form

and were subjected to heat pretreatment at 45 °C for 8 hrs to remove volatile materials. All

particlesizeswere lessthan5 tun.Theirultimatechemicalanalysisdataareshown in

Tables1 and 2 (KCER samples)and Tables3 and 4 (APCSB samples).

In theoxidationstudies,an APCSB coalsample(Illinois#6)was uniformly

distributedintrays,withan averagelayerthicknessof1mm. The samplewas oxidizedfor

10 dayswithairatatmosphericpressureand room temperature.Aftertheoxidation

treatmentthesample was keptunder a nitrogenatmosphereuntilanalysis.
1.2 XPS analysis

The powdered samples were mounted on the spectrom_.t_.r nrnho +in _,........ e
..... ac"-_".'",," w. it., L,d,.v .UA,_a,..LA_ U2
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double-sidedadhesiveScotchinsulatingtape.The sampleswere pressedwiththe aidofa

metal spatulaand theexcessthathad notadheredwas tappedoff.To excludethe

possibilityofrecordingcontaminantsassociatedwiththetape,thetapewas alsoanalysed

separately.Itwas foundthattheconstituentsoftapewere notdetectedby XPS, and that

- thephotoionizationsignalsarecharacteristicofthecoalsamplesalone.

The sampleswere examinedby XPS on a KratosXSAM 800 spectrometerusingMg K a

• (1253.6eV)radiation.The spectrometerwas run infixedretardingratio(FRR) mode ata

passenergyof13 KV and 15 mA. Under theseconditions,thefullwidth athalfmaximum

(FWHM) oftheAg (3d_)peak is1.1eV. Spectrawererecordedat< I x 104 torr.

Data acquisitionwas controlledby a SMS 1000(DEC PDP 11/73compatible)micro-

computerwhich was usedforspectralanalysisand quantification.Long dataacquisition

timeswere requiredtoobtainhighqualityspectrawhich would allowresolutionoftheminor

elements.For thesamplesofthelowestsulfurconcentration,t.hisamounted tomore than

19 hrs.ofdataaccumulationinthesulfurpeaksregion.Alldatafortheminor elements

were co_ectedover0.05eV increments.

Radiationdamage tothesamplefrom long-termexposuretothex-raybeam was not

observed.Alibindingenergieswere referredtocarbon(is)at285 eV tocompensatefor

sample charging.Elementalconcentrationswere obtainedfrompeak areasand correctedfor

atomicsensitivityfactors.(O Is 1.73;S 2p 1.59;Si2p 1.30;Al 2p 0.58;N ls 1.49;Cl2p

2.13;Fe 2p 7.28;allrelativetoC ls)

The peak was deconvolutedusinga peak synthesisprocedurewhich employeda

Gaussianlineshape atfixedbindingenergiesdeterminedfrommodel compound studies.1°'n

The datasystempermittedtheintensityofthecomponentsand theirFWHM tobevariedin

ordertoobtainthebestfitbetweenthee.,rperimentaland thesynthesizedspectrum.

2, Results and Discussion

2.1 Surface Compositions

Representative XPS wide-scan spectra for two KCER coal samples are shown in

Figure 1. The spectra show the major elements, carbon and oxygen, as well as the minor
1.

components silicon, aluminum, nitrogen, and sulfur. Other elements, known to be present in

the coal, can in some cases be detected at the surface but only by extending data acquisition

times (4 to 19 hours for each minor element in this study) and degrading resolution to an

unacceptable level.

The binding energies of the carbon ls (C ls), oxygen ls (O ls) and other related

elements show the expected values and sulfur 2p (S 2p) orbit_ e!ec_ons bin.d_.-,.genergy
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values are given in Tables 5 & 6. The carbon and oxygen signals each had one peak, while

the sulfur signal had two small background peaks. The S 2p analysis indicated that two

distinct chemical environments of sulphur exist in the coal samples.

22 SulfurinCoal

The S 2p XPS spectraofbothKCER and APCSB coalsamplesoftenshowed two

peakswitha separationof5.6eV. Thiswas coincidentwitha separationoftheFe 2p _ and

Fe 2p _ peaks by 4 eV. The existenceoftwo chemicallydistinctcompounds,bothcontaining

ironand sulfurwas thusindicated.Figure2 shows thegeneralXPS spectraofsulfur2p

regionfortwo typicalKCER coalsamples.Two sulfurphotolineswere observed.A 170 ±

0.5eV photolinecan be ascribedtotheoxidizedsulfur,organicand inorganic(sulfate).The

peak at 164 ± 0.5 eV corresponds to inorganic sulfide plus the usual organic sulfur forms

present in coal (thiophene, sulfides, .eq mercaptans). _ The binding energy of sulfur 2p in

pyrite is 163.5 eV which is very close to the observed peak at 164 ± 0.5 eV. Thus it appears

that the bulk of the organic sulfur XPS S 2p peaks are overlapped by the pyrite peak, as

described previously. _ Pyritic sulfur is not thought to make a significant contribution to the

observed sulfur peak at 164 ± 0.5 eV in the oxygen exposed coals but is mostly found in the

form of oxidized sulfur (sulfate) at 170 ± 0.5 eV.

Figure 3 shows the general XPS spectra for two typical APCSB coal samples. It is

noteworthy that half of the APCSB coal samples show no evidence for the 170 ± 0.5 eV

sulfate sulfur peak. The sulfate sulfur is also very weak in the rest of the samples (Table 6).

Plots of the ratio of the surface S_ concentration to the bulk S_ concentration versus bulk

S_ concentrationand theratioofthesurfaceS(_ +p_c_concentrationtothebulkS(o_ic.

r_c_concentrationversusbulkS (_ ._c) areshown inFigures4 & 5,respectivelyfor

KCER and APCSB coals.Sulfurwas depletedinthesurfaceregionsintheallcoals.From

Figure3,thepeak correspondingto164 ± 0.5eV was more intenseintheAPCSB cjals,the

reversesituationappearingintheKCER coals(Fig.2).The factthatthesulfatesulfurpeak
m

fortheKCER coalswas more intensethanthesulfatesulfurpeak fortheAPCSB coals

suggestedthattheKCER coalshad been exposedtoatmosphericconditionsfora longtime.
,J

Therefore,thepossibilityofa pyriteoxidationprocessproducinga significantamount of

ferroussulfurisindicated.Thisobservationisinagreementwithpreviouslypublished

results.2_

2.3 The organic sulphur in coal

To determine the amounts of orgamc sul__fi)rpresent in coal, the inorgo,_ui-';cforms are
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firstdeterminedchemicallyand thentheirsum issubtractedfromthetotalsulfurcontentto

yieldtheorganicconcentration.4Thisindirectmethod tendstoaccumulatetheerrorsofthe

otheranalyses,which arenotalways reliable.

lthas been suggestedthatXPS couldbe usedtodeterminetheorganicsulfurinthe

coalsurface.6'sltwas originallyhoped thatorganicsulfurwould have a uniquepeal_

However theorganicsulfurmoietiesareprobablythiol-,thio-ether-,disuphide-,or

• thiophene-typestructures,XPS peaksintheS 2p regionwould thusbe expectedat163 -

165eV region,s'7's

FromFigure 3,no sulfurpeak was foundat169 -171eV inAPCSB coalsamplesthat

had been storedunder nitrogenand itcan be expectedthattheorganicsulfurpeakis

overlappedby thepyriticsulfurpeak at164 ± 0.5eV. Thisoverlapleadstosome difficulty

inobtainingtheexactamount oforganicsulfur.Pyriticsulfurmust be subtractedtoobtain

theorganicsulfuramount fromtheoverlappedpyriticsulfurpeak at164 ± 0.5.Since

completephysicalremovalofthepyritefromthecoalisnormallynotpossible,9chemical

techniquesneedtobe considered.

ltisinterestingtonotefrom Figure6 thattheIllinois#6 coalindicatesa possible

method fordeterntiningorganicsulfurinthe164 ± 0.5eV region.Thissamplewas exposed

tohumid airfor10 days,and thesulfatepeak at170 ± 0.5eV increasedinintensityasthe

sulfidepeak at164 ± 0.5eV decreased.Thisobservationthatthesulfatepeak at170 ± 0.5

eV increasesasthecoalpyriteoxidationincreasesmay providethebasisfora convenient

analysisoforganicsul_6_incoalby 'shifting'thepyriticsulfurpeak to170 ± 0.5eV. The

peakremainingat 164± 0.5eV can thusbe attributedtoorganicsulfur,ltcanbe con

cludedfromFigures3,4 and 5 thatthepyriticsulfurintheKCER coalsampleshad been

alreadyoxidizedby airexposure.The valuesofSco_ __c) fortheKCER coalsamplesin

Table5 can thusbe ascribedtotheapproximatevalueoforganicsulfurexistingon thecoal

surface.

ltispossibletodeconvolutetheorganicsulfur2p peakintothreelineshapeswith

bindingenergycomponentsat164.1eV, 163.3eV and 163.7eV. The resultisshown in

Figure7 forthe I11inois#6 coal.These bindingenergypeakscanbe compared

• withtheresultsforseveralmodel compounds._°'_IThe peakscan be ascribedtothiophenic,

alkylsulfideand pyriticenvironments,respectively,astheresultofsucha comparison.

Estimationofrelativequantificationby peak synthesisgavea 164.1eV:163.3eV:163.7eV

ratioof8:3.4:1witha FWHM of1.7eV. Thisisinagreementwiththeresultsreportedby

Keleman etal._1The resultsshow thatabout2/3ofthesurfaceorganicsulfurexistsina

thiophenicenvironmentand thatorganicsulfuristhepredominantspeciesintheIllinois#6
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coal.

2.4 Oxygen in Coal

The ratio of the surface oxygen concentration to the bulk oxygen concentration versus

bulk oxygen concentration for KCER & APCSB coal samples are presented in Figure 8. XPS

cannot distinguish between the oxygen in mineral matter and organic oxygen. The oxygen

content, measured by XPS, includes a contribution from the mineral components, such as
Si02 and A120_.

The results from Tables 1-4 showed that surface enrichment of oxygen is 2-3 times

higherthan thebulkanalysisofoxygen. EarlierXPS resultsLz,13have alsoindicateda

surfaceenrichmentoftheoxygencontentcompared withthatindicatedby thebulkultimate

analysis.Thiscan most likelybe ascribedtothepresenceofhighconcentrationsofoxygen
groupsalongthefracturesurfacesofcoal.

2.5Carbon inCoal

The averageC lspeak bindingenergywas 285 ± 0.2eV forallsamplesstudied.

Figure9 shows theratioofsurfacecarbonconcentrationtothebulkcarbonconcentration

versusbulkcarbonconcentration.A goodcorrelationbetweensurfaceand bulkanalysisis
observed.

The carbonIspeak was deconvolutedtoobtaininformationaboutthefunctional

group compositions.Accordingtomodel compound studies,_._z"theC ispeak can be

classifiedinto4 major components;hydrocarbonat285 eV,hydroxyloretherat288.6eV,

carbonylat288 eV and carboxylat289.2eV. The resultsofsuchpeak synthesisareshown

inFigure10,fortheKCER 71268 and Wyoming coals,respectively.Carbon lspeak

syn_esisdataarepresentedinTable7, The C lspeak,forthosecoalswitha low amount

ofoxygen,shows a low levelofcarboxyland carbonylfunctionalgroup compositionsinboth

KCER and APCSB coalsamples.ThisisinagreementwiththeresultofClarket

al._2Generallythehydrocarbonpeak at285 eV accountsfor80 ± 4 % ofthetotalcarbon
signal.

2.6 Nitrogen in Coal

Nitrogen showed a single peak for all coals which could be deconvoluted into two

major components at mean binding energies of 400.4 ± 0.2 eV and 398.8 ± 0.2 eV (referenced

to the C Is peak at 285 eV). From earlier papers, la,_e,17these can be ascribed to nitrogen of

the pyrroie- and pyridine- types, respectively. Figure 11 shows the result of peak synthesis
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on a fresh North Dakota coal sample. Nitrogen of the pyrrole type contributes 65 % and

nitrogen of the pyridine type contributes 32 % to the total nitrogen signal. In general, it is

observed that pyrrole- type nitrogen dominates the XPS N ls spectrum of all the coal
samples.

The ratio of the surface nitrogen concentration to the bulk nitrogen concentration

versus bulk nitrogen concentration is shown in Figure 12. A good correlation is observed

. between the surface and bulk concentration for nitrogen. However, according to the earlier

results, 1'1enitrogen was depleted on the surface of coal. This discrepancy can possibly be

ascribed to the variation in the assumed value of the atomic sensitivity factor.

2.7 Iron in Coal

Iron was difficult to detect on most of the APCSB coals and was present only in small

amounts in t_he KCER coals. A comparison between surface versus bulk iron concentration

is given in Tables 1 & 2. A significant amount of surface depletion is observed for iron. On

the basis of earlier work, TM there are two possible explanations for this observation:

1) iron contab3ing particles are surrounded by organic material

2) iron containing particles have a large particle size distribution.

2.8 Silicon and Aluminum in Coal

Figure 13 shows the general narrow scan spectrum of the Si and _ l region for a

typical CER coal sample. Si and A1 have binding energies of 100 ± 0.5 eV and 71 ± 0.5 eV,

respectively. These peaks can be ascribed to silicate and aluminosilicate (clays).

Plots of the ratio of the surface concentration to the bulk concentration versus bulk

concentration for Si and A1 are shown in Figures 14 & 15, respectively for KCER coals. Si

and Al were also observed in the APCSB coals, but further analysis was not possible because

bulk ultimate chemical analysis data for Si and A1 were not available. The analytical data

for APCSB coal samples in Tables 3 and 4 are thus shown on a Si and A1 free basis. The

re3ults indicate a surface enrichment for each element. According to previous results, _ this

may be due either to a degree of preferential cleavage along the mineral rich planes in the

. coal particles or to the presence of fine particles of mineral matter exposing a high external
surface area compared with the organic matter.
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Table 7. Peak Synthesis ofC ls

Sample Hydrocarbon (C-H) Hydroxyl (C-O) Carbonyl (C=O) Carboxyl

KCER 71095 82.9 10.6 4.5 2.0

KCER 1135 77.4 10.4 7.8 4.4

KCER 71258 83.3 13.1 2.5 1.1

KCER 71268 84.1 12.9 2.8 1.2

KCER 71391 83.8 12.7 2.6 0.9

KCER 71156 88.4 10.5 1.1

KCER 6412 82.9 13.3 2.9 0.9

UF 80.4 9.8 6.2 3.6

WY 75.1 8.:3 11.7 4.9

IL 80.3 10.7 5.8 3.2

PH'F 82.2 11.4 5.3 1.4

POC 88.3 10.6 1.1

WV 79.8 11.3 6.6 2.3

ND 71.8 17.6 6.9 3.7

UT 81.3 12.2 4.1 3.4
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Fig. 4 Comparison of surface S_ concenLration
• by .XPS with bulk an_lysis for a range of coals
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Fig. 5 Comparison of sulqacewSS.__%_--tu_Aedysisconcentratlon by XPS
for a range of coals
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Fig. 8 Comparison of surface O. concentration
by XPS with bulk analysxs for a range
of coals
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Fig. 9 Comparison of surface C. concentration
by XPS with bulk analyszs for a range
of coals
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Fig. 12 Comparison of surface N concentration
by XPS with bulk analysis for a range
of coals
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Fig. 14 Comparison of surface Si concentration
by _S with bulk analysis for a range
of KCER coals

1.0
. 0.0 2.0 4.0

Si in Bulk (wt _)

113



Fig. 15 Compe_son of surface AI concentration
by XPS with bulk analysis for a remge
of KCER coals
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Computer Modeling of Vitrinite

(ICR.Subbaswamy)

We startedthecontractyearwitha studyoftheShinnmodel forvitrinite.I A

fragmentofthemodel was studiedby theASED-MO method describedbelow.The

geometry,thevalenceelectrondensity,and bond dissociationenergieswere studied.

- Giventhe complexityofsystemsofinteresttocoalliquefaction,itisverydesirableto

be abletoassessvariouscalculationalmethodsby detailedcomparisonwithexperiments

where possible.The firststepina coalliquefactionprocessisthecleavageofcovalentbonds,

such astheC-C singlebonds inthealkylenelinkagesthatconnectthepolycyclicaromatic

portionsofthecoalstructure.Thermal,uncatalyzedcleavageofthesecovalentlinkages

requirestemperaturessohighthatundesirableretrogradereactions,leadingtothe

formationofhighermolecularweightproducts,aswellaspoorcosteffectiveness,occur.

Therefore,itisofgreatimportancetodevelopenvironmentallynonpollutingand cheaper

catalyststhatallowtheliquefactiontooccuratlowertemperaturesatwhich undesirable

sidereactionsareminimized, ltisdifficultexperimentallytodevelopbond specificcatalysts

throughthestudyofbulkcoalbecauseofitscomplexity.But theinvestigationofmodel

compounds,which containseverBldifferentkindsofrepresentativelinkagesand aromatic

structuresfoundinbulkcoaland arealsosolidsorliquidsundertheconditionsusedforcoal

liquefaction,can more easilyallowdeterminationofactivationenergies,reactionratesand

catalyticbond selectivitythaninbulkcoal.

For any modelingofcoaltobe significant,Rrstitmust be shown thatthemethod

employedinthestudygivesmeanin_ resultsforthemodel compounds forwhich

experimentalresultsareavailable.We, therefore,turnedourattentiontoperforming

quantum chemicalcalculationson 4-(1-naphthyhnethyl)bibenzyl(referredtohereafteras

Model Compound D,studiedrecentlyby Farcasiuand Smith_2 IntheirexperimentsFarcasiu

and Smith demonstratedthebond breakingselectivityofa novelcatalyst,carbonblack(BP

" 2000),and measured kineticreactionratesand bond activationenergiesforcleavageofthe

methyleneand ethylenelinkagesofthecompound.

In section2 thespecificsemi-empiricalmethod we useisdescribed.Section3

containsour resultsforModel Compound I.Inthenextsectionourpreliminaryresultsfora

smallfragmentoftheShinn model arediscussed.

The ASED-M{b Method

Even though computational chemistry has advanced a great deal as a result of
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increasingcomputerpower,thenumber ofatomiccentersand electronsthatcanbe treated

reliablyinan entirelyab initiomanner isratherlimited.Thus,forour purposes

semi-empiricalmethods aretheonlyavenue.There isa plethoraofmethods,eachwithits

own advantagesand disadvantagesand spheresofapplicability.We have startedwithone

ofthesimplestmethods,a variantofHoffmann'sextendedHiickelmethod.3'4

The calculationswere done5withAnderson'sASED-MO method,e.7adaptedforthe

IBM 3090 computerby Onwood 8inan internalcoordinateversion.The one-electron

ASED-MO (atomsuperpositionand electrondelocalizationmolecularorbital)theoryisa

modificationofHofrmnnn'sextendedHtlckelmolecularorbitaltheoryCEHMO) which still

retainsitscomputationalsimplicity,easeofinterpretationofresultsand reasonable

computationaltimeforcalculationson largemolecules.

The EHMO method isusefulforqualitativepredictionsformoleculestoolargetobe

handledby more rigorousand timeintensivemethods. In one oftheearliestEHMO studies,

Ho _f_rn_nncomputed geometricconformations,ionizationenergies,and internalrotational

barriersfora varietyoforganicmolecules._ He foundequilibriumC-C singlebond distances

toolong:and rotationalenergybarriersthatwere toolow compared toexperiment.

However,when bond distanceswere fixedatidealizedvaluessimilartoexperimentally

determinedvalues,Hoffmann foundthatpredictionsofthree-dimensionalconformationand

relativetrends,such asthevariationofionizationenergiesand orderofstabilityina series

ofalkanes,were generallyadequate.

The EHMO method withchargeiterationwas successfullyused fora studyofthe

absorptionofa hydrogenatom inaluminum clusters."I°The method predictedthemost

stableabsorptionsitetobe an off-centertetrahedralsiteadjacenttoan aluminum vacancy,

inagreementwith experimentand withthesemi-infinitejeUium calculationsofLarsenand

NCrskov._IIn thatstudytheAI-Albond distancewas fixedatexperimentalvaluesand

equilibriumAl-IIdistanceswere foundforvarioussitesofpenetrationofthehydrogeninto

the aluminum cluster,bothwithand withoutdefects.Again theEHMO method appearedto

work wellatpredictinggeneraltrends.

The ASED-MO method isan attempttoimprovethebindingenergycurvecalculation

inEHMO theory.There aretwo significantmodifications.The firstone isinthe

Hamiltonianmatrix.IntheASED-MO method,as intheEHMO method,themolecular

orbitalsareexpanded interms ofSlatertypeorbitalsforthevalenceelectrons.The

eigenenergies,E#,and the expansioncoefficientsareobtainedfrom a sohltionofthesecular

equation,
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lH j-EjS jI- 0 (I)

The HamiltonianmatrixH inASED-M0 isdefinedby

Hij = .-VSIE , (2 )

K
Hi_ = "I(Hii+ Hjj)Sijexp (-_Rij). (3 )

The Su's are overlap integrals and are calculated explicitly with Slatertype orbitals (STO).

The valence state ionization energies (VSIE) and the exponents in the STO's are frequently

adjustedslightlyfrom experimentalortheoreticalnorms inordertogivenumbers thatare

incloseragreementwithexperiment.4Note thattheoff-diagonalmatrixelementsin(3)are

differentfrom theusualEHMO formoftheWolfsberg-Helmhohexpressionby theinclusion

oftheexponentialfactor.The constant,K, istakentobe 2.25intheASED-MO version,and

the exponent6 is0.13au"I,R#'sarethedistancesbetweenthevariousatom centersinthe

molecule.The practicaleffectoftheexponentialfactoristoproducea sharperincreasein

thepotentialcurvebetweenany two atoms than thestandardEHMO methods.

The secondmodificationofEHMO intheASED-MO method istheinclusionof

specificpairwiserepulsionterne,derivedfromtheconsiderationoftheHeUman-Feynman

forcetheorem,s Nuclearrepulsionterms,attenuatedby nuclearattractionintegrals,are

includedineachpairwiserepulsiontern_ The attractiontermsarecomputed withclassical

formulae,approximatingthe densitydue top and d electronsby sphericaldistributions.

Electronegativityvalues,whilenotused explicitlyinthecalculations,areusedto

differentiatebetweenatoms ina pairand affectthecalculatedpairwiserepulsionenergyby

selectingtheatom inthepairwhose electrondensityisusedinthenuclearattraction

. integral.Cahaferri,Forssand Kamber m have suggestedan averagingmethod for

calculatingrepulsion,which seems preferabletoAnderson'ssinglecentermethod. The

. averagingmethod has notbeen usedinthepresentcalculations.Inclusionofthetwo

modificationsofAnderson significantlyimprovesthevalidityofEHMO calculations,

especiallyforstudiesinvolvinggeometrychanges.

The ASED-MO method isbestknown foritspredictionsofmolecularstructureand

molecularorbitalionizationenergies.*_Computed bond energiesforlow atomicnumber,

nonmetallichomonuclearsystemsarequitegood. Inheteronuclearsystemsthebond
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energies must be considered to be approximate, but changes in energy due to geometric

distortionsand relativeorderingsofbondingenergiesinsimilarsystemsarebelievedtobe

accurate.14

ASED-MO theoryhas beenused successfullyinsuchdiverseareasas: predicting -

structurepreferenceenergiesforASCO, spinels;15determiningactivationenergiesof

methane on iron,nickeland platinumsurfaces;_6studyingadsorptionofacetyleneand

ethyleneon transitionmetal clusters;17and investigatingsitestabilitiesand vibrational

frequenciesofcarbonmonoxide on nickelsurfacesm. Structureand energypredictionswith

thismethod areusuallysuperiortothoseofothersemi-empiricalmethods,but bond energies

aregenerallystilltoolarge.Therefore,onlytherelativemagn/tudesoftheseenergiesshould

be consideredsignificant.

In theinternalcoordinatemodificationofASED-MO theory,bond lengths,bond

anglesand dihedralanglesofindividualpairsmay be varied,one by one,untila minimum

inthe ASED-MO totalenergyisreached.The inputparameters,i.e.,Slaterexponentsand

VSIE's,usedinthepresentcalculationswere thosegiveninHoffmann'sFORTICON

program and arelistedinTable 1. With theseparameters,theequilibriumdistanceforC-C

singlebonds isfoundtobe 1.72L an over-estimationofabout0.2,_.Attemptstoimprove

thisdistanceby moderateadjustmentsofVSIE'sand STO exponentsledtolesssatisfactory

chargedistributionsand descriptionsofotherbonds. Ultimatelywe decidedtouse the

originalHoffmann parametersand theexperimentaldistancesforbenzeneforthearomatic

portionsofthemoleculeforthecomputations.

Results forModel Compound I

The Model Compound I ofFarcasiuand Smithshas theformula

C,_--ITCI-I_C,H,CI-I_CI--I_C,I-I¢,

with theskeletalstructureshown inF_gureI. Beforebond breakingenergiesforvarious

bonds inthemoleculewere calculated,theASED-MO minimum energyconformationforthe

moleculewas determined.Inthebeginning,an initialgeometricconformationwas assumed

in which all aromatic C-C and C-H bonds were assigned bond lengths of 1.394 A and 1.084 .&

respectively, and C-C-C and C-C-H bond angles of 120 °. These bond lengths and bond angles

were frozen at these values throughout the computations. Aromatic rings were kept planar

throughout also. Ali aliphatic C-H bond lengths were fixed at 1.07/_ and all C-C(sp3)-H bond

angles at 108 °. These bond lengths and bond angles are not necessarily the ASED-MO

theory equilibrium distances and angles. Bond lengths, bond angles and dihedral angles for

all nonaromatic carbon atoms were then allowed to vary, one by one, until the desired
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self-consistent minimum in the ASED-MO total energy and geometry was reached. In

general, bond distances were minimized to ±0.003._, bond angles to ±2°, and dihedral angles

to ±5°. However, it must be remembered that the ASED-MO program used does not

automatically find the "true" minimum energy conformation of the molecule. M_.uimization

_ attempts were terminated when bond breaking energies were not significantly atfected by

further changes in the internal coordinates.

. The res_dt of the above minimization procedure is shown in Figure 2. There appear

to be several conformations, both folded and extended, that are essentially equal to one

another in energy, and differ from one another only in the rotation of the benzene groups

about C-C single bonds. This is not surprising since there are no strong structur_

constraints in the molecule that would prevent fairly free rotation about C-C single bonds.

Rotational energy barriers of 1.5 to 2.5 kcal/mole are calculated for the conversion of one

conformationto another. Carlson TM, using a molecular mechanics minimization program

with a Dreiding force field, found a partially folded conformation to be lowest in energy.

Other conformations were several kilocalor_es higher in energy.

Since the ASED-MO method is a one-electron method and neglects bond correlation

energy and spin completely, dissociation of bonds into free radii'al fragments is not always

observed in the calculation of the potential curve for dissociation as a function of

internuclear separation. Instead, ionic dissociation frequently occurs for unsymmetric

cleavages. To calculate bond breaking energies for dissociation into free radicals, the

ASED-MO energy for each free radical fragment, formed from the bond being broken, must

be computed. The sum of the energy of the free radical fragments is then compared to the

total energy of the parent molecule in its minimum energy conformation. Since no

relaxation of the fragments has been allowed, this energy difference can be taken as an

upper bound to the activation energy for the breaking of the bond under consideration.

The results of the computations of bond activation energies are summarized in Table

2. The bond labels are given in Figure 2. The energies for the extended and folded

" conformations are given in columns 1 and 2, respectively. For the neutral molecule in its

extended conformation and in the absence of the BP 2000 catalyst, symmetric cleavage of the

" bibenzyl bond (bond d) is found, with a bond activation energy of 3.77 eV. Bonds a and b are

the next easiest to break, requiring 0.32 and 0.12 eV more energy, respectively, than for

bon& Bonds c and e require the most energy for cleavage.

The order of the bond activation energies is independent of geometric conformation as

can be seen by comparing the results for the extended vs. the folded conformations. However,

the activation energy for the breaking of bond d from the folded conformation is about 0.1 eV

119



lowerinenergythan fromtheextendedconformation.The energiesforbreakingbonds a

and b areessentiallyunchanged onfoldingand bonds c and e arestabilizedon folding.(See

Tables2 and 3.)Thiscan be explainedby lookingatoverlappopulationsformodel

compound I.The geometryaboutbondsa and b isessentiallyunaffectedby thefolding

process.Therefore,theoverlappopulationbetweenthecarbonatoms inthesebonds and

thusthebond breakingenergiesarevirtuallyunchanged. Inthefoldingprocessthebond

lengthoftheC-C bond ofthebibe_zylportionofthecompound increasesby 0.012_which

leadstoa decreaseintheoverlappopulationand bond breakingenergyforbond d.There are

slightincreasesinthe overlappopulationsofbonds c and e and,therefore,inthe

stabilizationofthesebonds.

Farcasiuand Smithshave studiedthedecompositionreactionsofModel Compound I.

In theabsenceofa hydrogendonorcompound and intheabsenceoftheBP 2000 catalyst,

cleavageofbond d isfavored.Smalleramounts ofproductsfrom thecleavageofbonds a,b

and c arealsofound.Thus, theresultsfrom theASED-MO calculationsareinqualitative

agreementwiththeseexperimentalfindings.

In thepresenceofa hydrogendonor,9,10-dihydrophenanthrene,and withno catalyst

present,bonds a and d arefoundtocleavetoalmostthe same extentand bond b toa limited

extent.2 The decompositionreactionforbond a followsfirstorderkineticswithan activation

energyforcleavageof60 kcal/mol(2.6eV)forbond a. The activ_tionenergyforthecleavage

ofbond d is70 kcal/mol(3.0eV)tuaderthesame conditions.No attempthas yetbeen made

tomodel the effectofa hydrogendonorwiththeASED-MO method.

Thismodel compound has alsobeenstudiedby Meuzelaarand Huai_°withthelow

voltage(12eV)Py-MS method.From mass spectrometrydata,ionsfrom thecleavageofbond

d arefoundtobe themost numerous. There arealsoionspresentfromthecleavageof

bonds b,a and possiblyc,withthosefrombond b beingslightlymore numerous thanthose

frombond a.

Intheabsenceofcatalystand hydrogenatingagent,Farcasiuand Smith_-foundthe

productdistributiontobe about64% from thebreakingofbond d,17% from bond a,3% from

bond b and 16% frombond c. Ifone usesa Boltzmanndistribution

]VI/No= exp(-AglkT) (4)

toestimateprcductdistributionsfrom thecomputedASED-MO energies,thedistribution

predictedat400°C gives88-98% frombond d,0.07-0.4%frombond a,2-11% from bond b and

0.001-0.03%from bond c,dependingon whetherornotthemoleculeisintheextendedor

foldedconformation.In comparingthesetotheexpelimentaldistributions,itshouldbe

remembered thatthelatterareaffectedby kineticsnottakenintoaccountintheASED-MO
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theory. Cur calculations are in closer agreement with the mass spectrometry data than with

the dire_ thermolysis data.

When the catalyst, carbon black (BP 2000), is added to the model compound in the

absence of a hydrogen donor, Farcasiu and Smith 2 find that products resulting from the

cleavage of bond a now predominate, accompsnied by large decreases in products from the

cleavage of bonds d and c. There is an increase in the amount of reactant conversion at a

given temperature in the presence of the catalyst also. In the presence of the hydrogen

donor, bond a is cleaved slmost exclusively, with an activation energy for cleavage between

17 and 25 kcal/mol (i.e., 0.74 to 1.1 eV), depending on the amount of catalyst present. Since

the same preference for bond cleavage is found both in the presence and in the absence of

the hydrogen donor, a mechanism other than a "solvent mediated hydrogenolysis", such as

that proposed by McMiUen, et al. 2_for cleavage of bonds between methyl groups and

polycyclic aromatic radicals in the presence of hydrogen donors, is most likely. One of the

possibilities proposed by Farcasiu _ is the formation of a positive radical ion from the

compound as a result of the catalytic activity of carbon black (BP 2000).

We have examined this proposed mechanism with the ASED-MO method by placing a

+1 charge on Model Compound I. The electron removed comes from the g orbitals of the

naphthyl functional group. This is an expected result since it is known from

UV-photoelectron spectroscopy that naphthalene has a lower first ionization energy (8.15 eV)

than benzene (9.25 eV) or aliphatic carbon atoms (about 12 eV)._ ASED-MO results are also

consistent with this experimental observatioz_ Bond separation energies for the positive

radical ion are calculated as before. No relaxation of the molecule after the removal of the

electron nor relaxation of the fragments after rupture of the bonds has been allowed. The

bond breaking energies are calculated by always placing the +1 charge on the fragment

containing the naphthyl group (see Figure 1). Thus, the energies of the species that occur

after ionization (the positive radical ion and the positively charged fragment containing the

naphthyl group) increase by the energy of the HOMO of the correspon :dragneutral parent.

The other f_.agment is considered to be a free radical. Dissociation energies calculated in

this manner for the poeitive ion are shown in Table 3. Once again, values for both the

• extended and the folded conformations are shewn.

For the positive radical ion, the ASED-MO method predicts that bond lt will be easier

to break than bond d. The activation energies for cleavage of all bonds have also been

lowered, which would lead to greater conversion of reactants at a given temperature. It can

also be seen, in Table 3, that the conformation of the radical ion again does not greatly affect

bond breaking energies and certa/_y not the ordering of the energies.
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As can be seeninTable3,allbonds areeasiertobreakwhen the +1 chargeisplaced

on themolecule,notjastthebonds closesttothenaphthylring.The reasonforthis,inthe

contextofour calculationmay be understoodfrom thefollowingargument.The electron

removed intheformationofthepositiveradicalioncomes fromthehighestoccupied

molecularorbital(HOMO) ofthemodel compound,essentiallycenteredon thenaphthyl

portionofthecompound. Intheionizationprocess,thelargestbond orderchangesoccurin

thevicinityofthenaphthylmoiety.Allbonds thatarenotadjacenttothisnaphthylgroup

arevirtuallyunaffected,ascan be seeninthebond ordersfortheneutralcompound and its

ioninTable4. As a result,the totalenergiesoffragmentsnotcontainingthenaphthyl

portionareunchanged inthetransitionfromtheneutraltothepositiveModel Compound I.
i

With no relaxationallowed,thechangeinbond energyforany bond when goingfrom

dissociationoftheneutralmoleculetothatofthepositiveradicalion,issimplythe

differencebetweentheHOMO energyoftheneutralmodel compound and theHOMO energy

ofthefragmentcon_inlngthenaphthylmoeityafterthebond isbroken.The formeris

alwaysmore negativethan thelatter,thusexplainingwhy thischangeinbond dissociation

energyisnegativeforallbonds inour calculation.

One might then questionwhy theHOMO ofthefragmentcontainingthe naphthyl

moeityshouldchangeas thevariousbonds arecleaved.Thisiseasytounderstandwhen

one notesthatcleavageofbonds b,d and e resultsinthefragmentcontainingthenaphthyl

group havinga terminalalkylradical,whiletheremainingcases(aand c)giveriseto

fragmentscontainingterminalarylradicals.With the computedmolecularorbitalsof

benzeneand thephenylradicaland oftolueneand thebenzylradical,one can examinethe

rearrangementofthe orbitalsafterbreakingoftheC-H bond and formationofthefree

radical.Inbenzeneand toluenetheHOMO's are_ molecularorbitals.Intheradicals,

MO's on thephenylradicaland a MO's centeredon the 431-_groupinthebenzylradical

become HOMO's. The HOMO ofthebenzylradica]islowerinenergythantheHOMO ofthe

phenylradical.Inotherwords,the electronina o HOMO ofan arylradicalisnotas tightly

bound asan electroninthea HOMO ofthealkylradical.A similarobservationisfound

when examiningnaphthalene,1-methylnaphthaleneand therelatedradicals.

An examinationoftheMO's oftheneutralmoleculeshows thatmany oftheenergy

levels,evendeep-lyinglevels,have a mixingofatomicorbitalsfrom allpartsofthemolecule.

Thus,cleavageofany bond leadstoa quitedrasticrearrangementoftheelectrondensity

overthe whole molecule.Thismakes itverydifficulttogivea simpleexplanationas towhy

theorderingofthebond dissociationenergieschangeingoingfrom cleavageoftheneutral

moleculetocleavageofthepositiveradicalion.
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In tha_resence of the catalyst, the product distribution observed by Farcasiu and

Smith is about 34% from bond d, 51% from bond a, 7% from bond b and 8% from bond c.

For the same conditions the present w_rk indicates a distribution of 3-26% from bond d,

73-94% from bond a, 0.7-0.8% from bond b and 0.4-3% from bond c, depending on the

- conformatio_L Again the ASED-MO method predicts the general trends observed ku the

experiment. It should be remembered that the observed product distribution is affected by

- kinetics, which are no_, taken into account in the theory.

Resultsforthe Shinn Model Fragment

A seventy-sixatom fragmentoftheShinnmodelhasbeeninvestigatedthusfarwiththe

ASED-MO method (seeFigure3). A partialgeometricconformationminimizationhas been

carriedoutand bond breakingenergiescomputed.These resultsaresummarized inTable5.

In a departurefrom resultson the model compound, the ASED-MO method predictsan

unsymmetriccleavageoftheethylenelinkageofthe'_ibenzyr'portionofthefragment.Inthe

Shinn fragment,a hydrogen atom on the phenanthreneportionofthe moleculeinteracts

unfavorablywiththeethylenelinkage,creatinga repulsionthatisabsentina truebibenzyl

moiety.Unsymmetric cleavageofbibenzylhasbeen observedinmodel experimentalstudies.

For instance,Buchanan, etal.2(examined the thermolysisofsurfaceimmobilizedbibenzyl

(CsHsCH2Cj"I 5)a processthatmodelsthemore limitedmobilityofgroupsincoal,and observed

a unsymmetriccleavageof-CH2CH_.linkageuponthischangeinlocalenvironment.Therefore,

structure,reactivity,and localenvironmentmay wellbe closelyrelated.

Conclusion

We have used the ASED-MO method to calculatebond dissociationenergiesin a

compound studiedrecentlyas a model forcoalfragments.The method has yieldedresultsin

qualitativeagreement with experimentand appearsto be promisingfor studyingcoal

liquefactionprocesses.Generaltrendsappeartobe reproduced,such asproductdistribution

" comparisons,but not absolutenumbers. The studyof the model compound, as wellas a

fragment of the Shinn model,clearlyshow the interplayof structureand reactivity,and
o

underscoretheimportanceofsuchfundamentalstudiesinthedevelopmentofnovelcatalysts

orprocesses.Furthertestingand improvementsofthemethod areunderway.
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Atom Orbital VSIE Exponent

(eV) au-I
• H ls -13.6 1.300

C 2s -21.4 1.625

2p -11.4 1.625

Table 1: Atomic orbitalparametersused.

Bond Energy (eV)
Extended Folded

a 4.09 4.11
,

b 3.89 3.90

c 4.23 4.35

d 3.77 3.68

e 4.18 4.29

Table 2: Bond breaking energies for Model Compound I in the absence of a

catalyst. The bond labels are shown in Figure 1. The second column is for
the extended conformation, while the last one is for the folded conformation.

Bond Energy (eV)
Extended Folded

a 2.80 2.82
b 3.08 3.09

c 3.01 3.13

d 3.O0 2.88

e 3.40 3.59

Table 3: Bond cleavage energies for Model Compound I after a + 1 charge is

• placed on the molecule. The naphthyl portion retains the +1 charge after

the bond is broken. The bond labels are shown in Figure 1.
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Bond Bond Order Bond Bond Order

Neutral Positive Neutral Positive

1-2 1.0445 1.0738 10-11 0.6264 0.6361

2-3 1.1092 1.0645 11-12 0.6080 0.5978

3-4 1.0322 1.0331 12-13 1.1020 1.1024

4-5 1.0220 1.0221 13-14 1.0718 1.0702

5-6 1.0294 1.0344 14-15 1.1000 1.1003
1-6 1.1091 1.0621 15-16 1.1004 1.1004

4-7 1.0318 1.0308 16-17 1.0712 1.0696
7-8 1.1090 1.0589 15-18 0.6330 0.6321

8-9 1.0416 1.0749 18-19 0.5752 0.5751
9-10 1.1322 1.0773 19-20 0.6231 0.6229
5-10 1.0548 1.0494

Table 4: Bond ordersforbonds in Model Compound I.The firstcolumn is
forthe neutralmolecule,the secondforthe positiveradicalion.The atom

numbers inthe bond designationsareshown in Figure1.

Bond Energy (eV)
a 4.32

b 3.80

c 3.53

Table 5: Bond dissociationenergiesforthe Sbinn model fragment. The
bond labelsareidentifiedin Figure3.
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5 6

2 I

Figure 1: Skeletal structure of Model Compound I. Bonds whose cleavage are considered
in this study are indicated and labeled.
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2a

2b

Figure 2: Three dimensional structure of Model Compound I. The extended conformation

shown in (a) and folded conformation, such as the one in (b), are close in energy.
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HO

3a

3b

Figure 3: Fragment of the shinn model studied in this paper. The cleaved bonds are

indicated and labeled in (a). The three dimensional structure of the fragment of
the Shinn model is shown in (b).
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NOVEL APPROACHES TO CATALYSIS IN COPROCESSING
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TASK H.1 CATALYSIS BY SOLISBLE IRON AND MOLYBDENUIVI PRECURSORS

FOR COPROCESSING OF ARGONNE PRElVIIUM COALS

SUMMARY

The development of improved catalysts for the direct liquefaction of coal is generally

recognized as a promising route towards lowering the cost of producing synthetic liquid fuels

from coal. _ One attempt to improve coal liquefaction catalysis involves the use of soluble

catalyst precursors which decompose under reaction conditions to form very small catalyst

particles. 2 These precursors have the ability to make a high degree of coal-catalyst interaction

possible. 3'4 The use of soluble precursors containing iron has been studied extensively.

Examples of such precursors are ferrocene, ferric acetylacetonate and carbonyl complexes of iron

such as Fe(CO)5,_,8all of which produce highly dispersed liquefaction catalysts. Water-soluble

ammonium molybdate, 7 and oil-soluble molybdenum naphthenate 8 have been found to have

high activity for hydrogenation of coal and production of oils at low concentrations of metal. The

high activity of these catalysts at relatively low concentrations is attributed in part to their high

dispersion. Combinations of iron and molybdenum catalysts have been studied to determine

- the benefits of using the two metals in combination. Garg and Givens, 9 Suzuki and others 5

found that addition of very small amounts of molybdenum to iron results in increased conversion

• of asphaltenes to oils. The presence of sulfur was also found to be important.

We have previously reported 2 reference the extent of dispersion of the catalyst produced

from Fe(CO)s and its relationship with catalyst composition and activiW at various stages of

coprocessing reactions. This report concentrates mainly on the work done using Fe(CO)s for
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coprocessingreactionsemployingthreeArgonne premium coalsofvaryingrank todetermine

ifthecatalystwas effectiveintheconversionofcoalsofdifferentproperties.The effectofadding

verysmallamounts ofmolybdenum precursors(eitherMo(CO)6ormolybdenum naphthenate)

toironwas evaluated.Molybdenum catalystsusuallypossessa strongerhydrogenationability

than do ironcatalysts,but theyare relativelyexpensivecompared toironcatalysts,ltwas

expectedthata combinationofan iron catalystwith a smallamount ofmolybdenum could

achievehighconversionsand oilyieldswithoutexcessivecatalystcost.

RESULTS AND DISCUSSION

The Fe(CO)sprecursorwas usedwiththreecoalsina coprocessingmode todetermine

how theactivityofthiscatalystwas affectedby coalsofdifferentrank.Upper Freeportmedium

volatilebituminous,IllinoisNo.6 high volatilebituminous,and Wyodak-Anderson

subbituminouscoalsfromtheArgonne coalsamplebank wereeachreactedwithMaya ATB at

425 C and 1000psig(cold)H 2.The effectofadding0.5wt% Fe asFe(CO)swas comparedtothe

no-catalystrun ineachcase.The results,shown inTable1,indicatethat,ineachcase,large

increasesinconversionstomethylenechloridesolubleproductswereobtainedwiththiscatalyst.

Table 1. Effectof Coal Type on the ActivityofFe[CO]s as a CatalystPrecursor on
Coprocessing of Coals with Maya ATB at425 C

Fe(CO)s % GAS
Coa__._l wt% Fe Conv. %IOM %Asph %Oils And Losses

Maya ATB ...... 5.8 I_..9 73.4 5.9
only

Upper Freeport 0 -11% 19.7 11.9 61.1 7.3
Medium Volatile 0.5 35% 11.4 19.7 60.3 8.6
Bituminous

Illinois#6 0 33% 10.9 17.2 63.0 8.9

High Volatile 0.5 75% 4.3 22.6 66.5 6.6
Bituminous

Wyodak 0 12% 12.5 14.0 70.4 3.1 -
Subbituminous 0.5 72% 3.9 19.0 71.0 6.1

%Gas calculatedbydifference;Conv.= ConversiontoCH2CI2solubles;20% coal/80°loMaya ATB,
425 C,1000 psiH 2initial;60 rain.,300 ccautoclave
*toCH2C12solubles
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The negativeconversionfoundforthenon-catalyzedUpper Freeportrun was due tothe

lowconversionofcoaltosolubleproductscoupledwithretrogressivereactionsoftheresiduum

toform insolubleproducts.

The activityofsmallamounts (500ppm orless)ofmolybdenum used aloneand with

• Fe(CO)5incoprocessingreactionswas investigated.The effectivenessoftheMo catalystswas

determinedby measuringconversiontomethylenechloridesolubleproducts,theproductslate

producedfromthecoprocessingreactions,andelementalanalysisoftheCHsCI_solubleproducts.

The conversionsand productdistributionsofthecoprocessingreactionscarriedoutatvarious

levelsofFe and Mo areshown inTable2.Theseresultsindicateseveralinterestingeffects.The

activityofMo catalystsproducedfromeithercarbonylornaphthenateprecursorsisquitehigh

evenat500ppm ofMo. BothMo precursorsalsoincreasethepentane-solubleoilyieldoverthat

with the Fe catalystwithoutMo. The resultsofelementalanalysisofmethylenechloride

solublesofthecoprocessingproductfromusingtheFe-Mo precursorsarelistedinTable3.

The effectofsimultaneousadditionofFe(CO)sand Mo(CO)6precursorson coprocessing

gaveconversionsgreaterthanthatofeithercatalystalone,butthebenefitofaddingonecatalyst

isdecreasedathigherconcentrationsoftheother.ThispointisillustratedinFiguresI and 2.

As seeninFigure1, thepointcorrespondingto0.5wt% Fe and 50 ppm Mo givesthehighest

conversionofIllinoisNo.6 to methylenechloridesolubles.This effectwillbe invesuigated ....

further.

Table 2. Coprocessing Reaction Results:IllinoisNo. 6 Coal,
Fe[CO]_ and Mo.precursors

Fe(CO)s Molybdenum
(wt% Fe) Precursor ppm Mo Conv. %IOM %Asl_h %Oils %Gas
0 ...... 0 32.6% 10.9 17.2 62.9 8.9
0 Mo(CO) e 500 76.5% 3.8 20.6 73.4 2.2
0 Mo Naph. 500 71.0% 4.6 18.4 72.6 4.3
0.2 0 52.4% 7.7 16.9 66.2 9.2
0.2 Mo(CO)e 500 83.1% 2.7 21.2 69.5 6.6
0.5 ----- 0 73.7% 4.3 22.6 66.5 6.6
0.5 Mo(CO)e 50 83.3% 2.7 22.7 71.6 3.0

• 0.5 Mo(CO)6 100 80.4% 3.2 20.3 70.9 5.6
0.5 Mo(CO)e 500 85.5% 2.3 21.8 74.3 1.6
0.5 .... 0 73.7% 4.3 22.6 66.5 6.6

" 0.5 Mo naph. 100 77.4% 3.7 20.2 69.4 6.7
0.5 Mo naph. 500 82.7% 2.8 19.3 77.4 0.5

20% Illinois #6 coal (Argonne)/80% Maya ATB,
425 C, 1000 psi H2 initial, 60 rain. batch reaction, 300cc autoclave
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Table 3. Elemental Analyses of CH_CI2 Solubles from
Fe'Mo Catalytic Systems

CI'_C12 Solubles
Fe(CO)s Molybdenum

(wt% Fe) Precursor pl_mMo Conv. (H/C) %.._CC %H %_.NN %__S
O -- 0 32.9% 1.49 83.0 10.30 0.25 3.18 •

0.5 -- 0 73.7% 1.50 83.83 10.45 0.33 3.01
0.5 Mo naph. 500 82.7% 1.52 83.07 10.50 0.40 2.89
0.5 Mo(CO)6 500 85,5% 1.57 82.53 10.79 0.43 2.94 "

Allruns withIllinois#6 Coal,425 C, 1000psigH_ initialpressure
60 minutes,300 ccautoclave,20 wt% coal/80wt% Maya ATB.

X-ray diffractionstudiesand transmissionelectronmicroscopywere carriedout to

determinethe phases presentin the liquefactionresiduesand to characterizetheirsize

distribution.The XRD resultsshowed thatpyrrhotitewas formedfromtheFe(CO)s,but there

was no evidenceoftheformationofMo compounds,probablydue tothelowconcentrationMo

(500ppm).Therewas noevidencethattheMo compounds interferewiththeformationofFe_..S

fromtheironprecursor.TEM/SEM imagesofthemolybdenum onactivatedcarbonrevealedthat

theMo-containingparticleswereverysmall,ontheorderof50,_morless.Figure3 displaysthe

largercarbonsupportdecoratedwithsmallerMo catalystparticles.Energy dispersiveX-ray

analysisconfirmedthatthe smaller,dark particlescontainedmolybdenum, whilethe more

diffusecarbonmatrixdidnot.

CONCLUSIONS

The Fe(CO)5precursorwas effectiveatincreasingtheconversionsofallthreetypesof

coaltestedin coprocessingat 425 C. The use ofIllinoisNo.6 highvolatilebituminousand

Wyodak subbituminouscoalsresultedin conversionsofgreaterthan 70 % using0.5wt% Fe.

The Upper Freeportmedium volatilebituminouscoalhad a lowconversionevenwitha catalyst,

but therewas stilla significantincreaseover the negativeconversionsobtainedwithout

catalyst.Each oftheseconversionsrepresenteda largeincreaseovertheuncatalyzedreaction.

The additionofsmallamounts ofMo fromsolubleprecursorsincreasedconversionswhen used

aloneand withFe(CO)s,butconversionsgreaterthan90% werenotobtained.The effectofthe

Mo catalystwas toincreaseconversionswhilealsoincreasingthehydrogencontentoftheliquid

products.The images ofthe Mo and Fe-Mo catalystsobtainedusingTEM show a highly

dispersedcatalyst,withparticlesizesbelow50 nra.
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Figure I. Coprocessing Conversions vs. Mo Loadings at
Three Fe Loadings for Illinois No. 6 Coal and
Maya ATB at 425"C
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Figure 2. Coprocessing Conversions vs. Fe Loadings at Two Mo

Loadings for Illinois No. 6 Coal and Maya ATB at
425"C
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Figure 3. TEM Image of Mo Catalyst Particles on an Activated
Carbon Support with Toluene as Solvent at 300°C
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TASK H.2 COAL LIQUEFACTION UNDER MILD CONDITIONS

USING TRIFLIC ACID, IODINE, AND THEIR COMBINATION

SUMMARY

The conceptof using a superacidcoaldepolymerizationcatalystwith a balancing

hydrogenation/hydrogenolysisfunctiontopreventretrogressivereactionsformsthebasisofthis

work.In an efficientcoaldissolutionprocess,macromolecularfragmentsofthecoalstructure

shouldbe selectivelycleaved.While thermalcrackingisnon-selectiveand requireselevated

temperatures,catalyticcrackingcan allowtheuse oflesssevereconditions.However,owing

tothewidevarietyofthetypesoflinkagesexistinginthecoalstructure,a singlecatalystmay

notbesufficientlyeffectiveforbond breakageatcriticallinkingpointstoallowforefficientcoal

conversion.Acid catalyzedcoaldepolymerizationisa widelystudiedsubject,i°'lu20lahet

al.2treatedIllinoisNo.6coalwitha superacidsystem(Ho=-16)consistingofHF and BF 3atabout

105 C toobtainover90% pyridineextractability.We chosetostudytheeffectoftriflicacid,a

mildsuperacid(Ho=-14.2),on thehydroliquefactionofcoalwithor withoutsmallamounts of

iodineas a hydrogenationco-catalyst_.

RESULTS AND DISCUSSION

We havepreviouslyreported(atthe1989CFFLS annualmeetingatAuburn University)

theeffectsofdifferentreactionvariablessuchasreactiontimeand reactiontemperaturealong

withtheeffectsofiodineand triflicacidconcentrationon coalconversion.Duringthelastyear,

theeffectsofreactionsolvent,coalrankand hydrogenpressurewere investigated.Tetralinand

toluenewereusedassolventsinthesereactions.As shown inTableI tetralingavea conversion

ofabout80%,whereasa relativelyinertsolvent,toluene,affordeda 66% conversionofWyodak

coal.The asphaltenesyieldfollowedthesame trendastheoverallcoalconversion.Thissupports

theideathatbettercontactbetween thecoaland thecatalystand a strongersolubilization

medium tendtoenhancethe primaryliquefaction(toasphaltenes)withoutgreatlyaffecting

second_,T,(mainlyhydrogenation/hydrogenolysis)pathways togivegasand oils.

Inthecourseofa separateseriesofexperimentswithIllinoisNo.6,methylcyclohexane,

a sourceofhydrideions,was compared withtetralinasa solventusingonlytriflicacid(10%

wt.coal)ascatalystat300 C.The resultsarelistedinTable2.
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Table 1. Effect of Solvent on Wyodak Coal (W-l) in the Presence
of 25 wt% TFA/0.5 wt% Iodine at 300 C and 1000 psig (cold) Hydrogen

Conversions wt%

Solvent .Asphaltenes Oil___ss Gases and Losses Total

None 21 18 10 49
Toluene 36 23 7 66
Tetralin 44 29 6 79

Table 2. Acid Catalyzed Conversion of Argonne Illinois No. 6 Coal a

Pressure % CI-I_Cl_
Expt. No. Solvent b Catalyst Gas_..__ Drop MPa Conv.% Solubles

ILA3 Tet. TFA-0.2g H2 0.94 54 48
R1 MCH TFA-0.2g H2 1.19 68 64
R2 Tet H2SO 4 H2 0.58 42 39

(98%-0.14g)
R3 Tet TFA-0.2g N2 -0.11 35 30
R4 Tet TFA-0.2g H_2 0.71 44 39

(3:7) d
R5 Tet TFA-0.2g (H2)° 1.50 59 52

a. 2 g; 300 C, 1.5 h
b. 8g; Tet=Tetralin; MCH=Methylcyclohexane
c. Total initial pressure (cold, 6.8 MPa (1000 psi), except in R5)
d.Pressureratio
e.10.2MPa (cold)

An appreciableincreasein conversion,from 54 to 68%, was achieved with

methylcyclohe_me indicatingan apparentroleofa hydridedonorand thepredominanceofa

carbocationmechanism which ispromotedby theacid.The effectofcoalrank on theactivityof

triflicacidand iodinecatalystforcoalconversionwas alsodeterminedina separateseriesof

experiments(Figure1).The effectofhydrogenpartialpressureon coalconversionusingthe

triflicacid/iodinecombinationwas studiedby usingdifferentpartialpressuresofhydrogenin

the gas phase atthe beginningofthe reactions.Table2 alsofiststhe resultsobtainedin

reactionscarriedoutwithvaryinghydrogenpressure.The effectof increasingthehydrogen

pressurefrom about6.8MPa to10.2MPa (allcold)has been shown forIllinoisNo.6 coalin

tetralinat 300 C using 10 wt% triflicacidas catalyst.Under nitrogenpressureonlya 35%
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conversion was obtained along with a negative pressure drop probably due to gas produced

during the reaction.

Five alkyl-aromatic compounds containing types of linkages hypothesized to be present

in coal were chosen to study the effect of the triflic acid/iodine catalyst system. They were used

together as well as separately for the hydrogenolysis/hydrocracking reactions of these model

compounds. Diphenylmethane was chosen to represent methylene groups present in coal

between clusters of aromatic rings. Benzyl and phenyl ethers represented ether types of

linkages present in coal. Phenyl sulfide was also studied as a model compound representing a

sulfide linkage in the coal structure.

Triflic acid and iodine were both found to be effective catalysts for model compounds

reactions under mild reaction conditions. Details of the reactions with different model

compounds and catalysts are tabulated in Tables 3 to 7.

TABLE 3. Hydrocracking of Diphenylmethane

Model Compound: 10 g, H2:800 psig., TFA: 0.5 g, I2:0.05 g,
Reaction Time: 60 rain.

Catalyst Temp.,°C % Conversion %Yield,Light Prod. % Yield,Heavy Prod.
None 300 4.3 21.1 78.9
TFA 250 71.6 72.6 27.4
Iodine 300 14.4 42.4 57.6
Both 300 84.8 89.6 10.4

TABLE 4. Hydrocracking of Benzyl Ether

Model Compound' 10 g, I-I2:800 psig., TFA:0.5 g,I2:0.05 g,
Reaction Time: 60 rain.

Catalyst Temp.,°C % Conversion % Yield, Light Prod. % Yield,Heavy Prod.
None 300 16.6 94.1 5.9

' TFA 250 94.2 41.6 58.4
Iodine 300 93.5 54.5 45.5

• Both 300 99.8 97.4 2.6
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TABLE 5. Hydrocracking of Phenyl Sulfide

Model Compound: 10 g, H2:800 psig., TFA:0.5 g,I2:0.05 g,
Reaction Time: 60 rain.

Catalyst Temp.,°C % Conversion % Yield,Light Prod. % Yield, Heavy Prod. •
None 300 4.6 78.8 21.2
TFA 250 36.1 68.9 31.1
Iodine 300 11.4 95.1 4.9 •
Both 300 42.3 94.2 5.8

TABLE 6. Hydrocracking of Phenyl Ether

Model Compound: 10 g, H2:800 psig., TFA:0.5 g,I2:0.05 g,
Reaction Time: 60 rain.

Catalyst Temp.,°C % Conversion % Yield,Light Prod. % Yield,Heavy Prod.
None 300 . 2.55 91.1 8.9
TFA 250 4.32 54.8 45.2
Iodine 300 3.51 78.4 21.6
Both 300 9.88 68.4 31.6

TABLE 7. Hydrocracking of Pyrene

Model Compound: 2 g, Solvent: 4 g,H2:800 psig., TFA:0.5 g,
I2:0.05 g, Reaction Time: 60 rain.

Catalyst Temp. C Solvent % Conversion
None 300 tetralin 3.4
TFA 250 toluene 8.2
Iodine 300 tetralin 45.0
Both 300 toluene 31.0

As indicatedinTable3,hydrogenolysisofdiphenylmethanewas carriedoutat250 C,

intheabsenceofiodineand at300 C,inthepresenceofiodine.Ten grams ofdiphenylmethane •

were treatedwithsmallamounts oftriflicacidand iodine(0.5g and 0.05g respectively)under

800 psigof hydrogen forone hour. Benzene,toluene,and xylenewere among the main

productsidentifiedusingexternalstandards.The conversionsbyweightwere calculatedbased

on the weight percentof theseproductsformed. The area ratiosof the peaks of these

compounds seenongaschromatogramswereproportionaltotheirweightratiosinthemixtures.
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As shown, a thermalreactioncarriedoutintheabsenceofany catalystresultsinverypoor

hydrocrackingof diphenylmethane.Triflicacidaloneisan effectivecrackingCatalyst;it

converted72 percentof diphenylmethaneto products,72% of which were lighterthan

diphenyhnethaneitself.Iodine,on theotherhand,isnotasactivea catalystforthecleavage

• ofmethylenetypeoflinkages,givingonlyabout14percentconversionwhen usedalone.When

both these catalystswere used,a type of synergisticeffectwas observedon the overall

• conversionofdiphenylmethanetovariousproducts.Also,goodselectivitytolighterproducts

was obtained.

Interestingly,resultsinTable4 indicatethatiodineisaseffectivea catalystastrillic

acidinthe crackingofetherlinkagespresentinbenzylether.In allcases,iodineseems to

improveselectivitytolighterproductsoverthevalueufthatobtainedwithonlytriflicacidas

catalyst.Thiscan beexplainedby theideathatiodine,byvirtueofitsabilitytoformradicals,

stabilizesprimaryproductsofthebond-cleavagereactionsbymaking hydrogenatoms available

(iodineitselfmust beundergoinga radicaltypereactionwithmolecularhydrogen).The results

ofphenylsulfidehydrogenolysisshown inTable5 makes thesame pointregardingtherolesof

triflicacidand iodineinconvertingcertaintypesoflinkagesthoughttoexistincoal.Phenyl

etherisfairlyunreactiveunderthereactionconditionsemployedhere,probablyduetodifficulty

intheformationofa phenylcation,making linkagessuchasAr-O-Ardifficulttocleaveunder

thesemildreactionconditionswitheitheriodineortriflicacidasa catalyst.

Pyrene,representativeof a model compound forcoal-derivedpolycyclicaromatic

compounds,when reactedwithiodineinpresenceoftetralin,givesabout45 % conversionto

hydrogenatedderivativesofpyrene.With triflicacidalone,conversionwas small,limitedto

onlyabout7%. However,a 31% conversionwas obtainedwiththecombinationofbothtriflic

acidand iodineintolueneassolvent.Thesereactionsconstituteanexploratoryefforttoidentify

therolesorthefunctionsofthetwo differentcatalysts,iodineand triflicacidincoalliquefaction

reactions.From theresultsofthesereactions,itcanbeinferredthattriflicacidby itselfisnot

a good catalystforhydrogenationofpolycyclicaromaticclusters,whileiodineisan efficient

catalystfor hydrogenationofsuch compounds. Thisobservationsubstantiatesourviewthat

a combined system oftwo or more catalysts,havingdifferentfunctions,couldimprovethe

• efficiencyofcoalconversiontoliquids.

CONCLUSIONS

A catalytic system based on the combination of triflic acid and iodine was found to be
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effective for three types of coal: Illinois No.6, Wyodak, and Pittsburgh seam. Weaker acids

such as p-toluenesulfonic acid and 98% sulfuric acid were less effective than tritlic acid in this

catalytic coal conversion. From the dependence of the product selectivity on the catalytic system

and reaction conditions, and from the elemental analyses of liquids and residues and lH, 13C

NMR measurements,itisconcludedthatthe main functionofthe acidistoenhance coal

depolymerizationtoasphalteneswhilethemain roleofiodineinthecombinedcatalyticsystem

istohydrogenateand hydrocracktheasphaltenestooils.Finally,thecombinedcatalyticsystem

removedmore than50% ofthenitrogenand over90% ofthesulfurfromtheoriginalcoal.Triflic

acidby itselfwas foundtobe a veryefficientdenitrogenationcatalyst.Strongacidsareknown

tobe activeintheremovalofnitrogencompounds frommodel compounds.14
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TASK II_ ON THE COLIQUEFACTION OF COAL WITH LIGNIN

SUMMARY

A short study was made to investigate the possible advantages of the coliquefaction of

• coal and lignin. The main reasons for looking into this subject were: (a) lignin is the second

most abundant polymeric organic product found in nature; (b) native lignin is a complex 3-

. dimensional polymer which contains about 0.3 wt% sulfur and essentially no nitrogen; addition

oflignin(insignificantamounts)incoalliquefactionwould cutdown unwanted emissions;and

(c) lignin-coal coliquefaction may increase distillate yields. A problem immediately became

apparent: not only does the word "lignin" mean different things to different people but the

difficulty and expense of obtaining pure "native" lignin with low sulfur and nitrogen is too great

for an investigation of coliquefaction to be worthwhile. A few experiments (without a catalyst)
were run before the study was halted.

DISCUSSION

First, there is the so-called native lignin_ Although present in large mounts in vascular

plants, it is difficult to separate from the cellulose and hemicelluloses in the plant. Another

material, also called a "lignin," consists of the residues from pulp and paper manufacture; over

22 million tons per year of this material, often termed INDT.TLIN,is available in the U.S. But

this product contains about 2.26 wt% of sulfur and more than 3 wt% of ash.

A third source of"lignin" is part of the residue from the hydrolysis of cellulose to sugars

for fermentation to ethyl alcohol. The Tennessee Valley Authority (TVA) is operating a small

pilot plant providing a by-product residue, supposedly containing large amounts of lignin, from
their process for producing grain alcohol from wood.

When a plant falls, microorganisms attack the cellulose rapidly, leaving the lignin

behind. This has led to a widespread belief that coal is mainly derived from lignin. On this

premise, material from petrified wood has also been used as a type of lignin.

. Coughlin et al._4, on the assumption that the conversion of hardwood lignin did not

change on the addition of Illinois No. 6 coal, obtained results that suggested that the

•coliquefaction of coal and lignin produced an effect greater than a mere additive effect. Lignin

to coal ratios varied from 1:4 to 1:1. It seemed probable that the lignin aided coal liquefaction

sincethebonds inligninarelessstablethanthoseincoalbut inorganicmineralsincoalcould

catalyzetheliquefactionofligninand even radicalsformedfromcoalcouldattackthelignin.
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These workers found that lower temperatures could be used for the depolymerization of coal in

the presence oflignin_ For example, by adding 35g. of Iotech hardwood lignin to 15g. of minois

No. 6 coal and 200 ml. of tetralin with 5g of SiO2/Al_O3 and 36 atm of H2 at 300 C for three

hours, a synergistic effect was claimed. More coal seemed to be liquefied than would be

obtained in the absence of the lignin. These authors suggested that thermal decomposition of

the lignin formed phenoxy radicals which could cause cleavage of aliphatic carbon-carbon bends

in the coal.

Interestingly, these favorable effects on the above (filterable) products were obtained

using lignin at 300 C but did not occur at 350 C; perhaps more extensive polymerization or

radical recombination took piace at 350 C.

In contrast to these results, Rudnick s found that addition ofonly small amounts of lignin

to a subbituminous coal increased the yield of solubles in the product as measured by the

amount of product soluble in THF, with little impact on coal conversio_ Addition of only 1%

of lignin (type unspecified) substantially improved selectivity of the process (427 C, 1000 psi of

I-I2 for 6 minutes) to liquid products. But addition of 10% of lignin had a detrimental effect on

selectivity and a substantial negative effect on the conversion of the coal (Belle Ayr

subbituminous).

It is important that lignin, in ali cases, be added as such; lignin that has first been

converted to liquids and then added to coal does not show any so-called synergistic effects. This

seems at variance with the idea that phenoxy radicals aid in coal conversion for the

hydrogenation/hydrocracking of lignin yields liquids with high contents of phenols.

Kruse and Knudson 6 are studying the use of lignin obtained from the TVA process to

provide phenolics for solvent balance in the ChemCoal Process tested at _ University of North

Dakota Energy and Environmental Research Center mainly on western low rank coals. This

coal liquefaction process uses phenolic solvents (here supposedly provided partly from the lignin

in the presence of carbon monoxide and aqueous sodium ions at 340-350 c and 1800 to 2000

psig.

We have carried out a few reactions of Wyodak coal and Iotech (native) lignin in the

absence of an added catalyst. The yield of pentane solubles (oils) was increased at a 1:1 lignin-

coal ratio at 300 C but there was no significant effect at higher temperatures (Figure 1). There

also was no significant effect on the yield of CI-I2C1_ solubles (Figure 2).
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Subtask III.l: Chemical Routes to Breaking Bonds: New Approaches to

Low Temperature Liquefaction (John H. Penn, Chemistry

Dep_wtment)

Duringth_pastyear,we havecompletedour evaluationoftheabilitiesofquinonesto

enhanceTHF extractabilityoffivedifferentcoals.These quinonesincludebenzoquinone(BQ)

and 2,3-dichloro-5,6-dicyanoquinone(DDQ). Inadditiontoevaluatingthepotentialofquinones

toenhanceextractability,we havealsoexploredtheuseofthecounterpartofbenzoquinone,(i.e.,

dihydroquinone,DHQ) foritscapabilitiestoinduceenhancedextractabilityorliquefaction.The

resultsofthesestudiesshow thatBQ enchancesliquefactionforonlyone coaloutofthefive

coalstested,while,in contrast,DHQ givesdramaticallyenhanced extractabilityat low

temperaturesforallfivecoalsusedinthisstudy.

Resultsand Discussion

- GeneralMethodolok-y

Our generalmethodologyforevaluatingtheeffectofa givenreagenton coalhas been

•describedinpreviousreports.A solutionofthecoal(ca.0.3g)and thedesiredreagent(ca.0.3g)

in!0.0mL offreshlydistilledacetonitrile(fromCall2)aredegassedby threefreeze-pump-thaw

degassingcyclestoremove oxygenfromthesample.The glasstubeissealedby a flameand

insertedintoa steeltubingbomb reactor.The excessvolumeofthetubingbomb reactorisfilled

with acetonitrileforequilizationofthe pressureinternaland externaltothe glassampule.

Aftersealing,thecontainerisplacedinan oilbathatthe indicatedtemperature.Afterthe
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indicatedlengthoftime,thesample isremoved from the oilbath and placedin a Soxhlet

extractorfor24 hours withTHF as the solvent.The weightsofthe residueinthe Soxhlet

extractorand the THF extractsare determinedto examine the mass balance. Control

experimentsshowed thatBQ and DHQ can be quantitativelyrecoveredin theTHF extract,

whileonly45% oftheDDQ isTHF extractableunder thereactionconditions.

The liquidenhancementsaredefinedasshown ineq.1. In thisequation,L.E.isthe

liquidenhancement,THF°,_ istheweightoftheTHF extractwhen thecoaland thereagent

areallowedtoreacttogether,THF_ and THFs aretheweightsoftheTHF extractforcoaland

the reagentalone,respectively,and Wgt_o_ isthe startingweightofthe coalsample. The

THF_ runs were determinedunder thereactionconditionsand aregiveninTable1.

THF._ -(THF_ + THF R)
L.E. = X 100%

Wgt_

.BQ-EnhancedLiquefactionofCoal

We have previouslyshown thatBQ willenhancetheamount ofTHF extractablesfrom

Bakerstowncoal[1].Duringthecurrentcontractyeartheseresultshave beenreproducedby

additionalco-workersand exhaustivelytested.As seeninTable 2,the amount ofBQ used

relativetothe amount ofcoalplaysa largerolein determiningthe THF extractableyield.

When usingsmallamounts ofBQ relativetotheamount ofcoal(i.e.,coal/BQratio= 3),a 45%

enhancement oftheTHF extractableyieldswas obtainedrelativetothesituationwhen no BQ

isaddedtotheBakerstowncoal.Interestingly,astheratioofBQ tocoalisincreased,theliquid

enhancementsgodown. Forexample,a 1:1weightratioofBQ tocoalresultsina ca.30% liquid

enhancementwhilea BQ tocoalratioof2 givesonlya 7% liquidenhancement.The same trend

isobservedforSewellcoalinwhich increasingtheamount ofBQ relativetotheweightofthe

coalresultsin decreasedTHF extractableyields.However, inthe caseofSeweU coal,the

additionofBQ resultsina decreaseintheTHF extractableyieldsrelativetothatobtainedfor

theextractionofthecoalitself.

The findingthat small amounts of BQ givelargeTHF extractableenhancement

encouragedus toexamine the potential ofBQ toactasa catalystforenhancingliquidyieldsin .

a variety of coals selected to represent a variety of ranks. However, we found that BQ was

unable to enhance the THF extractable yield for any of the other coals selected for this study.

In fact, use of 1:1 weight ratios of BQ to the coal resulted in negative enhancements (i.e., the

yield of THF extractables was less than observed for just the coal itself). The observation of

positive liquefaction enhancements for Bakerstown coal may suggest that BQ is useful for coals

which do not depolymerize well by themselves.

A further observation is that the enhancement in THF extractable yields is greatest for
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smaller amounts of BQ relative to the coal. Since the amount of the liquid enhancement is

greatest at the lowest concentration, we believe that BQ does indeed have some catalytic effect

which is operative in all coals. However, the negative enhancement of the THF extractable

yields for the majority of coals indicates that BQ may actually play a negative role in enhancing

THF extractable yields and counterbalance the beneficial effects of BQ in higher rank coal.

Therefore, BQ seems to be ruled out as a reagent for enhancing commercially useful coal

liquefaction.

DDQ Enhanced Liquefaction:

A second quinone was evaluated for its potential to enhance the THF extractable yield

in coal. This quinone was DDQ and it was selected for evaluation purposes because it gave the

fastest rates of bond cleavag_ reactions for a series ofbenzylic ethers [2]. However, in contrast

to the BQ enhanced liqufaction, as can be seen in Table 2, the experiments with DDQ lead to

a marked decrease in the amount ofTHF extractables. Presumably, this decrease results from

enhanced dehydrogenation, which is well known to be enhanced by DDQ. This result led to

abandonment of DDQ as a liquefaction reagent.

DHQ Enhanced Liquefaction

Studies on the dihydroquinone enhanced liquefaction were undertaken because of the

early initial success in the BQ enhanced liqufaction of Bakerstown coal. The DHQ molecule is

the reduced form of BQ, containing one molecule of hydrogen for each molecule of BQ. This

extra molecule of hydrogen has the potential to allow DHQ to react in a fashion similar to

known hydrogen-donor solvents (e.g., tretralin). The strategy of using DHQ has the potential

advantage that the BQ formed in the reaction may act synergistically by inducing further bond

cleavage or depolymerizations than can be obtained by using hydrogen-donor solvents.

This strategy has been found to be amazingly effective as seen in Table 2. DHQ induces

a dramatic enhancement of liquid yields for ali five coals in this study. In fact, the lowest

enhancement observed here is with Sewell coal where the enhancement in THF extractables is

only 33%. The maximum enhancement is for Bakerstown Coal where a ca. 66% enhancement

is observed. These results are particularly significant when it is considered that the

• depolymerization reactions are occurring at the relatively mild temperature of 200°C. Although

the reaction times are still somewhat long (48 hours), the low temperature pathway gives great

promise for novel low temperature liquefaction conditions.

Discussion

The results presented here allow several conclusions concerning the BQ induced
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enhanced liquefaction to be made. First, maleic anhydride (MA) has been shown to be an

effective liquefaction reagent by breaking of pi stacking interactions in the coal. Since MA has

been shown to be an effective liquefaction reagent, then BQ should behave somewhat similarly

since MA is known to react only slightly faster than BQ in model compound reactions. Since BQ

functions very poorly as a liquefaction reagent and, in fact, acts better in lower concentrations,

it is unlikely that BQ acts to break up pi stacking interactions through Diels-Alder reactions

with the coal. Therefore, the role of BQ must be as a hydrogen atom donor.

A second result which can be determined from the results described above is that DHQ

serves as an excellent liquefaction reagent at very low temperatures. DHQ gives remarkable

liquid enhancements, presumably through hydrogen donation. Experiments are currently

underway to verify that BQ is formed in these reactions and would indicate that the enhanced

liquefaction is due to the hydrogen donation mechanism.

Table 1

Coa_._._l CoalRank % % THF Number of
Extractable Experiments

Bakerstown 19.9( )
Sewell 26.2(1.1) 2

Pittsburgh#8 High VolatileBituminous 34.4(3.0) 4
Utah BlindCanyon High VolatileBituminous 31.0(1.1) 4
North Dakota Beulah Lignite 72.5(3.8) 4
Zap
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Table 2

Coal Coal/ Reagent Liquid Temp Time Mass Number of

Reagent Enhancement (°C) (h) Balance Experiments

Ratio

Bakerstown 0.5 BQ 7.1 (3.8) 200 48 106(3.5) 3

1 BQ 29.6 (0.8) 200 48 112(14) 3

1 BQ 14.6 (4.9) 200 24 111(1) 4

3 BQ 45.2 (2.4) 200 48 120(5.7) 4

1 DHQ 65.9 (3.2) 200 48 138(2.8) 2

SeweU 0.5 BQ -40.3 (4.9) 200 48 125(5.8) 4

1 BQ -21.6 (8.7) 200 48 130(5.1) 4

3 BQ - 7.8 (1.7) 200 48 123(7.9) 4

1 DHQ 32.3 (4.2) 200 48 128(2) 2

Pittsburgh #8 1 BQ -27.7 (3.5) 200 48 124(2.5) 4

1 DDQ -91.7 (2.9) 200 48 136(2) 2

1 DHQ 41.8 (8.4) 200 48 132(4.1) 3

Blind Canyon 1 BQ - 8.6 (3.0) 200 48 130(5.5) 4

1 DHQ 45.5 (4.6) 200 48 130(2.8) 2

North Dakota I BQ -12.7 (5.1) 200 48 127(1) 2

. Beulah-Zap
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Subtask III.2: Role of Free Radicals and Catalysis-active Sites in Coal

Liquefaction (Naresh Dalai and Jeffrey P. DeLooze, Department

of Chemistry)

Summary

The lack of information about the chemical structure of coal-based radicals has been

a major obstacle in the understanding of the structural-chemical reactivity relationship. Our

past research has indicated that the electron nuclear double resonance (ENDOR) technique has

- the potential of providing the most accurate structural information on the coal-based radicals.

Unfortunately, the sensitivity of the best available ENDOR instrumentation was too low for

liquefaction Studies. During the current year, however, we have developed an ENDOR probe

which yields an increase in the sensitivity of the technique that enables us to investigate the

structural-chemical reactivity patterns of coal-based free radicals under mild conditions suitable

for liquefaction. We have used this methodology to examine chemically characterized Illinois

#6 at temperatures up to 200°C. A methodology was developed for the analysis of the resulting

ENDOR signals in which three different types of protons were identified. Analyses were also

performed on the temperature dependence of the ENDOR signal intensity. Efforts are currently

being made to enhance the measurement methodology's sensitivity above 200°C.

Introduction

Itiswellestablishedthatfreeradicalsmust playa dominantroleincoalliquefaction.

Thus, a detailedunderstandingofthe reactionmechanism(s)ofthe freeradicalsin coalis

thoughtto be essentialforthe furtherimprovement in the efficiencyofcoalliquefaction.

However, a lackofknowledgeconcerningthe chemicalstructure(s)ofthesesame coal-based

radicalshasbeen a majorhinderanceinthedevelopmentofthepossiblereactionmechanism(s)

and,hence,an impedimenttotheimprovementofliquefactiontechnology.The difficultyinthis

aspecthas been thatthe structure(s)ofthe radicalsis(are)complexand,hence,standard

methods ofradicalstructuredetermination,such as ESR, are not adequate. Our working

hypothesishasbeenthatthehighresolutionpossiblewiththeelectronnucleardoubleresonance

(ENDOR) techniquewould enableustoprovidethemuch neededstructuralinformationonthe

radicals.

CommerciallyavailableENDOR instrumentationdoesnotprovidethesensitivityfor

therequiredmeasurementsattemperaturesofinteresttocoalliquefactionscientists.Thus,our

firsttaskwas thedevelopmentofa new probethatwould enableustomake measurementsat

200°Cand higher.We havedevelopedsucha probe,as describedinour firstquarterlyreport

thisyear,and the resultsobtainedwithitin thestudiesofIllinois#6 coalaresummarized

below.Illinois#6 was chosenbecauseithasbeenacceptedbymany researchersasa modelcoal
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for liquefaction studies. Thus, it is possible to obtain large amounts of uniformly processed coal

along with a detailed analysis of the chemical constituents of each sample.

Experimental Results

The ENDOR measurements were made with a Bruker ER-200-D ENDOR

spectrometer,usingan ENDOR probedesignedinourlaboratory,as describedinour earlier

report.The ENDOR spectrallineshapewas found tobe quitesensitivetotheinstrumental

parameters as well as sample preparation. A most important factor was the removal of oxygen

fromthesampleviaevacuation:thelowertheoverallpressureinthesampletube,thestronger

became the ENDOR signals, especially those corresponding to the larger couplings. In order to

findtheexperimcn_alparameterswhich would leadtotheoptimum signal-to-noiseratio,we

carriedoutsystematicENDOR measurementson thenlinois#6 coal,byvaryingthemicrowave

power,radiofrequency(rf)power,and sampletemperature.

The criticalparametersforobtainingmaximum signaitonoiseratiointhe ENDOR

responsefromthe Illinois#6 coalaboveroom temperaturewere asfollows:
'i,, ' f "' ,

microwavepower: 13

rfpower: 95 W

FM depth: 200 kHz

scanrange: 10 -35 MHz

temperature- 150 K

magnetic field: 3,385 G
i li i i

lock-in phase: 0/90 °
i ,i H i H

timeconstant: 100ms

Figurei isa typicalplotoftheENDOR spectrumofprotonsinan Arkwright,West

V-trginia,coalasreportedearlier[1]withtheoriginal,non-optimizedprobeunderthepreviously

statedoperatingparameters.The spectrum shows quitehigh baselinenoiseand a poor

signal-to-noiseratio.Figure2 showsa typicalENDOR spectrumoftheIllinois#6 coal,obtained

withthenew probe;thegreatlyreducednoiseleveland,hence,themuch highersignal-to-noise

ratioisreadilyapparent.The improvementinthesignal-to-noiseratiowas foundtobe atleast

a factorof200. Thisimprovementinsignal-to-noisealsomade itpossibletoobtainstillhigher

spectralresolutionviasecondharmonicdetection,asdemonstratedby thelowerplotinFigure

2. Figure3 isan expanded scaleview ofthe optimizedspectrain Figure2. Note thatthe

apparentdiscrepanciesinthemeasuredENDOR frequenciesisduetothere-tuningofthecavity

foroptimum response.
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Figure 4 shows typical ENDOR spectra of Illinois #6 as a function of temperature.

It can be clearly seen that the new probe allows not only for a significant improvement in the

room temperature signal, but also provides spectra at previously unheard of temperatures

higher than that ever achieved before. Figure 5 shows a plot of the intensity of the ENDOR

response as a function of temperature, lt is clearly seen that the ENDOR intensity drops as a

near-quadratic power function above room temperature to the point that the signals become

undetectable above -425 K (-150°C).

Analysis Procedure

The measured ENDOR frequencies, _, were analyzed in terms of the corresponding

hyperfine coupling, _, via the following effective spin Hamiltonian [2,3]:

- go,old.i. (1)
where <S> is the effective electron spin; I, the electron spin; l_I,the applied magnetic field; and

gol_o, the magnetic moment of the nucleus under consideration, in this case, protons. The

general solution of equation (1) will give the energy levels as a function of the applied magnetic

field I_Iand the properties of the hyperfine coupling tensor, A__. The ENDOR transitions are

then given by the differences in the energy levels, with the selection rules Am, = 0, AmI = ±1,

where m, and m I are the electronic and nuclear spin quantum numbers. In the high-field

approximation, i.e., when I=I> AH (in Gauss), and along the principal directions, the ENDOR

transition frequencies, _)z,are related to A__and t:I via:

_)E= A_42 + g°l]nH (2)

For the spectrum shown in Figure 3, gnl3oI:Iwas equal to 14.492 MHz, and thus equation (2)

provides a direct method of calculating hyperfine couplings from the measured ENDOR

frequencies.

The hyperfine couplings calculated via equation (2) are listed in Table 1. It is clear

that the ENDOR measurements show that there are essentially three types of protons in the

struct-_ re of the free radicals in Illinois #6 coal. The majority of the protons, labeled #1 in the

table (ref. Figure 3), exhibit no measurable isotropic hyperfine coupling with the unpaired

electron_ These protons are assigned to the coal matrix, although some of these might belong

to the radical itself but located at positions of negligible spin density. The second set of protons,

• labeled #2, exhibits a coupling of about 3 MHz. The third set of protons (labled #3) exhibits the

largest hyperfine coupling (-10.6 MHz).

The above results indicate that the free radicals imbedded in the matrix of the Illinois

#6 coal are essentially highly delocalized aromatic structures: protons of type #3 being located

at the positions of high spin density, i.e. ortho- to the free electron center. Protons of type #2

might be located at either the meta- or para- positions.
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Theoretical Model

While exact details of the model explaining the rapid decrease in the ENDOR

intensity upon heating the Illinois #6 coal have not yet been worked out, it is well established

[3] that the ENDOR response is determined by an effective electron-nuclear spin-lattice

relaxation time (T_,). In general, one then sees that the temperature dependence of the ENDOR

signals simply reflects the decrease in T_.. For simple model compounds, T_. is a sensitive

function of the molecular motion of the radical, given by the autocorrelation function, J(a_), as:

(TI)"l" BIJ(0OL),where (3) .

J((0L) = 2/_(1 + 0oLaf_) (4)

= _oexp(F-_sT) (5)

Where __ is the correlation time for the relevant molecular motion, _ the

pre-exponential factor, and E the activation energy. From these relationships, it is seen that

TI° will decrease rapidly with increase in temperature when (oL2_ < 1 (i.e., fast motion limit).

We are now carrying out a detailed analysis of the temperature dependence of the

ENDOR intensity as shown in Figure 4 as assuming different values for _o and E. A

satisfactory set of these parameters fitting the data in Figure 4 will provide us with further

insight into the chemical structure and, more importantly, the relevant molecular motions in

the radical entities in the Illinois #6 coal, and in all probability, in other coals.

Table 1: Proton ENDOR transition frequencies, _)_ and hyperfine couplings, AH, for
the free radicals in Illinois # 6 Coal.

Proton # _)_VIHz _°/MHz Assignment

1 14.448 (two) 0.0 coal matrix

2 15.448 2.87 meta-, para-

3 19.765 10.63 ortho-, para-
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SubTask ITI.3: Kinetics of Coal Hydrogenation and Cracking with Lewis

Acids (MohindarS.Seehraand Manjula M. Ibrahim,

PhysicsDepartment)

Objectives

The objectivesofthisresearchwere toinvestigatetheeffectofLewis acids(ZnCl2,

ZnBr_,_L_...)on the crackingand hydrogenationof coals,with particularattentionto

temperaturesbelow300°C,sincetheearlierstudieswerelimitedtohighertemperatures.The

• proposalincludedtheuseofin-situESR (electronspinresonance)spectroscopyoffreeradicals

generatedincrackingand theuse ofTG/DTG (thermogravimetry/differentialthermo-

gravimetry)formeastLdngthemass lossand rateconstants.

Summary ofResults

Our measurements show thatattemperaturesas low as 150 to175°C,zinchalides

promoteapproximatelya 30% mass lossdue toreleaseofvolatiles.A correspondingincrease

inthefreeradicaldensityisobservedfromESR spectroscopyinflowingnitrogengas.These

observationsareinterpretedintermsofcoalcrackingcatalyzedby thezinchalides.The effect

of_ gas istolowerthe freeradicaldensity,presumablybecauseofquenchingofthe free

radical.The practicalimplicationsoftheseresultsarethatsignificantliquefactionofcoalsat

theselowtemperaturesmay be possibleand thatatthesetemperatures,thecorrosivenature

of zinchalidesmay not pose as severea practicalproblem as encounteredat higher

temperatures.

Introduction

One ofthe thrustareasofresearchinthe directliquefactionofcoalsistofreda

suitablecatalystora combinationofcatalyststoeffectconversionunder milderconditionsof

temperatureand pressure.LewisacidsI=and inparticularzinchalides3havebeenusedastest

catalystsforloweringthe operatingconditionsand toincreaseproductselectivity.Struckand

Zielke3 reviewedthe statusofzincchlorideas a catalystforcoalliquefactioninbench scale

experiments.These experimentsshowed thatwhen used in1:1coaltozincchlorideratio,it

yieldedsuperiorproductdistributionand selectivity.These experimentswere doneat420°C

and 17.3MPa hydrogenpressure.Thereareanumber ofotherstudiesavailableonthecatalytic

activityofzinchalidesincoalliquefactionand invariousmodel compounds.3_ However these

studieswere done eitherathighpressuresofhydrogenor attemperaturesabove300°C. A

disadvantageofreactingcoalatelevatedtemperatures(besidesadditionalcosts)isthatthermal

cracking makes substantial contributions to the reaction and there is a loss of full catalytic

control and with it the gains in selectivity it can offer. On the other hand, at lower
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temperatures,a good balanceofhydrogenationand crackingcan be achievedto getbetter

products._ Hence itisimportanttofindwhetherzinchalideshave any crackingactivityat

lowertemperatures.

Here,we reportsubstantialcatalyticcrackingofcoalswithzinchalidesattemperatures

below 200°C. The evidenceofthe low temperaturecrackingwith zinchalidesisobtainedby

usingthermogravimetric(TG)and in-situelectronspinresonance(ESR)experiments.We have

observedsubstantialmass lossbelow 200°C when a coalismixed with a zinchalide(ZnCl_,

ZnBr2,Znls).Inadditionwe observegenerationofadditionalfreeradicalsattemperatureusing

in-situESR spectroscopy.Theseobservationsarestrongevidencesofcatalyticcrackingofcoals

by zinchalides,attemperatureas low as 150°C,sinceinour recentexperimentss we have

reporteda strongcorrelationoftheliquefactionyieldofcoalswiththerateofmass lossinTG

experimentsand to a lesserextentwith the thermallygeneratedfreeradicals.Also we

demonstratethatthe effectofhydrogen istolowerthe densityoffreeradicals,perhapsby

quenching.Resultsoftheseexperimentsarepresentedbelow.

Experimental Section

The coalsused inourexperimentsarethesame asused inourrecentexperimentson

liquefactionand TG/ESR experiments.They arefrom Kentucky mines and theirproximate,

ultimateand petrographicanalysesare givenin Ref.8. In Table I,some ofthe important

featuresofthesecoalsarelistedtoaidcomprehensionofthisreport.The halides,viz.ZnCl2,

ZnBr2 and ZnIs,were obtainedfrom AlfaProducts.The coalsand the halides,taken inthe

appropriateratios,were dry-mixedina mortar.TG measurementswerecarriedoutinaMettler

system,Model TA3000,usingI0mg ofthesample,heatingrateof10°C/rainand a gasflowrate

of100 cm31min.

ESR experimentswerecarriedoutatX band (9GHz) frequenciesusinga reflection-type

spectrometerwith a TEIos mode cavity.Detailsofthe experimentalproceduresforin-situ

measurements to600_Cand forcalculationsofthefreeradicaldensity,N, have beenreported

previously,a11Allourearliermeasurementsa_ were carriedouton --_nplesthatwerevacuum

sealedinESR tubes.To carryouttheexperimentsina flowinggas,theflowchambershown

inFig.i was used. ESR measurementswere donefromambienttemperaturesup to450°Cin

thepresenceofnitrogenorhydrogengasattheflowrateof10 cm3/min.

Experimental Results

The changesintheweightsofzinchalides,and coalF mixed withzinchalidesinthe

ratio1:1as a functionoftemperatureand under theflowofnitrogengas areshown inFig.2.

ZnCl_and ZnBr2 arequitestablefortemperaturesup to500°C whereasZnl2shows a rapid
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weight loss above 350°C probably because of thermal decomposition. The small losses observed

for ZnCI_ and for ZnBr2 below 350°C are probably due to the release of adsorbed water. These

lossesaretakenintoconsiderationwhen calculatingtheweight!vssofcoalinthepresenceof

a halide.

InFig.2,we alsoshow theweightlossofa coalF (aftercorrectingfortheweightlossof

. thehalide)when mixed withZnCls,ZnBr2and _. Between 20and 30% oftheweightislost,

presumablybecauseofthereleaseofvolatiles.

. To demonstratethatthe phenomenon ofweightlossin coalF below 200°C in the

presenceofhalidesisnotrestrictedtoone coalonly,we alsocarriedoutexperimentswiththe

remainingthreecoalsofTable 1.The resultsusingZnCl_areshown inFig.3. Althoughthe

weightlossand thetemperatureatwhichthefirststageoftheweightlossiscompletedvaries

slightlyfromcoaltocoal,theobservationsarequalitativelysimilarinallcoals.The weightloss

occurringabove350°Cisprobablydue tothermalcrackingasitisalsoobservedincoalswithout

thepresenceofzinchalides.

To measure the effectofhalideloadingon the weightloss,we show in Fig.4 the

remainingweightofcoalC as a functionoftemperaturefordifferentloadingsofZnCl_.[The

percentageloadingisdefinedas(weightofZnCl_/weightofcoal)x I00].The weightlossofcoal

at 175°C vs % loadingisshown in Fig.5 and itshows thatthe weightlossisnon-linear,

approachingsaturationfor100% loading.

InFig.6 we haveplottedtherateofmass lossnormalizedtotheroom temperaturemass

viz.(dm/dt)/movstemperatureforcoalC and forcoalC mixedwiththedifferenthalidesat100%

loading.There isa peak inthisreactionratealsoattemperaturesbetween150 and 175°Cin

thepresenceofthe halidesand thereisno changeinthisquantityinthis_mperature range

forcoalalone.Recentmeasurementshave shown9thatthisreactionratecorrelateswellwith

% conversion,therebyindicatinga possiblesign_.Icanteffectofthehalideson coalliquefaction

attheselowtemperatures.

ESR spectraofallfourcoalsat room temperatureconsistofa broad and a narrow

component,reflectingthe differentmaceralspresentinthesecoals.Followingthestudiesof

Retcofskyetal12and Silbernageletal,TM we inferthatthebroadcomponentisdue tovitrinites

and exinitesand thenarrowcomponentisdue toinertinites.InourearlierESR studiesonthe

pyrolysisofcoals,au we have reportedon thechangesin the g-values,linewidthsand free

radicaldensity,N, asa functionoftemperature.MajorchangesoccurinN only(afterallowing

fortheCurielaw variationofN). InFig.7,we have plottedN vs temperatureforcoalC and

forcoalC mixed withthe threezinchalidesat100% loading,ltisevidentthataboveabout
.,

150°C,the magnitudeofN isconsiderablyhigherinthepresenceofa halide.Also,thefour

stages observedin the pyrolysisusing ESR spectroscopy_ are now shiRed to lower
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temperatures. The third stage, where major cracking is found to occur,is especially affected, as

it is shifted by hundreds of degrees. Above about 450°C, the ESR signal essentially disappears.

These observations are consistent with the catalytic cracking of coals at lower temperatures due

to zinc halides, as discussed later.

The effect of a flowing hydrogen gas on the free radical density N is shown in Fig. 8,

where we have plotted N vs temperature for coal C in N2 flow, for coal C + ZnC12(100% loading)

in Ns flow, and for coal C + ZnC12in H2 flow. It is quite clear that the effect of H2 lowers the

observed free radical by quenching some of the free radicals density.

Discussion

The results presented above using TG, DTG (differential thermogravimetry) and ESR

spectroscopy show that the zinc halides promote catalytic cracking of coals at temperatures

between 150 and 175°C. This is the lowest temperature at which cracking of coals using zinc

halides has been reporte& The extensive liquefaction experiments of Anderson and Miin _ using

a variety of catalysts, including zinc halides, were all carried out at 300°C and the earlier bench

scale liquefaction studies with ZnC12 were carried out at 420°C and 17.3 MPa of H2 pressure.

We believe that observations reported here are important because they indicate significant

cracking of coals at much lower temperatures. However, the present study alone is not

sufficient to establish that high conversion of coals will occur with zinc hal/des at 150-175°C.

Also, the thermodynamics of the reaction may be different at higher pressures of hydrogen, than

at lower pressures. Nevertheless, the prominent increase in the generation of free radicals,

their stabilization by molecular hydrogen, and accompanying mass loss due to volatiles all point

to catalytic cracking of coals at these low temperatures.

Our results support of some earlier published findings with zinc halides. For example,

Jolly et al. 14 studied the evolution of hydrogen and methane in the presence of ZnCI_ and

observed an increase in the amount of these evolved gases when loading was increased from 1%

to 25%. The measurements of Yokono et al. m using in-situ ESR spectroscopy and pressures of

10 M_a showed that, in the presence of nitrogen, ZuCI_ effects an increase in N, whereas in the

presence of I_, N decreases. These observations, however, were made at temperatures above

300°C, whereas we have observed similar phenomena at lower temperatures. From a study of

model compounds in the presence of a donor solvent (tetralin) and hydrogen at high pressures,

Vernon _6concluded that both molecular hydrogen and a source of free radicals, generated either

catalytically or thermally, are necessary for good conversion. Our results show that zinc halides

are effective in promoting an increase in free radicals and that there is quenching of the free

radicals in the presence of I_.

The mechanism of the cleavage of linkages and cracking of aromatic structures by zinc
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halides has been investigated by Bell et al._7 According to these studies, scission by zinc

halides eventually leads to a formation of a carbonium ion and a smaller hydrocarbon. The

studies reported here do not yield any new information on the mechanism since it has not been

possible to resolve the free radicals observed in ESR spectroscopy° We are now in the process

of developing a program to deconvolute the ESR spectra at various temperatures. If successful,

• this procedure may provide further insight into the nature of catalytically generated free

radicals and of the free radicals quenched by hydrogen.

. The practical implications of the results reported here are obvious if direct liquefaction

experiments using zinc halides as catalysts were to show significant conversion at the low

temperatures of 150-175°C used here. It is therefore hoped that this work will stimulate such

experiments because, at these lower temperatures, the corrosive nature of zinc halides 3may not

be as severe a practical problem as at higher temperatures.
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Table 1. Weight % of selected constituents of the four coals used in these

experiments. For more complete analysis, see Ref. 8.

Other

Coa_._.! Vol.atileMatter C H Vit,rinit.eExinit..._._£eMacerals

C 36.03 81.54 5.72 83.9 6.3 9.8 •

D 25.64 83.66 4.95 22.0 10.4 67.6

E 30.68 87.74 5.13 41.0 12.6 46.4 .

F 38.65 84.36 5.55 60.0 12.0 28.0
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Fig. l. Schematic diagram (not to scale) of the flow chamber
used in the ESR experiments. The joint at A allows the
pyrex ESR tube to be adjustable in height below A.

Fig. 2. Percenatage remaining weight of coal F plotted against
temperature. Coal F and the zinc halides are mixed in
the l:l ration and correction for the weight loss due
to the halides is applied.

_----- .____. . ZnCI 2
I00

:,_L" F+ZnCI. \

40 F /_"\

[ + F+ZnI2 _'C.
2O

0 100 200 300 400 500 600

T (°C)

179



,00
90

--+ZnCI2_0 • -_'C
= 70 " "

D+ZnC12 __

60 x-x..
C+ZnC12 X

, ,, I , I i I , l , "I •50-
0 100 200 300 400 500 600

T (°C)

Fig. 3. Percentage remaining weight for coals C, D, E and F of
Table 1 plotted against temperature when mixed with
ZnCl 2 in the l:l ratio.

Fig. 4. Percentage remaining weight of coal C for different

loadings of ZnCl2, plotted against temperature. 100%
loading represents i:i mixing.
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Fig. 5. Weight loss vs % ZnCI 2 for coal C. 100% loading represents I:I mixing
of coal and ZnCI 2. The solid line is drawn as a guide for the eye.

Fig. 6. The measured reaction rate (dm/dt)/m o for coal C and for coal C mixed
with the halides in the 1:1 ratio, plotted against temperature. 'l"ote the
peak in the reaction rate near 150°C due to halides.
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Fig. 7. The free radical density N (after allowing for the
Curie law contribution) plotted against temperature for
coal C and for coal C mixed with the halides in the i: 1

ratio. The experiments were carried out in flowing N2
gas.

Fig. 8. Comparison of the effect of flowing N2 gas and flowing
H2 gas on the free radical density at different
temperatures for coal C and coal C mixed with ZnCI 2 in
the l:l ratio.
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Subtask III.4: Low Temperature Extraction with Supersolvents (John W.

Zondlo, Peter Stansberry, Alfred Stiller, Chemical Engineering Department)

Summary

Extractionkineticswere measured forthreedifferentbituminouscoalsthatexhibited

distinctextractionbehaviorand characteristics.These kineticdata were modeled by a

newly-developedreversiblekineticmodel. The model simulatesnotonlythe.behaviorofthe

• extractionatshorttimes,but canalsobe usedtopredicttheultimateextractionyieldofeach

coalatany desiredtemperature.

Ix_.movaloforganicsu15zrspecieswas attemptedusinga metal:metal-saltredoxcouple.

When appliedtotheraw coal,organicsulfurintheextractdroppedfrom2.38% down to0.84%.

Model compound studiesshowed the method tobe applicabletothioltypelinkagesbut not

effectiveindibenzothiophenicbonds.

HydrogenationexperimentsusingNMP bothas a solventduringhydrogenationand asa

catalystimpregnationsolventinpretreatmentshowedsome effectson theoverallproductyield

and distribution.Shiftsintheproductslatetowardstheheavierasphaltoisindicatedthatthe

ironchloridecatalystpromotedcondensationreactionsratherthanfurtherringcleavageand

hydrogenation.However,such experimentsmay be usefulinthefuturefordeterminingthe

effectsofiron-basedcatalytichydrogenationsincethecoalextractsasprepareddo notcontain

any iron species. ,

Kinetics of Coal Extraction

The kinetics of coal extraction have been studied for three different types of coals. All coals

were of bituminous rank, but exhibited different extraction yields and behaviors. These coals

and their extraction characteristics are given below:

Coa_.__l Extraction Characteristics

1. Upper Eagle(WestVirginia) High ex*.ractionyields,fastextraction

2. Firecreek(WestVirginia) High extrvctionyields,veryslowextraction

. 3. KCER 6402 (Kentucky) Low extractionyields,veryfastextraction

The kineticdatawerecollectedovera temperaturerangeof30to200°CfortheUpper Eaglecoal

" and 70 to200°C fortheFirecreekand KCER 6402 coals.An extractionmodel based on the

assumptionoffirst-orderirreversiblekineticswas developed.Previously,theinitialratedata

fortheUpper Eagleand Firecreekcoalwere fittedverywellby thismodel. The pseudo-first-

orderrateconstantwas determinedateachtemperatureforboththecoals.The dependenceof

the rateconstanton temperaturewas studiedand the activationenergyofextractionwas

estimated.
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The drawback of this model, however, is that it utilizes only the initial rate of extraction and

therefore it predicts the extraction behavior of coal only for short, times. It can not predict the

ultimate extraction yield at any given temperature.

A generalized model which can predict the extraction yield at any time and temperature was

then developed. This model is based on pseudo-first-order reversible kinetics and it utilizes the

kinetic data over the entire duration of extraction and notjust the initial data. From the kinetic

data collected for the KCER 6402 coal, it was observed that the extraction yield leveled off

at a different extraction extent for each of the temperatures tested. Also, as temperature

increased, the ultimate extraction yield increased and the time required to attain the ultimate

yield decreased. This model provides a very reasonable mathematical framework and throws

light on the kinetics as well the thermodynamics of the extraction process.

The integrated rate equation for such a first-order reversible extract process is given as:

_C_.-CC,(t) )_(k1+k2)t (1)

where

C. = equih'brium concentration of the extract (g/cc)

Co(t) - concentration of extract at any time t.

Here k_ and k2 are the rate constants for the forward and reverse reaction

(rain1).

The plot of

vs. time t should )deld a straight l_ne with a slope -(k_ + k2). The kinetic data were fitted to this

equation and the ix:tercepts were forced through the origin in order to correct for the

concentration of extract at zero time. Typical raw data and a fit of the data to the model in

Equation I are shown in Figures 1 and 2, respectively. Furthermore, the equilibrium constant,

• K, is defined as:

K= k..._.1= _ C,. (2)
ks CR.-C.

I
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where,

CRo= initial concentration of raw coal.

By making use of Equations 1 and 2, kz and k2 are uniquely determined. This procedure was

repeated for each temperature. The Arrhenius plots describing the dependence of rate constant

on temperature for kz and k2 vre shown in Figure 3. The activation energy for the forward

" reaction was found to be 7.46 kcal/mol and for the backward reaction to be 4.91 kcaYmol.

The relationship between the equilibrium constant and temperature is given by the
• thermodynamic expression,

AH° 5S o
tnKffi-___ +___ (3)

RT R

where,

AH° = heat of reaction at standard conditions

AS° = entropy of reaction at standard conditions

From the data collected in the laboratory, AH° was estimated to be +2.55 kcal/mol and AS° was
estimated to be 0.0035 kcaYmol.

From Equations 2 and 3, the relationship between equilibrium concentration and

temperature can be expressed as,

C e ASx_.._R__-AH._I----_"-., (4)

Cso l+ex_._ °_ R_: ]

Least-squares fits were done on the kinetic and thermodynamic data and _e values cf the

appropriate parameters were determined. The model was then used to predict the extraction

behavior of concentration vs. time for a selected temperature (154°C). This prediction was then

compared to the actual data and the degree of agreement was found to be excellent as shown

in Figure 4. With the model in hand, similar plots can be made for any temperature within the

. range of 70 to 200°C. In addition, the equilibrium thermodynamics allows the prediction of the

ultimate extraction yield at any temperature between 70 and 200°C. The predictions are

compared to the actual measured ultimate extraction yields in Figure 5.

Similar extraction behavior has been observed previously for the Upper Eagle coal and hence

it appears that the model can be applied to other coals as well. Of course, the values of the

various fitted parameters will be different. The above model will be of tremendous benefit in
not only providing a mathematical framework fnr th_ n,-n_ 1_,I+olo_ o11,,..._......... _......

.......... .lt.... _..,...,,...., ,.,_..A_ ,.aJ..L_u ¢.._u_n'a..Ll._ l_C;l.l_.Ll_l':'i _U
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, gain some insight into the nature of the extraction mechanism itself.

DesulfurizationStudies

Experimentswere conductedtocharacterizeand quantifythe in-situremovaloforganic

sulfurfrom extractedcoalmaterials.Previously,extractionofcoalinN-methyl-2-pyrrolidone

(NMP) at202°C and I atm pressureforIhourshowed thatalltheinorganicsulfurremainsin

theresidualmaterial,buttheorganicsulfurissplitnearlyequallybetweentheresidueand the

extract.The organicsulfuristypicallypresentinthe formofthiols,sulfides,disulfides,and

thiophenes.

Attempts were ,_aadetoremove the organicsulfurfrom coa!extractsby treatmentwith

activemetal/metalsalts.The effectofdifferenttreatmentconditionson minois#6 coaland its

extractisshown inTable I. Note thattreatmentatroom temperatureappearstobe more

effectiveforsulfurremovalthan thatat200°C. I_addition,experimentswere carriedoutto

effectthe extractionand desulSzrizationsimultane,_uslyin the same step.To thisend,a

coal:FeCl_ratioof5:1(wt:wt)was used withNMP asthesolvent.Upon productwork up,the

extractwas foundtobecontainonly0.84%(wt)oforganicsulfurcomparedto2.38% (wt)inthe

untreatedextract.Moreover,theoverallsulfurbalancefortheraw coal,residue,and extract

was foundtowithin1%.

In ordertoprovideinsightintothedesulfurizationreaction,studieswithmodel compounds

were undm_caken-Dibenzothiopheneand benzenethiolwere chosenas themodel compounds,

sincetheyarebelievedtosimulatesome oftheorganicsulfurfunctionalitiesfoundincoal.

The desulfurizationreactionwas carriedoutusingtheFe/FeClscouple(1:1ratiobyweight)

at 200°C in the solventNMP. The experimentsusingdibenzothiophenedid not show any

evidenceofdesulfurizationunderthesetreatmentconditions.However itwas foundthatatthe

same treatmentconditions,significantdesulfurizationwas observedwithbenzenethiol.

A preliminaryquantitativeanalysisshowed thatbenzenewas formedas primaryreaction

productinthebenzenethiolreaction.Under otherwiseidenticalconditionsoftemperatureand

time,40% conversionofbenzenethiolwas observedwith-theuseoftheFe/FeCl_couple,whereas

inthe purelythermaltreatmentonlytraceconversionswere noted.Moreover,an overall

sulfurbalancewas performedas an independentcheckon the conversionand theseresults

agreedtowithin10% ofthosefoundusinga calibratedGC.

Hydrogenation Studies

Some experimentswere conductedtodetermineifNMP couldbe usedforcoalextractionat

hydrogenation conditions near the softening point of coal (near 350°C). Gas chromatographic

analysis of NMP after it had been treated at 350 ° with 1000 psig hydrogen (initial cold) showed
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that under these conditions NMP alone was quite stable. A series of experiments was then

carried out between 200 and 350 °C end under 1000 psig hydrogen with a bituminous coal KCER

91864. The yield of extract at the normal boiling point was 39.6% (daf). Table 2 shows the

results at higher temperatures and pressures. Increasing the temperature from 200 to 350°C

does result in au increase in coal solubility, but the excessive mass balance indicates that

is reactive under _hese conditions and incorporates into the coal products.

Experiments _ere performed in order to determine if NMP could act in a manner to convey

• a soluble iron catalyst to the reactive centers inside the matrix of the residue to aid in further

increasing the carbon utilization of the raw coal. Residues from coal KCER 6402 were prepared

using the NMP ext,'action technique. Two methods were used to impregnate the residue with

iron catalyst FeC12 (ferrous chloride was selected because it is soluble in both NMP and water).

The first procedure entailed impregnation with iron from an aqueous solution to give sn iron

loading of I wt % Fe based on the organic weight of the residue. The other procedure

impregnated the residue with iron from an NMP solution at the same loading level. In both

cases the mixtures were slurried for 12 hours and the excess solvent was then removed by

vacuum drying at 150°C to constant weight.

The impregnated residues were liquefied in tetralin using a 450 mL stirred Parr reactor for

i hour at 375°C under 500 psig initial cold hydrogen pressure (60 mL tetralin: 20 grams charge).

Following reaction, the products were washed out with 600 mL of NMP into a beaker and

slurried for I hour at 200°C. The insoluble materials were separated from the liquid products

by hot, vacuum filtration. Excess NMP and tetralin were removed from the converted material

by vacuum rota-evaporation at about 130°C. Product distributions were then determined based

on solvent partitioning. Asphaltols are defined here as those materials soluble in NMP but

insoluble in benzene; asphaltenes are those materials soluble in benzene but insoluble in

hexane; oils are those materials soluble in hexane. The reproducibility of the liquefaction

experiments varied between 2.5% and the average of duplicate runs are shown in Table 3.

Liquefaction of the raw coal gave a total conversion of about 92% with the bulk of the products

appearing as asphaltenes. Liquefaction of the residue alone produced a conversion of about

83%, again with the majority of the products appearing as asphaltenes. High conversion of the

residue is surprising because one would think that the liquefaction yield would be greatly

- reduced after removal of nearly 25% of the original organic matter. More interesting, though,

are the shiRs to the heavier asphaltols in the presence ofFeC12. Although the overall conversion

of each of the residues was the same within experimental error, the generation of significantly

more asphaltols at the expense of asphaltenes suggests that the iron chloride promoted

condensation reactions. In this instance, it is probable that the dispersed iron was not in its

active form. Although there is still some debate on the form of iron that is active in direct
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liquefaction,itismost likelysome sulfidedspecies.ItisalsonotedinTable3 thattheNMP

impregnationgaveslightlybetterresultsthanthatofthewaterimpregnation,afactmostlikely

due totheabilityofNMP toswelltheresiduesignificantly.

Table 1. Results of Desulfurization Studies for Illinois #6 Extract

i

TreatmentConditions OrganicS % Reductionin
wt% OrganicS "

1. Raw coal(Rlinois# 6) 2.55 --
2. Residue 2.05 --
3. Extract (untreated) 2.38 --
4. Cu (-100 mesh) treated extract

(200°C, 4 hfs) 2.27 4.0
5. Cu (10 micron) treated extract

(200°C, 4 hfs) 2.09 10.0
6. Fe:FeC_: extract (5:1:5),

room temp., 4 hrs., rotavap 0.67 71.8
7. Fe:FeCI_: extract (5:1:5),

room temp., 4 hrs., precipitation 0.36 85.0
8. Fe:FeC12: extract (5:1:5),

200°C, 4 hrs., precipitation 0.65 72.2

Table 2. Hydrogenation of Kentucky Coal KCER 91864 in the Solvent NMP at
Various Conditions

ReactionConditions % Yield % Mass Balance
(da_

200°C,I hour I000 psigH2 4.3 + 3.2

300°C,I hour,1000 psigH2 45.9 + 9.7

350°C,I hour,1000 psigH2 86.6 +16.5
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Table3. Liquefaction of a Western Kentucky Coal (KCER 6402) and Its
NMP-Extracted Residue (3:1 (wt) Tetralin:charge; 500 psig H_ initial cold;
1 hour at 375°C)

Yields (dry basis)
Run II) Conversion Asphaltols Asphaltenes Oils

Whole coal
P168-172 91.7 29.7 67.4 3.5

Residue
P160-174 83.1 22.6 53.7 0.5

FeC12/H20

P163-165 79.6 52.8 29.4 2.4

FeClgNMP

P170-176 85.3 48.8 32.2 1.4

wt dry charge - wt dry insolubles
Conversion = 100

wt dry charge

wt material
Asphaltols, asphaltenes, oils = 100

wt dry charge

189



0.0;:3 2..0

o

"',,. •
._= 0.02 •
z
G • •

=
< lte .c:/ 1= .lm
z
l,u

z *
0

0.00 ' , 0._ - . _ . . ,
0., =0.0 ,=.a ,o'.o ao.o o.o =2o ,2o ,'.o ,'.o ,o.o ,2.o

TIME(mini TIME(mini

RGUR_ 1 F_G'_ 2
_C DATA AT _40 CFORK_ 6402COAL. FIRSTORZ:)_='_RE'v'_mr= _1_

AT 1.54C FORK_--=R 6402 COAL,

Q_

• Inkl

• mk2
.z.o " .91b:_L/mol "

i *
o.01t • c,.c===_

ro

.5.o

-IL0 0.00
o.o =o.o ,o.o =o.o ao.oo.oo=2 0.00=4 o.00=6 o.oo== o.ooao

1/1" (1/10 TIME (rain)

FIGUR_ 3
AR.RH_',rIUS PLOTS FOR FORWARD FIGURE 4

AND BACKWARD REACTZON COMPAR/SON OF OBSERVED AND PRED[CTED
KIIWETIC DATA AT 1540 C

190



0.03

0;02

0.01 / C=,=-prcdicted
• C_-observcd

0.00
300 350 400 450 500

T(K)
FIGURE 5

COMPARISON OF OBSERVED AND P_I_
EQUILIBRIUM CONCENTRATIONS AT

Dit"t"t_RENT TEMPERATURES

191



Subtask HI.5: Calculation of Physical Properties for Complex Fluids in

Coal Liquefaction (Wallace B. Whiting)

Summary of Results Obtained This Year

We have tested our group-contribution equation of state and found it to be more flexible,

more widely applicable, and more internally consistent than other available models. Our

adaptivealgorithmforcontinuous-thermodynamicsphase-equilibriumcalculationshas been

. testedand published.Fivepapersdescribingthedetailsofourwork havebeenpublishedand

two areunderreviewforpublication.We havedevelopedcontactswithindustrytotrytoobtain

more dataforrepresentativesystems.Our conclusionisthattheavailableexperimentaldata

areinsufficienttotestourmodel fully.

Overview

Process simulation and design of coal-liquefactionfacilitiesrequire accurate

physical-property-estimationtechniques(esp.forvapor-liquidequilibrium)thatarecompatible

with computer-aided-designprocesssimulators.However, the fluidsencounteredin coal

liquefactionand intheprocessingofcoalfluidsaremore complexthanthoseencounteredin

other chd_lical processes;thus,they are not welldescribedby existingphysical-property-

estimationpackages.We havedevelopedmodels,algorithms,and computersoftwaretoaddress

theserequirements.

Coal-derivedfluidscontainverymany differentspeciesand characterizationofthefluidsis,

therefore,complicated.The datathataretheeasiesttoobtain(boiling-pointcurvesand liquid

densities)do notindicatetheidentityofthespeciesinformationsomethingthatisrequiredfor

thermodynamicmodelsusedinprocesssimulators.Also_ifalltheindividualspeciescouldbe

identified,thecalculationsforthermodynamicpropertiesinthesimulationswouldoverloadeven

thefastestsupercomputers.

To addressthisproblemina way thatofferstheefficiencyand accuracyrequiredforprocess

simulation,we usethenew techniqueofcontinuousthermodynamics.With thisapproach,we

. model thefluidasa continuousdistributionofspeciesaccordingtooneormore characterization

variables.We haveusedmolecularweight,normalborg point,density,and PNA analysesas

-thecharacterizationvariables.These inspectiondataarethedatamost likelytobe available

forcomplexfluids,althoughasnew and more sophisticatedanalysesbecome common, we can

includetheseinourmodels.

Anotherproblemwith coalfluidsisthattheycontainmolecules,the structuresofwhich

dictatean activity-coefficientapproachtovapor-liquidequilibria,ratherthan an equation-of-

stateapproach.As previouswork had dealtwithequationsofstate,we extendedcontinuous
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thermodynamics to activi W- coefficient models. Specifically, we use the UNIFAC model, which

allows one to calculate activity coefficients of systems for which no experimental data exist.

For systems at high pressure or those containing low boiling-point species, an

equation-of-state approach is desirable. However, for complex continuous fluids, binary-

interaction parameters are needed for all possible binary pairs. We are developing a

group-contribution equation of state that allows the calculation of these parameters for many

systems.

Algorithm development is an important aspect of our work. We developed efficient

continuous-thermodynamics algorithms based on our models.

Distribution Functions for Calculation of Phase Equilibria of Continuous Mixtures

Ill-defined mixtures such as coal liquids with a very large number of components are

traditionally handled by a pseudo-component method for the prediction of thermodynamic

properties. Alternatively, these mixtures can be regarded as continuous distributions of one or

more families of chemical species (continuous mixtures). To perform phase-equilibrium

calculationsforcontinuousmixtures,itisnecessarytodescribequantitativelythecontinuous

distributionsofchemicalspeciesby mathematicalfunctions.

We compared the pseudo-componeztmethod, the method of moments, the Lobatto

quadraturemethod,and ournew methodinwhichcubic-splineapproximationsareincorporated.

Although each method has advantagesforspecifictypesofsystemsand calculations,the

cubic-splinemethod was foundtobemost accurateand adaptive,withonlyslightincreasesin

computationtimes.

We havestudiedvariousfunctionsfordescribingcontinuousdistributions.The cubic-spline

procedurehas thebestfitineachcase.An illustrationofthedifferencesbetweenthevarious

methodsisgiveninFiguresI and 2,which show thevapor-and liquid-phasedistributionsfor

a coalliquid.Furtherdetailsare givenelsewhere(Wang and Whiting,1988a).

ParA_m_eters for the Perturbed-Hard-Chain Theory from Characterization Data for

Coal Liquids

We have developedcorrelationsforpure-componentparametersforthePerturbed-Hard-

Chain equationofstatein terms of conventionalcharacterizationdata (molecularweight,

normal-boilingpoint,and specificgravity).These correlationsare comparabletoand often

betterthan correlationsusingmolecular-structureinformationinpredictingsaturatedliquid

densitiesand vapor pressuresforcoalliquids.This isespeciallyimportantbecausesuch

structural-propertydatarequireelaboratemeasurements and are,thus,usuallyunavailable.

Furtherdetailsareavailableelsewhere(Wang and Whiting,1988b).
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Group-Contribution Binary Interaction Parameters for Equations of State

Itisnotpossibletomeasureallofthebinaryvapor-liquidequilibriarequiredtodetermine

the binary-interactionparametersforequationsofstateforcoalliquids.To overcomethis

problem,we have developeda procedurefordeterminingtheseparametersthroughgroup

contribution.

Whereas thereareonlyapproximately40functionalgroupsinourmethod,thesegroupscan

representthe many thousandsofcompounds thatmight existina typicalcoalliquid.Our

techniqueusestheUNIFAC group-contributionmodelforliquid-stateactivitycoefficients.This

model iswidelyrecognizedand usedforlow-pressurevapor-liquidequilibriumcalculationsfor

systemsat moderate temperatures. Our model eliminatesthese severeconstraintsby

incorporatingthegroup-contributionconceptintoan equationofstate.

The equationofstatethatwe have usedinourdevelopmentistheMathiasversionofthe

Soave-Redlich-Kwongcubicequationofstate,but any equationofstatecan be usedin our

method. We generatesyntheticvapor-liquidequilibriumdatawithinthe limitedrange of

applicabilityoftheITNIFAC modeland regressbinary-interactionparametersfortheequation

ofstatefromthesesyntheticdata.The equationofstatecanthenbe usedovera much wider

rangeoftemperaturesand pressures.Detailsaregivenelsewhere(Wang and Whiting,1987;

Hou etal.,1989).

We have testedour group-contributionequationofstateagainstthe onlytwo othersuch

models(GC-EOS and UNIWAALS). Our method appearstohavesignificantadvantages;itis

more flexible,more widelyapplicable,and more internallyconsistent,ltisalsosubstantially

easiertoincorporateinprocess-simulationsoftwaresystems.A model similartoourshasbeen

developedindependentlyby Schwartzentruberetal.(1989).

The Area Algorithm

With ourcollaboratorsatTexasA & M University,we developedan improvedalgorithmfor

calculationofphaseequilibria.Thisprocedureisespeciallyusefulinthecriticaland retrograde

regions,where conventionalalgorithmsoftenbreakdown. Co_l-fluidprocessingwillinvolve

suchconditionswiththermodynamicmodelsmore sophisticatedthanthoseusedinpetroleum

processing.Thus, the demands on the efficiencyaud robustnesscfthe phase-equilibrium

. algorithmsareincreased.

The essenceofthealgorithmistomaximizetheareaenclosedbytheGibbsenergyofmixing

curveand the lineconnectingthe two assumed phase compositions.This method isquite

promisingasitissuperiortovarioustangent-planealgorithms.Samplecalculationsforcritical,

cricondentherm,and cricondenbarpointshave demonstratedtheversatilityofthisalgorithm.

Detailsareprovidedelsewhere(B_rrufettetal.,1989).
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Sensitivities of Model Parameters to Thermodynamic Data

With our collaborators at the University of Connecticut, we have begun studies of the

sensitivities of model parameters to thermodynmnic data. We have found that small errors in

phase-equilibrium measurements can have dramatic effects on the regressed values of

parameters in thermodynamic models. In fact, we found that for many systems the 90%

confidence regions for binary-interaction parameters regressed from different data sets did not

overlap. And the phase equilibria calculated from the extrema of these r_.,gions are far from

within experimental error.

We are developing heuristics for evaluating the sensitivity of model parameters to

thermodynamic data and will be publishing these results next year. Such a procedure will be

very useful in defining the important phase-equilibrium experiments needed to evaluate

thermodynamic models for coal fluids. This is especi_ly important in light of our confirmation

that inadequate experimental phase-equilibrium data _re available for such evaluations.

With the help of ENSR Consulting and Engineering and that of Dr. Curtis White (PETC),

and others, we attempted to obtain additional (complete) coal-_quid phase-equilibrium data with

w_ch to test thermodynamic models. However, very few such data are available.

We obtained some data for heavy oil-shale fluids from Davy-Dravo Engineers, but these data

were not sufficiently complete to test our models rigorously.

Collaborators

Thomas F. Anderson, Professor of Chemical Engineering, University of Connecticut, Storrs

Hui-Min Hou, former M.S.Ch.E. student, West V'zrginia University (now at NUS Corporation)

Ming-Jing Hwang, former Postdoctoral fellow, West Virginia University (now at Biosym, Inc.)

Donald J. Klein, Principal Process Engineer, Davy-Dravo Engineers and Constructors

Panthulu R_m_nnR, former M.S.Ch.E. student, West _r_rginia University (now at BOC Group,
Inc.)

Michael E. Reed, M.S.Ch.E. student, West V_lrginia University

Shao-Hwa Wang, former Ph.D. student, West _rlrginia University (now at SRI International)

CharlesW. White,AdjunctProfessorofChemicalEngineering,West VirginiaUniversity,and
ResearchEngineer,EG&G WashingtonAnalyticalServices

Publications

1. "A Group-Contribution, Continuous-Thermodynamics Framework for Calculation of
Vapor-Liquid Equilibria," Proceedings of the World Congress III of Chemical Engineering,
Tokyo, Japan, September 1986, Vol. II, p. ).72, with S.-H. Wang.
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2. "Studies in Continuous Thermodynamics," Shao-Hwa Wang, Ph.D. Dissertation, 1986, West
V'zrginia University.

3. "Fluid Phase Stability and Equations of State," Fluid Phase Equilibria, 34, 101 (1987), with
I. F. Radzyminski.

4. "A Group-Contribution, Continuous-Thermodynamics Framework for Calculation of
Vapor-Liquid Equilibria," Canadian J. Chem. Eng., 65, 651 (1987), with S.-H. Wang.

5. "A Comparison of Distribution Functions for Calculation of Phase Equilibria of Continuous
Mixtures," Chemical Engineering Communications, 71, 127 (1988), with S.-H. VCang.u

6. "Parameters for the Perturbed-Hard-Chain Theory from Characterization Data for Heavy
Fossil Fuel Fluids," Ind. Eng. Chem. Research, 27, 1058 (1988), with S.-H. Wang.

7. "Group-Contribution Equation of State," Hui-Min Hou, M.S.Ch.E. Thesis, 1989, West
V'zrginia University.

8. "Group-Contribution Binary-Interaction Parameters for Equations of State," submitted for
publication (l_a9), with H.-M. Hou and S.-H. Wang.

9. "The Area Algorithm," submitted for publication (1989), with M. Barrufett, E. Hassad, and
P. T. Eubank_

Presentations

1. "Continuous Thermodynamics: A Group-Contribution Approach," American Institute of
Chemical Engineers Spring National Meeting, New Orleans, LA, April 1986, with S.-H.
Wang.

2. "Determination of Parameters for the Perturbed-Hard-Chain Equation of State from
Inspection Data," American Institute of Chemical Engineers Annual Meeting, Miami Beach,
FL, November 1986.

3. "Group-Contribution Binary-Interaction Parameters for Equations of State," American
Institute of Chemical Engineers Spring National Meeting, Houston, TX, March 1987.

4. "Calculation of Physical Properties for Complex Fluids in Coal Liquefaction," First Annual
Technical Meeting of the Consortium for Fossil Fuel Liquefaction Science, Lexington, KY,
June 1987.

5. "Physical Properties for Coal Liquefaction," Second Annual Technical Meeting of the
Consortium for Fossil Fuel Liquefaction Science, Morgantown, WV, August 1988.
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Subtask HL6: Evaluation of Residue from the WVU Coal Extraction

Process As A Disposable Hydrotreatment Catalyst (Dady B.

Dadyburjor, Chemical Engineering Department; James L. Clements

Research Post Doctorate)

. Objecti_-es

The objective of this project was to study hydrodenitrification reactions (HI)N) under

. conditions similar to those used commercially and in the previous HDS project. Specific goals

of the project are:

1. To obtain reaction rates of model compounds (quinoline) for HDN reactions under standard

hydrotreatment conditions using feed coal for the WVU coal extraction process and the

corresponding residue as disposable catalysts. Tests were also performed using a Houdry

CoMo/AI_03 commercial catalyst as a control.

2. To obtain reaction rates for combined HDN and HDS reactions proceeding competitively

under s_mdard hydrotreatment conditions using both feed coal and its WVU Coal Extraction

Process residue as catalysts.

Introduction

The project has been studied in three phases. In the first phase, HDN tests were performed

using a 30 ml bomb reactor under mild conditions (200°C, 2 hours reaction time and 200 psig

initial pressure). In the second phase, tests were performed using a 300 ml Parr autoclave and

stronger reaction conditions (350°C, 2 hours, 600 psig initial hydrogen pressure).

Under phase 2 conditions, conversion of the model compound, quinoline to tetrahydroquinoline

(a saturated product) was observed for the presulfided forms of all the catalysts studied (a

Houdry Commercial Catalyst, KCER #91864 feed coal and KCER #91864 coal extraction process

residue). However, the formation of nitrogen-free products only occurred with the commercial

catalyst.

A final phase of HDN tests is currently being performed to improve production of the nitrogen

- free products and the conversion of quinoline to its I-IDN products. There tests are being

performed in the 300 ml Parr autoclave at 400°C, 4 hours of reaction time and 600 psig initial

" hydrogen pressure.

Results and Discussion

The literature shows that HDN of quinoline should proceed following the reaction system

shown below (1).
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Deta/l of the Hydroden/trification Reactions

2H2 1,2,3,4 H2 3E2 Propylbenzene

__u Propylcyclo t _'_

oliue : Tetrahydro- Propylbenzy-

quiuoline (5-7 lamiue (7) hexylaaine 8 |
(1) I_ [__ lvINW_ _ Propylcyclo-

hexene + SH3 .A

(2) 2 (4) /
(9)/ n2/

5,6,7,8 3H2 , / "/
De ahydro- IL2 • Propylcyclohexylaafue _ ]L, /Tetrahydro-

qa_o_.me (4) quiuo]..me (6) (I0__

co Propylcyclo-

hexane Or

Reactions 1, 2, 3, and 4 are considered to be reversible while reactions 5, 6, 7, 8, 9, 10, 11, and

12 are considered to be irreversible. Reactions 8, 9, and 10 are considered to be fast compared

to the other reactions. As a result little or no propylcyclohexylamine has been observed in our

reaction products and in those reported by other investigators (1,2,3). Other investigators also

have shown that equilibrium between quinoline and 1,2,3,4, Tetrahydrequinoline occurs quickly

even at relatively low temperatures (2,3).

Phase One

Phase one tests were performed by placing six ml of a 1% quinoline in hexadecane solution

in a st_unless steel bomb reactor. The reactor was sealed, charged with 200 psig of hydrogen

gas and then placed in a 200-225°C oil bath for 1-2 hours. After the reaction period was

completed, the reactor was cooled to room temperature, then the residual hydrogen gas was

released and the reactor was opened and the solvent saved for analysis. Analytical results

showed no formation of the expected reaction products.

Phase Two

Itwas feltthatthe 200-225°Creactiontemperatureusedinthephaseone testswas below

thethresholdtemperaturerequiredfortheHI)N ofquinoline.As aresult,additionalHDN tests

were performedusingthe 300 ml Parr autoclave.These phase two testswere performedby
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placing 50 ml of a 1% quinoline in hexadecane solution and 0.138 grams of catalyst in a 300 ml

Parr autoclave. The autoclave was then sealed, charged with 600 psig of hydrogen gas, and

heatedto350°C,withoutstirring.When theautoclavereached350°C,stirringwas startedand

thehydrogengas was allowedtoreactwiththequinoline.Aftera two hourreactionperiodthe

autoclavewas cooledtoroom temperature,the residualhydrogengas was releasedand the

solventwas separatedfromthespentcatalystby filtration.Analyticalresultsforthisphase

showedtheproductionofHDN products(tetrahydroquinoline)forthecoal,residueanda Houdry

CoMo/Al_Oscommercialcatalyst.Productionofpropylcyclohexane,anitrogen-freeproductwas
b

alsoobservedforthecommercialcatalyst(seeTable1).

Table 1. Analytical Results for HDN Tests Using Quinoline as a Model Compound

Catalyst Reactant/Product Percent

Kentucky Coal KCER #91864 Quinoline 88.26
Tetrahydroquinoline 11.74

Residue KCER #91864 " Quinoline 85.22
TetrahydroquinolLue 14.73

Houdry CoMo/A1203 Quinoline 5.24
Tetrahydroquinoline 91.13
decahydroquinoline 1.30
propylcyclohexane 2.33

Results

Feed coal 11.74% conversion of quinoline to HDN products
00.00% conversion of nitrogen free products

residue 14.78% conversion of quinoline to HDN products
00.00% conversion of nitrogen free products

Houdry 94.76% conversionofquinolinetoHDN products
2.33% conversiontonitrogenfreeproducts

._PhaseThree

While phase 2 testsshowed some definiteprogressin conversionofquinohnetoHDN

• products,the conversionofquinohne to nitrogenfreeproductswas far too low. ltwas

determinedthatpropylcyclohexaneproductioncouldbe increasedby making the following

changesinthe reactionconditions:

1. longerreactiontimes

2. higherreactiontemperatures

3. decreasingtheparticlesizeofthecatalystforthecoaland residue
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4. increasing the catalyst • model'compound ratio (adding more catalyst)

In the phase 3 tests, options i and 2 were emphasized: the reaction time was increased from

2 to 4 hours and the reaction temperature was increased to 400°C. The procedure used in phase

2 was also used to perform the phase 3 tests with the above changes. HDN tests were also

performed using ground residue as a catalyst. The analytical results for these HDN tests are

shown inTable2.

Table 2. Analytical Results for Phase 3 HDN Tests Using Quinoline on a Model

Compound

Catalyst Reactant/Product Percent
Houdry CoMo/AI203 (375°C) Quinoline 6.76

Tetr_ydroquinoline 46.03
Propylbenzylamine 12.44 ,
Propylcyclohexane 34.78

(400°C) Quinoline 9.38
Tetrahydroquinoline 36.98
Propylbenzylamine 7.38
Propylbenzene 12.62
Propylcyclohexane 33.21

Residue (400°C) Quinoline 59.48
Tetrahydroquinoline 40.52

(400°C, ground) Quinoline 43.69
Tetrahydroquinoline 33.52
Propylbenzylamine 22.53
Propylcyclohexane 0.27

Results

Houdry 375°C 93.24%conversionofquinolinetoHDN products
34.78% conversiontonitrogen-freeproducts

400°C 90.62% conversion of quinoline to HDN products .
45.83% conversion to nitrogen-free products

Residue 400°C 40.52% conversion of quinoline to HDN products .
00.00% conversion to nitrogen-free products

400°C, 56.31% conversion of quinoline to HDN products
ground 0.27% conversion to nitrogen-free products
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These results show production of propylcyclohexane increased with the increasing reaction

temperature and reaction time. Production of HDN products also increased for the residue.

In addition production of a nitrogen-free product by the residue was also observed.

Rate constants were obtained for the phase 2 results and the 400°C unground residue

results by assuming that the conversion of quinoline to HDN products approximates a first order

irreversiLle reaction. As such, the reaction is approximated by the expression:

. dCJdt -- k C_g

where C,istheconcentrationofquinoline

t isthetimeinminutes

C._istheinitialconcentrationofquinoline

g istheweightofcatalystusedingrams

As such

d CJC_= -kgdt

or

k = -(inCJC.A/(g•t)

Usingthisequation,rateconstantswerecalculatedforthephase2 resultsand the400°C

unground residueresults.The kineticsfortheotherphase 3 resultscan notbe approximated

by a pseudo1storderirreversiblereaction.They willbe solvedusinga computermethod.

Table 3. Pseudo First Order Reaction Rate Constants for the HDN Reactions

Catalyst ConcentrationofQuinoline ReactionRate Constant

(moles/liter) (kx 10_min'ig"_)

Coal 0.068 0.754

Residue 350°C 0.066 0.947

400°C 0.046 1.463

Houdry 0.0041 17.41

• (C,_= 0.077 moles/liter)

As expectedthecommercialcatalysthas thefastestrate.However,increasingthereaction

temperatureincreasedtherateconstantfortheresiduefrom 0.947rainI g1 to1.463rainI g'1

a 54% increase.
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These constants were obtained assuming a single HDN reaction as shown below:

Quinoline .... ) tetrahydroquinoline

The reaction rate constants for the remaining phase three tests will be calculated assuming

the following reaction sequence

k_2H_
) H 2

Quinoline _ Tetrahydroqulnoline _ Propylbenzylamine

C1 C_ C3
H,

Propylbenzene _ Propylcyclohexane

C, Cs

As such the kinetics for the sequence will be

dCl/dt = (-klCl + k_C2)

dC_/dt = (k_C,_- k_C2 - ksC2)

dCs/dt = (k_Cs - k_C3)

dC4/dt = (k3C - k6C4)

dCJdt = (k6CJ

This system of equations will be solved using a computer technique.

A pseudo-activation energy estimate was made for the residue using the foUowing vquation:

dln(k_) (I)
k_ =Ae'Z_rr or - _-Eo/R

dl/T

The natural log of the rate constant was plotted as a function of the reciprocal temperature
e

in degrees Kelvin for the 350°C and 400°C rate constants. The slope of the line generated by

these two points was used to calculate a pseudo activation energy for the residue HDN reaction.

The activation energy was 7.208 Kcal/mole. While the value is low for a chemical reaction

controlled condition, it is reasonably close to the value reported other investigators for the

reaction of quinoline to tetrahydroquinoline (3).

References

1. Satterfield, Charles N., and Yang, Shah Hal, Catalytic Hydrodenitrogenation of Quinoline

in a Trickle-Bed Reactor. Comparison With Vapor Phase Reaction, I & EC Process Design

204



and Development, 1984 23, 11-19.

2. Satterfield, Charles N., and Cocchetto, Joseph F., Reaction Network and Kinetics of the

Vapor-Phase Catalytic Hydrogenation of _h_uoline, I & EC Process Design and

Development, 19S1, 20, 53-62.

3. Satterfield, Charles N., Modell, Michael, Hites, Ronald A., and Declerck, Claude J.,

Intermediate Reactions i_ the Catalytic Hydrogenation of Quinoline, I & EC Process

Design and Development, _1. 17, No. 2, 1979, 141-148.

2O5



Task IV

Auburn University

207



Task IV

Enhanced Reactivity and Selectivity in Coal Liquefaction and
Co-Processing Systems

• PI's: Christine Curtis Ray Tarrer
James Gain

Report
Coordinato_ A.R. Tarrer

Phone Numbe_. (205) 844-4827

Period: May 4, 1989 - May 3, 1990

Task IV.I. Cyclic Olefins: New Donors for Coal Liquefaction

Introduction

A new set of hydrogen donors, cyclic olefins, has been evaluated to determine their

effectiveness as hydrogen donors to coal. These cyclic olefins, as well as their conventional

hydrogen donor analogues, were reacted with Western Kentucky No. 9 coal under a variety

of conditions. Also performed was a series of lVlNDO molecular orbital calculations to

investigate the dehydrogenation pathway of isotetralin and tetralin_ A comparison was

made of three initial theoretical calculations to previous experimental work involving the

thermal reactivity of isotetralin and tetralin in a nitrogen atmosphere.

Experimental

The reactions of both CLO's and three conventional hydroaromatic donor compounds

with Western Kentucky No. 9 were performed. For this study the following reaction

" conditions were employed: 30 minute reaction time, 1250 psig nitrogen or hydrogen

atmosphere at ambient temperature, 380°C reaction temperature, 2.0 g coal, 4.0 g total

solvent mixture including 0.1-0.5 weight percent donable hydrogen of the model compound

with the balance being either fluorene or hexadecane as the diluent solvent, 700 cpm vertical

agitation rate using stainless steel tubing bomb reactors of approximately 50 cm_ volume.

The hydrogen donors and their products from the coal Liquefaction reactions were

analyzed by gas chromatography using a Varian 3400 gas chromatograph equipped with a

HT-5 column and FID detection. The internal standard method was used for quantitation

with biphenyl as the internal standard. The peaks were identified by comparing retention
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times with authentic compounds and by analysis with a VG 70EHF mass spectrometer.

The tetrahydrofuran soluble (TI-IFS) fraction for each reaction was then further

analyze.d utilizing a liquid chromatographic separation procedure based upon that developed

by Boduszynski (1,2). This procedure consists of the elution of a series of solvents through a

column of inert packing coated with the sample to be analyzed. The eluant then passes into

a column of basic alumina which performed the.separation. The four fractions obtained are

hydrocarbons, nitrogen heterocycles, hydroxyl aromatics, and polyfunctional compounds.

The solvents employed are hexane, toluene, chloroform, chloroform/methanol, and THF.

For this work.coal conversion is defined as

conversion = 1 - [ IOM (mar) / coal charge (ma/) ] x 100

where mar means moisture and ash free. In order to use this definition of coal conversion,

both the moisture and ash contents were needed. The moisture content of Western

Kentucky No. 9 coalwas 4.5_+0.6% and theash,10.16+ 0.14%.

Reaction of Hydrogen Donors with Western Kentucky No. 9 Coal

Thermal Reactions.

A seriesofthermalreactionsusingcyclicolefins(CLO's),isotetralin(ISO)and

hexahydroanthracene(HHA), and theirhydroaromaticanalogues,tetralin(TET),

octahydroanthracene(OHA),and dihydroanthracene(DHA) withWesternKentucky No. 9

coalina nitrogenatmospherewas performed.The solventusedwas fluorene.The amount

ofcoalconversiontotetrahydrofuransolubles(HFS) was determinedinatleastduplicate

reactions.

Two importantresultsarepresentedinTableI:therankingofthefivedonorspecies

attheequivalentloadingof0.5weightpercentdonablehydrogenand a comparisonofHHA

and OHA atthreedifferentlevelsofdonablehydrogen,0.5,0.2,0.1weightpercent.At the

0.5weightpercentlevelofdonablehydrogen,thetwo CLO's,HHA and ISO,yieldedmore

coalconversionthan didtheirrespectiveconventionalhydroaromaticanalogues,OHA, DHA,

orTET. HHA producedan increaseincoalconversionofapproximately12% more than its

nearestanalogue,DHA, and 13% more thanOI-lb.ISO yieldedapproximately14% more

conversionthanTET. Atthe variousdonablehydrogenlevels,HHA consistentlyconverted

more coalthan dideitherDHA orOHA, albeit,indecreasingdifferentialamounts asthe

levelofdonablehydrogendecreased.Thisresultimpliesthata deficiencyofdonable

hydrogenoccurredattheselowerlevelsofdonablehydrogen.

Coalreactionswere alsoperformedatthreedifferentthermalreactionconditions:

410°Cand 380°Cinnitrogenand 380°C inhydrogen.The amount ofcoalconversionobtained
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for each added donor species is presented in Table H. Each reaction was at least duplicated.

The solvent used for these reactions was fluorene and the level of donable hydrogen was 0.5

weight percent for each reaction.

Substantial differences in the _unount of coal conversion achieved with the different

• added donor species were observed in nitroge_ A greater difference was observed between

HH and ISO and their respecti_Ie analogues at 380°C than at 410°C. The reactions the

. donors experienced at 410°C were probably more rapid, resulting more quickly in the

production of aromatic species that did not serve as donors to coal.(3) A high level of

reactivity was observed in these systems regardless of donor addition. The reaction at 380°C

in nitrogen with just fluorene as the solvent present converted nearly 60% of the coal,

indicating that fluorene provided a good solvating medium for coal.

The coal reactions with added donor in hydrogen also showed high levels of reactivity

but no differentiation among the added donor species. The reaction with fluorene alone

yielded nearly 79% conversion of coal. Fluorene apparently was an excellent solvent for coal

and even perhaps participated in hydrogen shuttling reactions that promoted coal

dissolution. Further examination of the role nf fluorene is planned.

For each of the reactions presented in Table II, the THF soluble fraction was then

further analyzed by gas chromatography to determine the effect of the coal reaction on the

model hydrogen donor present. The product distributions from the reacted added donor

species are presented in Table III. The coal conversions obtained in the corresponding

reactions are presented in Table II.

Even in the presence of coal a substantial difference in the reactivity of the CLO's

(ISO and ttHA) and the hydroaromatic donors (TET, DHA, OHA) was observed; the CLO's

were completely converted, whereas all the hydroaromatic donors remained partially

unconverte& In comparing the two studies at 380°C, the reactions in a nitrogen atmosphere

produced more aromatic products than those obtained in a hydrogen atmosphere except for

the tetralin reaction. At 410°C, substantially more aromatic species were produced from

. each donor regardless of type than at 380°C. Also, under hydrogen the model compounds

HHA and DHA were hydrogenated to produce a significant amount of OHA (40.6 and 63.8%,

• respectively). In a hydrogen atmosphere OHA remained virtually unreacted.

Also calculated for the three sets of reactions was the net amount of hydrogen

released. This amount was determined as the difference in the total amount of hydrogen

released and the amount of hydrogen required to form other

species. For example, when HHA reacted and formed products of DHA, THA and OHA,

hydrogen was released when DHA and THA were formed bu_ was consumed when OHA was
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formed. The amount of net hydrogen released to the system was dependent upon the

amount of HHA converted and the relative amounts of each product produced. Table IV

presents the net hydrogen released for the three studies at different reaction conditions

using 0.5 weight percent donable hydrogen

Figures 1 and 2 present a graphical representation of tt_ data. For the two sets of

reactions under a nitrogen atmosphere, the general trend is that as coal conversion

increased, the net amount of hydrogen released also increased. The solid line on the figures "

is the linear best fit to the data.

The coal reaction in fluorene and in a hydrogen atmosphere showed no significant

difference in the amount of coal conversion obtained with or without any of the donor

compounds added (Figure 3). It is postulated that the consistent coal conversions obtained

(-77%) were caused by the diluent solvent, fluorene, shuttling hydrogen from the gas phase

to the coal matrix, thereby masking any effect the hydrogen donor compound may have had.

In order to determine the effect of the donor compounds in a hydrogen atmosphere without

the influence of fluorene, the reactions were repeated using an inert solvent, hexadecane,

and the coal conversion to THF solubles determined as presented in Table V.

Coal conversions obtained thermally in a hydrogen atmosphere with additional

hydrogen donors in hexadecane showed substantial changes that depended upon the

particular hydrogen donor species added (Table V). Coal conversion in hexadecane was low

at -26% indicating that the solvent itself had little reactivity and did not provide a good

solvating medium for coal. ISO produced -50% coal conversion, almost 20% more than TET.

Also, HHA produced 65% coal conversion which was approximately 18% more than OHA.

DHA produced a slightly higher coal conversion than HHA yielding ~68%. Thus, the

addition of ISO resulted in more coal conversion than TET and HHA more than OHA. DHA

in hydrogen was as efficient a donor to coal as HHA, once the effect of the diluent solvent

was eliminated.

The reaction products from the added donors from these thermal reactions are also

presented in Table V. In a hydr,_gen atmosphere without a catalyst, _ reacted

completely and formed nearly an equivalent amount of OHA and DHA (47.5 and 45.7%,

respectively). DHA showed a slightly higher coal conversion than HHA; DHA converted

more than 75% yielding 61% OHA and 14.5% ANT as products. OHA, which only converted

about half the amount of coal as the other two donors, remained -85% unreacted yielding

-15% DHA as product. The net hydrogen released from these reactions is given in Table V

and shows that HHA released nearly twice as much hydrogen as did OHA and that DHA

appeared to incorporate molecular hydrogen from the gas phase into the production of OH._
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ISO inhydrogenreactedcompletelyyielding17.8%TET and 82.2% NAP asproducts,

whileTET onlyconverted-20% toproduceNAP. The amount ofhydrogenreleasedforTET

was more than fourtimesthatreleasedfromTET. The reactivityand amount ofhydrogen

releasedfromISO correspondedtothehighercoalconversionobtainedfromISO. Lower coal

conversionalongwithlowerreactivityand hydrogenreleasedwas observedfromTET.

Catalytic Reactions.
w

The catalyticreactionsusingNiMo/Als03,alsopresentedinTableV,showed thatthe

solventhexadecaneyieldedthesame amount ofcoalconversionasinthethermalreactions.

ISO producedmore coalconversionthanTET buttheamount ofcoalconversionforboth

decreasedcompared tothethermalreactionasdidthedifferencebetweenthem. Inthe

threeringseries,DHA converted-71% ofthecoaltoTHF solubleswhileHHA converted

-59% ofthe coaland produced20% more coalconversionthanOHA. The coalconversionof

theconventionalhydroaromaticdonorsOHA and DI-LAincreasedinthecatalyticsystem

compared tothethermalsystem.However,theCLO's,ISO and HHA, producedlesscoal

conversioninthecatalyticsystem.One possibleexplanationforthisphenomenon isthatthe

CLO's releasedtheirdonablehydrogeninthecatalyticsystemfasterthantheacceptorsites

ofthecoalmatrixcouldutilizethehydrogen.Also,ISO and HHA may havebeenrapidly

convertedtoconventionalhydrogendonorspeciestherebylosingtheirreactiveedgetoward

convertingcoal.

The reactionproductsfromtheadded donorsinthecatalyticreactionsinTableV

showed more conversionofDI-LAand HHA toOHA and more OHA remainingthaninthe

thermalreactions.AlsolessANT and slightlylessDHA wereproducedinthecatalytic

reactionscompared tothethermal.More hydrogenwas releasedfrom I-H-IAthanfromOHA,

butDHA consumed molecularhydrogeninitsproductionofOHA and initsconversionof

coal(TableVI).Inthe catalyticenvironment,rehydrogenationofthereacteddonoris

possiblebecauseofinvolvementofthecatalystand molecularhydrogensothatthenet

amount ofhydrogenreleasedcalculatedfromthereactionproductsmay notbea true

indicatorofallofthereactionsthatareinvolve&

, ISO completelyconvertedinthecatalyticreactionyieldingnearly85% TET and 15%

NAP (TableV). By contrast,no conversionofTET was observed.The netamount of

hydrogenreleasedfromISO didnotseem tocontributesubstantiallytocoalconversion.No

hydrogenwas releasedfromTET and,hence,no netincreaseincoalconversionoverthe

solventwas observed.These ISO/coaland TET/coalreactionswere repeatedand theresults

verified.
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Liquid Chromatographic Analysis of Coal Products.

Further analysis of the coal liquefaction products by liquid chromatography has been

initiated.LiquidchromatographicanalysesoftheTHF solublefractionshave been

completedforthe coalreactionsat380°C.The techniqueemployedwas an adaptationofthe

liquidchromatographicseparationofliquefactionproductsbasedupon themethod developed

by M.M. Boduszynski(I;2)and usedpreviouslyintheselaboratories.TableVI presentsthe

results of this analysis.

For the reactions with lower coal conversion the percentage fraction of the obtained

prod_ctsappearedtobe composedofa largeramount ofhydrocarbonsand a smalleramount

ofhydroxylaromaticcompounds. For thecompounds producinghighercoalconversion,i.e.

ISO and HHA, the fractionalpercentageofthe obtainedproductswas lowerinhydrocarbons

and higherinhydroxylvromatics.The higherconversionsobtainedwiththeCLO's probably

occurredbecauseofincreasedconversionofhydroxylaromaticstotheTHF solublefraction

from theIOM orunconvertedcoal.By contrast,thelessefficienthydrogendonor

compounds,TET, OHA and DHA, didnotconvertthispartoft_ecoalmatrixtoTHF

solubles.ItalsoappearsthattheCLO's convertedmore nitrogenheterocyclesfromthe coal

totheTHF solublefractionthandidthe conventionalhydrogendonors.

TableVII presentsa comparisonoftheliquidchromatographicseparationresultsfor

thereactioninvolvingDHA atthreelevelsofdonablehydrogen.For thesereactions,a

higherfractionalpercentageoftheproductas hydrocarbonswas obtainedfrom thehigher

levelofdonablehydrogen.The liquidchromatographicseparationwillbe performedon

futurereactionstomonitorthechangesinthedifferentfractionsresultingfrom varyingthe

reactionconditions.

Molecular Modeling ofISO and TET

Objective.

The objectiveofthisresearchwas tousethemolecularorbitalcalculation,MNDO, to

examinethe energiesinvolvedinthe dehydrogenationofISO and TET, topredictthemost
i

likelydehydrogenationmechanism,and tocomparethecalculatedresultstothoseobtained

experimentally.The firststeptowardachievingthesegoalswas toperformMNDO !

calculationson the basisofa freeradicalmechanism. These calculationsconsistedof

geometryoptimizationand MNDO calculationsforISO and 1,4-DHN,aswellastheirsingle

radicaland bi-radicaltransitionstateintermediates.Becausetheactualdehydrogenation

mechanism isnotknown a priori,cationicand anionicdehydrogenationmechanisms were

alsocalculatedand compared tothefreeradicalmechanism.

When thesecalculationswere completed,additionalMNDO calculationswere

214



performed to investigate the probability of a reaction pathway from 1,4-DHN to 1,2-DHN

and NAP that employed a free radical, cationic and/or anionic mechanism based upon the

results obtained from the work heretofore described. A summary of these calculations is

presented next.

MNDO Calculations.

The approach to the MNI)O calculations for the first part of the theoretical work was

as follows. The first step was to assume that the molecules were fixed in a plane, while

allowing the bond lengths and bond angles to be optimized. These results were then used in

the next calculational sequence where the dihedral angles were optimized. The heat of

formation for TET with no dihedral angle optimization was 6.36 kcal/mole, while the heat of

formation with optimization was 2.59 kcal/zr,ole. The more favorable geometry for TET is a

"puckered" configuration, as indicated by the lower heat of formation obtained with dihedral

angle optimization since a lower heat of formation results in a more stable molecule. When

the same calculations were performed for ISO, the heat of formation with no dihedral angle

optimization was 20.51 kcal/mole; with optimization, 19.45 kcal/mole. Therefore, ISO

remained essentially a "planar" molecule, as indicated by the small change in the heat of

formation with dihedral angle optimization.

The next step was to remove a hydrogen from each molecule forming a radical

species, by employing the keyword Doublet in the MNDO calculation. The doublet state has

a single unpaired electron in the outer orbital. Then an additional hydrogen from each

radical species was removed to form a bi-radical. In turn, both Singlet and Triplet keyword

configurations were employed. The configurations correspond, respectively, to the singlet

and triplet excited electronic states. The singlet state has the outer pair of electrons in

opposite spins while the triplet state has the outer pair of electrons in the same spin. The

final step was to perform the MNDO calculation on DHN.

The results of the series of MNDO calculations are presented in Table VIII for the

• ground state reactants (ISO and TET), the transition states (single or bi-radical), and the

ground state product (DHN). In the ground state TET is more stable than ISO, as indicated

, by its lower heat of formation (Ht). This result is not surprising, since it is expected that

conjugated double bond systems particularly in aromatic rings should be more stable than

non-conjugated systems. The single radical species obtained by the removal of a hydrogen

atom from TET is more stab!e (i.e. lower heat of formation) than that obtained from ISO. In

performing the MNDO calculations on the bi-radical species derived from TET and ISO, both

the triplet state and the singlet state were employed. The singlet state conformation for ISO
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is the more energetically favorable state, yielding a lower heat of formation. However, for

TET the triplet state conformation has the lower heat of formation and is more stable. In

the transition of TET through a radical (doublet) and then a bi-radical (triplet), the energy

barrier is much higher than the for ISO. A graphical representation of the heat of

formation data for the transition of TET and ISO to DHN is presented in Figure 4.

Since the transition of ISO to DHN by a radical mechanism is more favorable than

that for TET, ISO should more readily donate its hydrogen and be a more reactive hydrogen

donor species than TET. This conclusion agrees with the experimental results obtained in

the thermal reactivity studies of ISO and TET where ISO completely reacted while TET did

not under liquefaction conditions. Therefore, MNDO calculations appear to be a useful tool

to explain, and possibly predict, experimental observations in comparing CLO's to their

hydroaromatic analogues.

Additional work was performed to test the possibility of a cationic or anionic

dehydrogenation mecb_nigm as presented in Table VIII. The heat of formation (I-_) and

ionization potential (Ip) obtained for ground state 1,4-DHN were Hf = 25.27 kcal/mole and Ip

= 9.17 kcal/mole, respectively. Graphical representations of the data in Table VIII are

presented in Figures 4, 5, and 6 (radical, cationic, and anionic mechanisms, respectively).

For both the cationic and anionic mechanisms, the pathways for ISO have a higher energy

barrier than does the pathway for TET. These pathways are in contrast to the free radical

mechsnism that showed a higher energy barrier for TET than it did for ISO. Also previously

described experimental results showed that ISO was much more reactive than was TET and,

therefore, should have a lower energy barrier than TET.

If the reaction pathway from ISO passes through 1,4-DHN, ISO should also have a

lower energy barrier in its dehydrogenation pathway to 1,4-DHN. These molecular orbital

calculations, in co_ugation with the experimental results, suggest that the free radical

mechanism is a more likely mechanism for the dehydrogenation of ISO and TET to 1,4-DHN

than an anionicorcationicmech8nigrn.I-_ishigherforboththecationicand anionic

pathways ascompared tothefreeradicalmechsnism. Thisresultalsoimpliesthatthe

cationicand anionicmechsni.qn_qarenotas thermodynamicallyfavorableasthefreeradical
t

pathway.

Inthe previouslydiscussedMNDO calculations,theinitialinputgeometrywas

determinedby making a physicalmodel,and thendeterminingconnectivity,bond lengths,

and dihedralangles(internalcoordinates),and thenusingthismatrixtoperformtheMNDO

calculations.A new procedurewas alsoemployedutilizingthesoftwarepackageSYBYL

(TriposAssociates,Inc.)which allowsbuildingand manipulatingmolecules.The Rrststep
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used SYBYL to draw the desired molecular species; then the structures were optimized

utilizing a force field energy minimization procedure. The force field minimization procedure

consisted of a series of line searches until a minimum in energy was reached. The searches

were performed by the Conjugate Gradient method, which provides a convergence method

based upon information acquired from one iteration to the next. The resulting optimized

structures were then in turn configured for the AMPAC version available in SYBYL, with

the input geometry computed in the form of cartesian coordinates. These input files were

then downloaded from SYBYL and installed on a VAX 6320 computer. Once installed, the

MNDO calculations were performed as before. The only difference in this and the previous

procedures was the manner by which the input files were generated.

The first series of calculations performed was to determine if the two calculational

methods produced the same results. To accomplish this objective, both ISO and TET were

built with SYBYL and their geometry optimized using the force field minimization

procedure. Then MI_rDO calculations were performed on the optimized geometries. As a

check, MNDO calculations were also performed utilizing the non-optimized geometries. As

can be seen in Table IX, there is excellent agreement for heat of formation and ionization

potential results with the conventional input geometries (internal coordinates) and the

structures generated from SYBYL (cartesian coordinates). Therefore, no anomalies, caused

by the use of the SYBYL software package, are apparent. The next results generated can be

compared to or utilized with the work that has been previously Performed.

The next step in this project was to investigate the isomerization pathway of 1,4-

DHN to1,2-DHN by employinga freeradical,cationic,oranionicmechanism. Calculations

forthe cationicand anionicmechanisms were performedforcomparisonpurposes.The

intermediateforthisisomerizationwas a singleradicalorchargedspeciesof1,4-DHN

formedby theremovalofa hydrogenfromcarbonnumber 4 (IUPAC numberingconventional

forthenaphthaleneparentcompound).TableX presentstheresultsobtainedfortheMNDO

calculationsperformed.

The transitionfrom 1,4-DHN to1,2-DHN hasa lowerheatofformationintheanionic
¢

mechanism. But when examined inthelargercontextofthetransitionofISO and TET to

, 1,4-DHN and thento1,2-DHN,theanionicmechanism isstillnotenergeticallyfavorable

comparedtothefreeradicalmechanism.

Thisunfavoredstateisevenmore dramaticallyillustratedwhen thebi-radicalor

charge= +2 or-2speciesisconsidered,e.g.thetransitionof1,4-DHN toNAP. Therefore,

thenextsetofMINDO calculationsperformedwas toinvestigatethedehydrogenationof1,4-

DHN toNAP. TableX presentstheresultsthatwere obtainedforthetransitionofISO or

217



TET to 1,4-DHN and thentoNAP viaa freeradical,anionic,orcationicmech,ni.qm-Higher

energybarrierswere observedforboththecationicand anionicpathways thanforthefree

radicalmechanism. Sincebothcationicand anionicpathways forthetransitionof1,4-DHN

toNAP exhibiteda veryhighenergybarrier,thefreeradicalmechanism isthemore likely

pathway.

The freeradicalpathway forthetransitionofISO orTET to1,4-DHN,and the

transitionof1,4-DHN to1,2-DHN orNAP ismore energeticallyfavorablethan eithera

cationicoranionicmechanisnL Also,thefreeradicalmechanism predictsa lowerenergy

barrier1"orthesetransitionsforISO thanforTET. These resultsareinagreementwiththe

experimentalresultsshowingISO tobe much more reactivethanTET. Therefore,itcan be

concludedthatmolecularorbitalcalculationscan be utilizedas a goodmodel and a

predictivetooltocomparethereactivityofcyclicolefinstotheirconventionalhydrogendonor

analogues.

Summary and Conclusions

Thermal liquefactionreactionsinnitrogenwithadded CLO's resultedina substantial

increaseincoalconversionincomparisonwiththeirrespec_vehydroaromaticanalogues.

More hydrogenwas correspondinglyreleasedfromtheCLO's than from thehydroaromatic

donors.Likewise,substantialdifferenceswere observedamong theCLO's and their

hydroaromaticanaloguesinhydrogeninan inertsolvent,hexadecane.The CLO's converted

substantiallymore coaland releasedmore hydrogenthan theirhydroaromaticanalogues.

CatalyticreactionswithpresulfidedNiMo/AI_0a,hydrogen,hexadecaneassolvent,

and added donorsresultedinISO conve_g more coalthan TET and HHA more than OHA;

however,DHA convertedmore coalthan eitherand appearedtoincorporatemolecular

hydrogenfrom the coalreactionsystem.The majorreactionproductfromDHA was OHA.

The reasonforhighreactivityofDHA under theseconditionshas notyetbeen determined

but may inpartresultfromstericorconfiguralinteractionsbetweenDHA and the

NiMo/A1s03catalyst.The otherthree-ringdonorspeciesformedthesame reactionproducts
Q

but didnotform DHA orshow thehighreactivitylevelofDI-I_

TheoreticalcalculationsusingMNDO predictthatISO dehydrogenatedto1,4-DHN

and subsequentlytoNAP viaa freeradicalmechanism. The calculatedheatsofformation

fortherequiredtransitionswere lessthan witheitheran anionicora cationicmech_ni-_m.

MNDO calculationswithstericconsiderationsalsopredictedthattheground stateofISO is

lessstableand more reactivethan thatofTET becauseISO has a higherheatofformation.
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Table L Coal Conversion of Kentucky No. 9

for Different Levels of Donable Hydrogen

Donor Conversion*at
Compound 0.5wt% DH 0.2wt% DH 0.1wt% DH

HHA 88.6( 0.04 ) 78.2(0.5) 64.2(2.5)
ISO 81.0(0.9)
DHA 76.6(0.8) 73.8(1.1) 62.5(1.2)
OHA 75.5(0.7 70.2(2.7) 60.3(0.7)
TET 66.8(0.9)
none 57.4(2.3) 57.4(2.3) 57.4(2.3)

* conversiondefinedas1 -!OM (maf_
coal(maf)

and DH referstodonablehydrogen

Allreactionswere performedat380°C,1250psig(cold)N 2atmospheres,700 cpm,and 30
minute reactiontime.

Inthepairsofnumbers above,thefirstistheconversionobtained.The second,in
parenth.esis,isthestandarddeviationforthatdatapoint.

TableII. CoalConversionforKentuckyNo. 9 CoalatDifferentReactionConditions
withFluoreneastheSolvent

Donor* CoalConversion CoalConversion CoalConversion
Compound at410°C at380°C at380°C

' .(Nitrogen) (Nitrogen) (Hydrogen)

HHA 84.3(1.1) 88.6(0.04) 76.7(0.1)
'DHA 80.9(0.5) 76.6(0.8) 76.6(1.0)

OHA 80.8(0.6) 75.5(0.7) 77.6( 0.8 )
ISO 78.1(0.6) 81.0(0.9) 76.3(0.8)
TET 70.1 (0.2) 66.8( 0.9 ) 79.0( 0.3 )
None NP** 57.4(2.3) 78.8(3.4)

*Using 0.5 weight percent donable hydrogen. **NP = not performed
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Table HI. Reaction Products from Model Donors for Thermal
Coal Reactions Using Fluorene as the Solvent

Model

Compound Reaction Reaction Products (wt%)
Added Conditions OHA DHA ANT

t

HHA N2,380°C 18.5(0.5) 45.2(0.2) 36.3(0.6)
N2,410°C 14.3(1.1) 24.2(2.5) 61.5(3.5)
I-I_, 380°C 40.6(8.7) 47.1(2.7) !2.3(6.3) "

OHA N2, 380°C 51.2(0.6) 42.4(0.4) 6.4(0.3)
N_, 410°C 19.3(1.2) • 44.0(0.9) 36.7(1.4)
I-_, 380°C 89.7(0.3) 10.3(0.3) None

DHA N2,380°C 18.1(0.6) 21.5(0.3) 60.4(0.8)
N2,410°C 14.5(0.9) 15.3(0.4) 70.1(1.0)
I_,380°C 63.8(0.9) 25.1(0.7) 11.1(0.3)

TET NAP

ISO N2, 380°C 14.4(0.7) 85.6(0.7)
N2, 410oc 4.9(0.5) 95.1(0.5)
H2, 380°C 96.1(0.3) 3.9(0.4)

TET N2, 380°C 68.5(0.6) 31.5(0.6)
N2, 410°C 36.6(0.6) 63.4(0.6)
I-_, 380°C 21.1(1.1) 78.9(1.1)
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Table IV. Net Hydrogen Released from Model Donors

Coal Study I: Kentucky No. 9, 30 min, 380°C, N2, Fluorene as Solvent

Donor Coal Net HCg)
Added ..Conv.ersion Rele.a.s.ed

t

HHA 88.6(0.04) 0.01824
ISO 81.1(0.9) 0.01294
DHA 76.6(0.8) 0.00265
OHA 75.5(0.7) 0.01138
TET 66.8(0.9) 0.00462
None 57.4(2.3) ----

Coal Study II: Kentucky No. 9, 30 rain, 410°C, N2

Donor Coal Net H(g)
Added Conversion Released .

HHA 84.3(1.1) 0.02203
DHA 80.9(0.5) 0.00879
OHA 80.8(0.6) 0.02076
ISO 78.1(0.6) 0.01439
TET 70.1(0.2) 0.00958

Coal Study III: Kentucky No. 9, 30 min, 380°C, I-I=

Donor Coal Net H(g)
Added Conversion Released

TET 79.0(0.3) 0.01200
None 78.8(3.4) NM*
OHA 77.6(0.8) 0.00246
HHA 76.7(0.1) 0.00921
DHA 76.6(1.0) -0.05314
ISO 76.3(0.8) 0.00060

*NM = none measured
!
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Table Vo Reaction Products from Model Donors from Thermal and Catalytic Coal
Reactions Using Hexadecane as the Solvent

Coal Study IV: Thermal, Kentucky No. 9 H_, 380°C, Hexadecane as Solvent

Donor Coal Net H(g) Reaction Products, wt%
Added Conversion Released OHA DHA _ ,

OHA 37.2 (0.4) 0.00324 85.4 (0.1) 14.6 (0.1) none
HHA 65.0 (3.3) 0.00659 47.5 (0.3) 45.7 (0.1) 6.8 (0.3)
DHA 68.3 (1.0) -0.04970 61.0 (2.3) 24.6 (2.4) 14.5 (1.5)

TET NAP

ISO 49.7 (LO) 0.01248 17.8 (1.3) 82.2 (1.3)
TET 29.8 (0.2) 0.00298 79.8 (0.7) 20.2 (0.7)
None 25.6 (1.8) 0 0 0

Coal Study V: NiMo/A1203, KentucL'T No. 9, I-I2,380°C, Hexadecane as Solvent

Donor Coal Net H(g) Reaction Products, wt%
.Added Conversion Released .0HA DHA AN.__.!T

OHA 39.8 (2.4) 0.00237 89.3 (0.2) 10.7 (0.2) none
HHA 58.9 (2.9) 0.00392 56.3 (0.8) 43.7 (0.8) none
DHA 71.6 (2.1) -0.06097 71.0 (0.7) 22.4 (0.5) 6.6 (0.2)

TE__T NAP

ISO 28.6 (0.3) 0.00230 84.8 (0.4) 15.2 (0.4)
TET 20.8 (0.2) 0.0 100.0 trace
None 25.6 (2.0) 0 0 0

Table VL BoduszTnski Analysis Summary for Coal Study I*

Comvound Classes of Reaction Products (wt%_
Donor Coal HC 1 NHC _ HAs PFC 4
Added Conversion

ttHA 88.6(0.04) 73.4(3.0) L_(1.6) 9.2(1.8) 15.6(2.4)
ISO 81.0(0.9) 84.8(1.7) 0.7(0.8) 9.4(0.8) 5.2(1.3) :
OHA 75.5(0.7) 80.1(2.4) trace 4.8(1.5) 15.2(0.9)
DHA 76.6(0.8) 91.3(0.6) 0.5(0.7) 4.5(0.2) 3.7(0.1)
TET 66.8(0.9) 93.2(1.2) trace 2.8(1.7) 4.0(2.3)

* Conditions: Western Kentucky No. 9 coal, N2, 380°C, 30 rain, 0.5 wt% donable
hydrogen

hydrocarbons shydroxylaromatics
2nitrogenheterocycles 4polyfunctionalcompounds
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Table VIL Boduszynski Analysis Summary for DHA*

Level of

Donable Coal Compound Classes of Reaction Products (wt%)
Hydrogen Conversion HC 1 NHC 2 HA s PFC 4

0.5 76.6(0.8) 91.3(0.6) 0.5(0.7) 4.5(0.2) 3.7(0.1)
, 0.2 73.8(1.0) 80.0(4.1) 1.6(1.4) 9.9(3.0) 8.6(4.4)

0.1 62.5(1.2) 82.3(4.0) 2.3(2.0) 9.9(4.1) 5.5(0.9)

• * Conditions: Western Kentucky No. 9 coal, N=, 380°C, 30 rain

Table VI[II: Heats of Formation and Ionization Potentials Obtained for the
Dehydrogenation of TET and ISO

ISO TET

STATE I-L* Iv* _ _I_
radical (doublet) 40.14 7.75 32.14 7.62
bi-radical (singlet) 25.40 9.18 104.27 7.34
bi-radical (triplet) 73.85 2.89 59.88 3.68
charge =-1 1.71 -3.39 1.95
charge =-2 140.40 -4.57 99.17 -3.17
charge = +1 209.69 13.42 197.61 14.]9
charge = +2 545.48 18.06 499.18 19.15
groundstate 19.45 9.32 2.59 9.23

•Units are kcal/mole.

Table IX: Heats of Formation and Ionization Potentials Obtained for Ground State TET
and ISO

ISO TET
STATE !:!_* I_* _ Iv
AMPAC Only 19.45 9.32 2.59 9.23
SYBYL, Optimization 19.44 9.3 1.5 9.22
SYBYL, NO Optimizationlg.55 9.32 1.64 9.22

*Units are kcaYmole.

Table X: Summary of Heat of Formation and Ionization Potentials Obtained for the
Excited Transition State Species for the Transition of 1,4-DHN to NAP

ISO

STATE tL* Iv*
b

radical (doublet) 49.48 7.51
bi-radical (singlet) 38.85 8.57
bi-radical (triplet) 81.65 3.26
charge = -1 11.72 2.03
charge =-2 117.92 -3.82
charge = +1 212.54 13.90
charge = +2 5P4.49 18.98

*Units are kcal/mole.
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TASK IV_. CATALYTIC COPROCESSING STUDY USING PROBE REACTANTS

Introduction

Four model probe compounds were introduced to investigate the complex chemistry of

coal-off coprocessing reactions in this study. These four probe reactants served as monitors

for evaluating the catalytic inhibitory effects of different hydrocarbonaceous substances. Thet

four probe systems used were dibenzofuran for hydrodeoxygenation, dibenzothiophene for

• hydrodesulfurization, quinoline for hydrodenitrogenation, and anthracene for hydrogenation.

The four model compounds were reacted individually with resid, coal, two different resid

fractions and two prehydrogenated residuum, respectively, in order to discover how different

compositional factors affected the reactivity of the individual probe reactions.

Experimental

The reactionswere conductedin20 cmsstainlesssteeltubingbomb microreactors

(TBMR). The reactionconditionswere setat380°C,1250psihydrogenpressureatambient

temperature,550 rpm forhorizontalagitation,and 860 rpm forverticalagitation.The

catalystusedforeachreactionwas presulfidedNiMo/AI_0_,Shell324,which was ground

into+250 -325 mesh.

The chemicals,dibenzofuran,dibenzothiophene,quinoline,anthracene,and

hexadecane,usedas reactantsand solvent,respectively,inallprobereactions,were obtained

fromAldrichChemicalCompany and ratedat99 percentpurity.WesternKentuckyNo. 9

coalwas groundto-I00mesh, storedunderan inertatmosphere,priortobeingusedinthe

reactions.The residwas producedfroma blendofdifferentcrudesand was obtainedfrom

Amoco.

The productsfromtheprobereactantreactionswere analyzedby gas

chromatographyusinga VarianModel 3700gas chromatographequippedwitha 30m, 0.32

mm II)DB-5 fusedsilicacolumnand FID detection.Quantitationwas performedusingthe

internalstandardmethod withp-xyleneastheinternalstandard.

,_ The residwas pretreatedinseveralways by obtainingthehexane solublefraction,

thehydrocarbonfraction,and prehydrogenationoftheresichThe hexanesolublefraction

was obtainedby extractingresidwithhexane and collectingthatfraction,thehydrocarbon

fractionwas obtainedby usinga chromatographicseparationbasedon themethods of

Boduszynski.Prehydrogenationoftheresidat30 minutesand 3 hoursat380°Cwith1250

psiatambienttemperaturefollowedby extractionwithtetrahydrofuranwas performed.
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Resultsand Discussion

The reactionswere performedusingprobereactantsinthepresenceofcoaland resid

individuallyand incombination.The productsfrom theprobereactantswereanalyzedby

gaschromatography.To summarize and comparethedata,theterminologypresentedinthe

followingwas used:percenthydrodeoxgenation(HDO),percenthydrodesulfurization(HDS),

percenthydrodenitrogenation(HDN), percenthydrogenation(HYD) and percentrecovery.

Percenthydrodeoxygenation(HDO), percenthydrodesulfurization(HDS),and percent

hydrodenitrogenation(I-!DN)arethesummations ofthemolepercentsoftheliquidreaction

productsthatdo not containoxygen,sulfin',ornitrogen,respectively.Percenthydrogenation

(HYI))isthenumber ofmolesrequiredtoproducetheobservedliquidproductdistribution

from a givenreactantas a percentageofthemolesofhydrogenrequiredtoobtainthefinal

most hydrogenatedliquidproduct.

The Four Model Reactions.

Four probereactions,HDO, HDS, HDN, and HYD, withdibenzofuran,

dibenzothiophene,quinoline,and anthraceneservingas thefourmodel probes,were

performedunder catalyticand thermalliquefactionconditions.The thermalreactionsserved

asa baselineforthe catalyticreactionssothattheeffectofthecatalystatliquefaction

conditionscouldbe discerne&Withouta catalystat380°C,no reactionofdibenzofurau,

dibenzothiophene,oranthracenewas observed.Only quinolinereactedwithabout30 mole

percent1,2,3,4-tetrahydroquinolinebeingproduce&

The fourmodel compounds werethenreactedwitha presulfidedNiMo/Al_03catalyst

atthesame conditionsasthermalreactions.NiMo/Al_O3provedhighlyeffectivefor

hydrogenatingand removingheteroatomsfromtheprobereactantswhen neithercoalnor

residwas added.

Dibenzofuranand dibenzothiophenehave similarchemicalstructuresand,although

theyhad differentratiosoftheproductspresentintheproductdistributionaftercatalytic

reactions,thesecompounds afterheteroatomremovalhad thesame typesofproducts.In the

presenceofNiMo/Al2Os,bothspeciesunderwentcompleteheteroatomremoval,leavingonly

hydrocarbonsasproducts.The productsofthedibenzofuranHDO catalyticreactionwere

bicyclohexyl,methylcyclopentylcyclohexane,methylcyclopentaneand cyclohexanewhich was

themajor product.The productsfordibenzothiophenereactionwere bicyclohexyl,

cyclohexylbenzene,methylcyclopentane,and cyclohexane.Inthesetwo probereactionsthe

most hydrogenatedproductwas cyclohexane.

To establishthereactionpathwaysoccurringforboththeHDO and HDS reaction
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pathways, the observed reaction products as well as the postulated intermediates were

reacted under the same conditions. The compounds, biphenyl, cyclohexylbenzene and

bicyclohexyl, showed similar product distributions as the dibenzofuran and dibenzothiophene

reactions. The exceptions were that bicylohexyl did not produce cyclohexane as a product

and none of the compounds produced methylcyclopentane.b

Quinoline at these reaction conditions and in the presence of NilVIo/A1203underwent

• total denitrogenation. The products of the quinoline HDN catalytic reaction were

methylpropylpentane, propylbenzene and the primary product, propylcyclohexane with the

most hydrogenated product being propylcylclohexane. Reactions were performed with

decahydroquinoline (DHQ), l_,3,4-tetrahydroquinoline (THQ), and 5,6,7,8-

tetrahydroquinoline (THQ) to establish if these compounds were feasible intermediates for

quinoline HDN. Under these conditions, DHQ and 5,6,7,8-THQ produced propylbenzene

(PB), methylpropylcyclopentaue (MPCP), propylcyclohexane (PCI-I) and trace amounts of

other hydrocarbons (HC) while 1,2,3,4-THQ did not produce PB and produced more HC.

Further reactions with NiMo/A1203 showed that PB and propylaniline (PA) were readily

converted to PCH and small amounts of MPCH while PCH remained largely unconverted

but produced measurable quantities of MPCP and PB.

Anthracene readily hydrogenated under these reaction conditions. The products of

the anthracene HYD catalytic reaction were six isomers of perhydroanthracene. Ali

aromatic rings were saturated but no ring was broken.

The reaction pathways for these reactions show that the oxygen and sulfur

heteroatoms were removed from dibenzofuran and dibenzothiophene in HDO and HDS

reactions prior to hydrogenating the aromatic rings. The evidence for this is the production

of bicyclohexyl and cyclohexylbenzene in the reaction products of the HDO and HDS

reactions, respectively. By contrast, in quinoline HDN reactions nitrogen removal occurred

only from quinoline a/ter saturation of the aromatic rings. No nitrogen containing species

were present after 30 minutes of reaction. Ali of the hydrocarbon species present were

,i composed of one ring structures, indicating that the nitrogen containing aromatic rings were

saturated and hydrogenolyzed prior to nitrogen removal.

The Model Reactions with Coal, Resid and Coal-Resid Mixture.

Coal and resid were added both individually and in combination to the four probe

reactions. The presence of these species lowered the amount of hydrogenation and

heteroatom removal observed with each of the probe reactants. All four probe reactions

showed that the coal and resid mixture lowered the amount of hydrogenation or heteroatom
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removalreactionsoccurringmore thandideithercoalorresidalone.Coalalonewas more

inhibitorythan residalone.FigureI presentsa comparisonoftheseadded specieson the

HYD, HDO, HDS, and HDN reactions.

When coalora coal-residmixturewas added tothecatalyticreactionscontaining

dibenzofuran,theHDO reactionwas completelyinhibited.When untreatedresidwas added

todibenzofurantheHYD and HDO reactionsdecreasedfrom 100 mole% to3.8and 4.8%,

respectively.However,when thesesubstanceswere added toquinoline,quinolinestill

underwent a substantialamount ofHYD and HDN and totallyconvertedtootherproducts.

The inhibitoryeffectwas greatestwithcoalplusresidbut eventhentheHYD and HDN

were onlyloweredby -30 to40% to68 and 58%,respectively.

Dibenzothiophenealsoshowed a highlevelofHDS; untreatedresidloweredtheHDS

from 100% to80% whilethecoalreactionloweredit66% and thecoal/residcombinationto

53%. The HYD reactionexperiencedby dibenzothiophenewas loweredfrom -76% forno

additionto-25% forresid,-17% forcoaland -15% forthecoal-residmixture.When the

HYD ofanthraceneat100% fromthecatalyticreactionwithoutany additiveswas compared

tothatwith additivestheHYD ofanthracenebecame lower:-53% foradded resid,-45% for

coaland 43.5% forthecoal-residmixture.

The Model Reactions with Hexane Soluble Resid Fraction.

Infulfillmentofthepurposeofthiswork,hydrocarbonaceoussubstanceswith

differentcharacterwere preparedfrom residand thentestedfortheircatalyticinhibitionon

thefourprobereactantsaspresentedinTable1. These procedureswere performed:resid

was fractionatedintohexanesolubleand hydrocarbonfractionsand was alsohydrogenated

at380°Cand 1250psiina tubingbomb microreactor.

The hexane solubleresid,when introducedtoeachofthefourmodel compounds,

showed lesscatalyticinhibitionofallprobereactionsthantheuntreatedresid,coalorthe

combinationofcoaland resid.The hexanesolubleresiduumwas composedof87.7wt% of

originalresiduum and had no asphaltenespresent.Thismaterialhad a detrimentaleffect it'

on dibenzofuranHYD and HDO reactionswhere only-9% HYD and 12% HDO occurred
'I

compared to67% HYD and 100% HDO withoutresid,butshowed slightlygreater

dibenzofuranreactivitythantheuntreatedresid.Quinolinereactionsmaintaineda high

degreeofHYD (93.7%)and HDN (92.6%)inthepresenceofthehexanesolubleresidwhile

dibenzothiophenedesulfurizedreadilyyielding90.5% HDS but didnotundergosubstantial

ofHYD reaction(30%).Thisamount ofHYD was onlyslightlyhigherthan theuntreated

resid.Added hexane solublefractionofresidhad a moderateeffecton the anthraceneHYD
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reaction (58%) compared to the 52% of the untreated resid.

The Model Reactions with the Resid Hydrocarbon Fraction.

A hydrocarbon fraction from the hexane soluble resid was collected by the modified

Boduszynski method. Since only a small amount could be collected within a reasonable

period of time, the hydrocarbon fraction was only used with HDS and HDO reactions. These

• reactions were chosen because the presence of residuum showed the most effect on their

reactivity while little effect on the quinoline HDN reaction and only moderate effects on the

anthracene reaction were observed. In comparison with the other resid reactions, the probe

reactions with added hydrocarbon fraction resid were less inhibited than those with added

hexane soluble fraction resid or added untreated resid. Even with this, a substantial

influence of the resid hydrocarbon fraction was observed on the HDO and HYD reactions of

dibenzofuran. Only 25% of the dibenzofuran reacted. Dibenzofuran reactivity with the

hydrocarbon fraction showed only slightly greater reactivity than with the untreated or

hexane soluble fraction. By contrast, dibenzothiophene was able to undergo substantial

sulfur removal yielding 93% HDS; this compared to 79% with untreated resid and 91% with

hexane soluble resid. The HYD reaction of dibenzothiophene was still affected only 32%

HYD occurred compared to -76% without any added resid or resid fraction.

The Model Reactions with Prehydrogenated Residuum.

In order to test whether the catalytic inhibitory nature of the resid, as measured by

the reactivity of probes, could be altered by chemical changes occurring during

hydrogenation, the resid was hydrogenated in thirty minute and three hour reactions.

Eighteen grams of resid were prehydrogenated in two large-sized tubing bomb microreactors

at 380°C at each reaction time. The effect of the prehydrogenated resids on the different

probe reactants varied according to the length of reaction time and the probe used. The 3

hour prehydrogenated resid inhibited the reactivity of the probe reactants less than the 30

minute reaction.

The 30 minute prehydrogenated resid had little effect on quinoline HDN reaction and

A HYD reaction. Neither the 30 minute nor 3 hour prehydrogenated resid substantially

affected quinoline HDN or HYD in comparison with the catalytic probe reactions without

any resid. In contrast to quinoline high reactivity, dibenzofuran scarcely reacted, with 91%

dibenzofaran ren_aining unreacted. The level of dibenzofuran reactivity was less than the

reaction with the hydrocarbon fraction of the resid and slightly greater than the hexane

soluble or untreated resid. The dibenzofuran HDO reaction increased from 6.1% with 30-
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minute prehydrogenated resid to 8.5% with 3-hour prehydrogenated resid and the HYD

reaction improved from 4.6 to 6.4%.

Dibenzothiophene showed substantial HDS reaction but a low HYD reaction in

comparison to reactions without resid for both prehydrogenated resids. The anthracene

HYD reaction showed moderate inhibition by the prehydrogenated residua. The amount of °

anthracene HYD observed was 54% with the 30 minute treated resid, 56% with the 3 hour

pretreatment -58% with the hexane soluble fraction, and 53% with the untreated resid.

These HYD were reduced from 100% without any resid. Hence, the presence of any resid

reduced the reactivity of the probe anthracene by nearly one-half.

Summary

The results of these probe reactions indicate that when resid coal or a combination of

coal plus resid was added to all probe reactions the HYD reaction as well as HDO, HDS and

HDN were decreased. The resid participated in competitive catalytic reactions with the

model reactions where the resid molecules compete for the active catalytic sites, perhaps

even poisoning the active site thereby inhibiting the catalytic activity of the sites. A

comparison of the heteroatom removal reactions of the probe reactions given in Figure 1

showed that added untreated resid, coal, and coal plus resid had little effect on sulfur and

nitrogen removal from dibenzothiophene and quinoline, but inhibited oxygen removal from

dibenzofuram All HYD reactions were affected; the most affected was the HYD of

dibenzofuran, followed by benzothiophene, anthracene and quinoline in that order.

Inthe detailedreactionsusinghydrocarbonfractions,hexanesolubleand

prehydrogenatedresid,prehydrogenatedresidinhibitedreactionsmore than didhexane

solubleresidwhich inturnwas more inhibitorythanhydrocarbonfractionresiduaas shown

inFigures2 and 3. The additionofuntreatedresidshowed thegreatestinhibitoryeffectson

model compound reactionsincomparisonwiththeadditionofdifferentspecifiedresid.The

fourmodel compounds had thesame trendofreactionwiththedifferentadded resids.The

added residsand coals,inorderoftheirinhibitoryeffecton theprobereactions,are:coal-

residmixture> coal> untreatedresid> thirty-minuteprehydrogenatedresid> three-hour
st

prehydrogenatedresid> hexane solubleresid> hydrocarbonfractionresid.

Compared withreactionswithuntreatedresid,any additionalpretreatmentofresid

toremove heavy materialsorprehydrogenationoftheresidcontributedtosome

improvementinthe reactivityofthefourprobereactions.Ina comparisonofthefourmodel

compound reactions,quinolineconsistentlyshowed more HYD reactionthan othermodel

compounds and a highmole percentofHDN reactionwhileanthracenedidnotshow much
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variationinHYD reactionswithadditionofthedifferentresids.
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Subtask IV.3. Improved Catalysts for Coal Liquefaction and Coprocessing

This year we have tested new bimodal and unimodal catalysts with a suite of

additional coals from the DOE Argonne Coal Data Bank. We have also used the continuous

CDS reactor to study the deactivation of these catalysts with model compound

hydrogenation/demetallation reactions. In addition we have performed pore d]tTusion

experiments to obtain effective diffusivities for these catalysts. Our results in these areas

• are summarized in the following. Complete details are given by Rhee (19) and Wang (18).

Introduction

SupportedextrudatecatalystssuchasNi-Mo orCo-Mo on AI,O3 areoftenused to

acceleratereactionsindirectcoalliquefaction.Becauseoflimiteddiffusionalaccessibilityin

smallpores,largeasphaltenetypemoleculesoftenhave low overallconversionratesinsuch

catalysts.Furthermore,smallerporesmay become pluggedwithcokeand/ormetallic

deposits,therebyexacerbatingthisproblem_Inan attempttocircumventthisdilemma,the

use ofbimodalcatalystshas beensuggested.Presumably,themacroporousregionsofthe

extrudatepermiteasieraccesstothemicroporoussubregionsofhighersurfaceareaand

activity,especiallyforlargermolecules.Recently,we have evaluateda seriesoflaboratory

catalystsfortheirinitialactivityforresiduumdesulfurizationand coalliquefaction(1).As a

resultofthisinitialstudyitwas foundthatbimodalporestructuresofferedan indicationof

higheractivityascompared totheirunimodalcounterparts.Becausethisinitialwork used

onlya singlehvcb coal,lll£noisNo. 6,itwas feltworthwhiletoexaminetheperformanceof

thesame catalystsfora suiteofwellcharacterizedcoalsofvaryingranks,inordertoseeif

thetrendobservedearliercouldbe generalized.

Thus,inthepresentstudy,a suiteoffivewellcharacterizedcoalsobtainedfromthe

DOE Argonne LaboratoryPremium CoalSample Bank havebeen liquefiedwitha seriesof

speciallypreparedlaboratorycatalysts.To providebenchmarks,two commercialcatalysts

were utilizedasweil.Generallyspeaking,thebimodalcatalystsevidencedhigheractivity

for every coal examined.

• Previous Studies.

The importanceofdiff_ionallimitationsincoalliquefactionand residupgradinghas

been shown experimentallyby Shah and Paraskos(2)and Curtisetal.(3).The importance

ofcatalystporesizedistributionincoalliquefactionhas been demonstratedby several

investigatorsincludingHo and WeUer (4)Shimada,etal.(5),and Shimura,etal.(6).

Indicationsofthepossibleadvantagesofthebimodalcatalystporestructurerelativetothe
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unimodal pore structure have been found by Tischer and other researchers at the Pittsburgh

Energy Technology Center (7-9) and at the Amoco Oil Company (10). Nalitham and

coworkers (11) at the V_zlsonville Coal Liquefaction Facility have also found indications of a

lower catalyst replacement being required with a bimodal catalyst. Hardin and coworkers

(12,13) have conducted a significant research program in the development of high porosity

catalysts and have considered diffusional limitations of macromolecules experienced in such

pore structures. Chantaug and Massoth (14) have also examined the diffusional restrictions

encounted by large molecules as they negotiate catalysts having varying pore structures.

The present research is an extension of the work reported earlier by Rhea et al. (1),

which was limited to a single coal. In the present study we have studied the liquefaction of
f

a suite of five Argonne Premium Coal Samples (15). The liquefaction behavior of these coals

has been studied by other investigators including Baldwin, et al. (16) who reported that the

high volatile bituminous coal (Illinois #6) was the most reactive, followed by the

subbituminous (Wyodak) and the medium and low volatile bituminous coals. They also

tested effect of various solvents on the coal liquefaction and found sn increase of 20 to 30%

in the conversion to toluene solubles when the liquefaction solvent was switched from a non-

donor to a hydrogen donor solvent (tetralin).

Experimental

Materials

The following chemicals were used: tetralin (Fisher, purifmd), tetrahydrofuran

(Fisher, certified) and pentane (Fisher, certified). Ultra high purity hydrogenation was

supplied by Air Products and Cher_icals. The coals include an minois No. 6 which had been

stored in our laboratory for several years (denoted as IL -AU) and a set of five pristine coal

samples from the Argonne Premium Coal Collection as follows:

Illinois No. 6 (IL), high volatile bituminous

Pittsburgh No. 8 (PrIT), high volatile bituminous

Upper Freeport (UF), medium volatile bituminous

Pocahontas (POC), low volatile bituminous

Wyodak (WY), subbituminous

The Argonne coals had been ground to 100 mesh and contained in amber ampoules

under nitrogen. More extensive characterization is available for these coals (15).

CatalystcharacterizationdataaregiveninWang (18).

Tubing Bomb Microreactor System

Tubing bomb microreactors (TBMR's) were used to study the initial activity of
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catalysts in coal liquefaction and the liquefaction reactivity of the suite of Argonne coal

samples. A typical TBMR reactor apparatus consists of two tubing reactors attached to a

shaft for high speed agitation and immersed in a fluidized sand bath to maintain constant

temperature. The tubing bomb is made of 1 inch O.D. 316 stainless steel tubing and I inch

- Swagelok fittings with a 45 cc capacit3,. The TBMR is run in horizontal orientation to

minimize gas liquid mass transfer limitations compared with the vertical orientation (17).

The agitation stroke length is about 3.8 cm and the shaking speed is fixed at 850 CPM. In

order to prevent the catalyst pellets from being pulverized under high speed agitation, a

cylindrical stainless steel screen with 420 micron mesh was fashioned into a basket to

contain catalyst pellets and glass beads. The outer holder of the basket fit tightly within the

tubing bomb so attrition of the catalyst did not occur.

Methods

Batch coal liquefaction experiments were carried out in 45 cc TBMR's. The TBMR's

were cleaned with a strong acidic solution before reaction to elhninate residual materials

(coke and metal sulfides) from the inside surfaces and obviate any wall "memory effect".

Because the water content of the coals was variable, all coal samples were dried in a vacuum

oven at 80°C for 8 hours before reaction. For example, as received Wyodak coal contains

28% water while Pocahontas coal contains only 0.65% water. Reactants in all experiments

were: 10 g tetralin, 3 g mf coal, and 1250 psig _ gas (charged at room temperature).

Tetralin was selected as a solvent to provide uniformity and because of the preponderance of

research results available using this solvent. One gram of catalyst pellets mixed

homogeneously with glass beads were contained in the basket inside the TBMR.

Experiments were performed in a fluidized sandbath (Techne SBL-2D) maintained at 425°C

or, in a few cases, 400°C. After 60 minutes reaction time, TBMR's were removed and
quenched in water.

The pentane soluble oils formed by coal liquefaction were measured and used as an

- indication of catalyst activity and liquefaction reactivity for the coal samples. Pentane

soluble oils formation is one of the more sensitive criteria for indicating the degree of coal

liquefaction and upgrading. After reaction, the liquid products in the TBMR were washed,

centrifuged, and decanted three times with pentane in a 250 ml Teflon FEP centrifuge bottle

to extract the pentane soluble oils. The pentane insolubles then were dried and weighed and

the mat" pentane soluble yield after liquefaction calculated from the following equation:

Pentane Solubles % = (mf Coal- mfPentane Insolubles) x 100 %
mf Coal x (1- Dry Ash %)
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Results and Discussion

Figure 1 presents the pentane soluble liquefaction results for the IL - AU coal which

had been stored for several years in our laboratory. A few pre]imln_ry runs were conducted

at 400 ° instead of the 425°C used for all later runs. Generally, the commercial catalysts BC

and UC evidenced somewhat higher activity than the laboratory prepared catalysts. This

couldbe attributedtomanufacturingdifferencesand/oradditionalpromotertraceelements

inthecommercialcatalysts.Our objectivewas nottopreparethehighestactivitycatalyst

possible,but tocompare theperformanceofa setofcatalystspreparedinthesame way,but

withdifferentporestructures.Thus we aremainlyinterestedintherelativeranlrlngof

laboratorycatalystsF-40,F-20,and F-00. With regardtothecommercialcatalysts,itis

interestingthattheunimodalcatalyst(UC) ismore activeat400°Cwhilethebimodal

variety(BC)has a higheractivityat425°C.One would expectdiffusionallimitationstobe

more severeatthe highertemperature,and hencethisisone possibleexplanationforthe

improvedrelativeperformanceofthebimodalcatalystatthehighertemperaturealthough

certainlynottheonlyone. The increaseinpentanesolubleactivityingoingfrom400°Cto

425°Cisquiteiwpressive,especiallyforcatalystBC. With regardtothelaboratoryprepared

catalyststhereisa slight,but statisticallysignificant,increaseinactivityasthebimodality

increases,i.e.,F-40> F-20 > F-00.

PentanesolubleyieldsforthesuiteofArgonnecoalsamplesareshown inFigures 2-

5. Figures 2 and 3 show therelativeeaseofcatalyticand thermal(noncatalytic)

conversionoftheArgonnecoalstopentanesolubleoilswithcommercialand laboratory

catalystsrespectively,ltisinterestingtonotethat,witha few exceptions,theeaseof

liquefactionoftheArgonnecoalswitheverycatalystisWT > IL > PITT > UF > POC. The

thermal(nocatalyst)resultsapproximatethissame trend.Baldwin(16)has alsostudied

theliquefactionofthesesame coalsand reportsa rankingsimilartothatobservedhere.

Althoughthecomparisonbetweenindividualnumbers areclose,ineverycoaltested,the

bimodalcatalystsgivehigherpentanesolubleyieldsthan theunimodalvarieties,i.e.BC >

UC and F-40 > F-20> F-00. Becauseofthelargenumber ofexperimentsand coalsutilized,

thisevidenceisbelievedtobe statisticallysignificantinshowingthattheinclusionof

macroporesoffersan improvement ininitialcatalyticactivity.Thistrendiseasierseenby

cross-plottingthedataasinFigures4 and 5.

DiffusionExperiments

We have used thebatchmethod (19)tomeasurethediffusioncoefficientsofoctanein

decanesolventintheporesofseverallaboratorycatalysts.Figures 6 and 7 show typical
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experimental diffusivity results for two catalysts F-00, and F-40, respectively used, in the

preceeding for coal liquefaction runs. In these figures the abcissa is a dimensionless time

variable (theta) containing the pore diffusivity D., while the ordinate is the ratio of the

octane concentration in the batch at time t to the same value at an "infinite" time. By

following the modeling procedure as shown by Rhee (19), the pore diffusivity D° can be

found. Figures 6 and 7 show that the theoretical line fits the data points well and that the

bimodal catalyst F-40 has a higher diffusivity D. than the unimodal catalyst F-00 (5.65 x 104

vs. 2.92 x 104 cm2/s). This difference could be due to the higher porosity of the bhnodal

catalyst and Shows the potential of macroporous catalysts in increasing reactant

accessibility.

Catalyst Deactivation during Hydrogenation and Hydrodemetallation in the CDS

Trickle Bed Reactor System

The deactivation of different pore-structured catalysts during hydrogenation and

hydrodemetallation was investigated in a CDS trickle bed reactor system. In this work, the

flow rate of feedstock and hydrogen are set at 200 t_/min and 100 sccm (flowrates converted

to superficial velocities are 0.0026 cm/sec and 1.32 cm/sec respectively). This is a typical

trickle flow corresponding to the low flow rate of gas and liquid usually used in laboratory

studies. The liquid phase is evenly dispersed in the flowing gas.

The system is comprised of two basic modules, a reactor system and a control system,

as shown in Figure 8. Feed preparation consists of receiving, metering and mixing a

combination of gases and liquids. The mixer/vaporizer is employed to create the

homogeneous stream. The mixture enters a trickle bed reactor (ID 1/2", length 18") where

catalyst is packed into the bed and supported with glass wool. The rest of the reactor is

filled with 3 mm glass beads to avoid radical temperature gradients. After reaction the

products pass through a gas/liquid separator where liquids go to an autosampler and gases

pass through the back pressure regulator then vent outside. A control system provides

- programming for reactor temperature (initial time and temperature, ramp rate, and final

time and temperature), feed flowrate, pressure and reaction methods. All the parameters
#

appear on the monitor screen to be monitored. Experiments were performed by chaining

select methods for automatic, sequential execution.

Materials

Ultra high purity hydrogen and nitrogen were supplied by Air Products and Chemicals.

Mineral oil with high viscosity and boiling point from Humco Laboratory Inc. was used as

the solvent. The model compounds, tetraphenylporphyrin (TPP) and vanadyl(IV)-

247



etioporphyrin (VO-etio), were from Midcentury Chemicals. The following chemicals (source,

purity) were used: naphthalene (Fisher, purified), tetralin (Aldrich, 99%), eis-

decahydronaphthalene (Aldrich, 99%), trans-decahydronaphthalene, 99%), decane (Fisher,

certified), p-xylene (Fisher, certified), tetrahydrofuran (Fisher, certified), and di-tertiary

nonyl polysulfide (Pennwalt Corporation).

Mineral oil was used as a solvent because it was relatively stable under the reaction

condition (400 °C). However, it showed a little cracking in the beginning of the reaction "

owing to the initial activity of the catalyst. Naphthalene and VO-etio were served as model

compounds to represent the highly complex reactions in coal liquefaction.

There were four feedstocks prepared for these experiments:

(1) 2 wt% naphthalene in mineral oil.

(2) 2 wt% naphthalene and 2.7 wt% di-tertiary nonylpolysulfide (contains 37 % sulfur) in

mineral oil.

(3) 2 wt% naphthalene and 100 ppm of TPP in mineral oil.

(4) 2 wt% naphthalene and 40 ppm of VO-etio in mineral oil.

Because the solubility limit of VO-etio in mineral oil is about 40 ppm, it is not easily

dissolved at room temperature. The detailed procedure for preparing the feeds is given by

Wang (18).

Method

Fivecatalysts,withdifferentporestructurescontainingnickeland molybdenum

supportedon aluminaasdescribedinWang (18),were chosentostudycatalystdeactivation.

ltnormallywould takemore than oneyeartocompletelydeactivatethecatalystunder

normal reactionconditions.Inordertoobtainmore efficiencyinrunningexperiments,

severeconditionstoacceleratethedeactivationofthecatalystareneeded.Our approach

was to alternate 24 hour periods at reaction conditions (400 °C with H2 gas) with similar

periods of more severe conditions (450 - 510 °C with Ns gas) in order to accelerate coke

formation (see Figure 9). At the end of each reaction period a liquid sample (about 3 cc)

was taken for analysis to determine the catalytic activity remaining. A quantity (0.3-0.4 g)

of sample was diluted to about 3 g with p-xylene and analyzed with a rapid scanning UV-

visible spectrophotometer (Varian DMS 100S) in conjunction with Beer's law to determine
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the concentration of TPP or VO-etio. The rest of the sample was combined with about I wt%

decane as an internal standard and analyzed with a gas chromatograph (Varian model 3700)

equipped with a 30 m × 0.32 ID fused silica capillary column (J & W Scientific).

. Comparison of Long Term Activity of Catalysts in Hydrogenation and

Hydrodemetallation

• The hydrodemetallationofVO-etioisa consecutivereactionasfollows(20):

VO-etio - VO-chlorin* -, metal deposition on catalyst and
metal-free product in solution

The relativeactivitiesofa catalystfor hydrogenation(AH)and hydrodemetallation(Arms)

were utilizedasindicationsfortheextentofdeactivationofthecatalyst.AH isdefinedas

molesofH2 consumed forproducts(tetralinand decalins)dividedby themolesofHs

requiredtoproducethemost hydrogenatedproduct(decalins):

AH = mole% Decalinsx 1.0+ mole% Tetralinx 0.4

Arms isdefinedasmetalremovaldividedby originalconcentrationofVO-etio(40ppm).

(40-Conc.ofVO-etioatthereactoroutlet)
A_w =

40

Evaluation ofLaboratory Prepared Catalysts

The approachtoexaminetheperformanceofthreeexperimentalcatalystsduringlong- "

term reactionsfollowedtheproceduresgivenby Wang (18).The operatingconditionsand

theresultsofallruns arelistedinreference(18).A typicalweightpercent-timecurvefor

naphthalenehydrogenationisshown inFigure I0 asRun NV-14. The highestcatalyst

selectivityfortetralinoccurredatthereactiontimeof264 hours.Figures 11 and 12 show

thetrendofcatalystdeactivationduringthereactionintermsofthecatalystrelative

activities:AHDM forhydrodemetallationand AH forhydrogenation.Both resultsindicatedthe

performanceofthreecatalystsinthefollowingorder:F-40> F-20> F-00,i.e.themore

macropores,thelongerthelifetimeofthecatalyst.They areencouragingresultsinthat

*VanadylChlorin-partiallyhydrogenatedform ofVO-etio(21).
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they show that the presence of macropores may help to decrease the rate of catalyst

deactivationincoalliquefaction.
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Task IV.4 Reduced Coal Liquefaction Process Severity through Better Hydrogen

Gas-Liquid Mass Transfer

Summary

A slurry phase reactor system was developed during tb_ past year that offers

• sufficient versatility in reaction rate controllability and the necessary mass transfer/heat

transfer characteristics to prevent retrogressive reactions from occurring due to H2

" starvation, while attaining a very high conversion of reactants. During the initial stages of

liquefaction, it was hypothesized that free-radical reactio,_s occur rapidly and reaction rates

increase almost exponentially. As a result, no practical, commercial gas-liquid contactor was

postulated to be capable of providing H2 at a sufficiently high enough rate to prevent H2

starvation, and thus retrogressive reactions, from occurring. This was considered to be true

as long as the reaction temperature was held constant and free-radical propagation was

allowed to proceed at an uncontrollable rate. Previous experimental evidence supported this

hypothesis.

Rather than attempt to seek some way solely of satisfying the H_ transfer rate

requirements of uncontrollable free-radical propagation reactions via exceptionally high mass

transfer rates, an alternative design approach was used. The reactor system was designed

in order to control the rate of free-radical propagation so that only practical, achievable I_

mass-transfer rates would be required.

It was felt that, with proper reaction rate control, _ mass transfer rates could be

made sufficiently high (via gas-liquid contactor design) so that retrogressive reactions could

be kept at a m/nimum. The more the H2 mass-transfer rate is raised for each unit of reactor

volume via the gas-liquid contactor design, the further the reactor's operational range can be

extended over the period in which the rate of retrogressive reactions is low. The approach

taken in developing the reactor system was, therefore, two-fold: 1) a reactant flow pattern

was selected which would allow versatility in reaction rate controllability and 2) a gas-liquid

contactor design was sought that provided the highest mass-transfer rates per unit volume

without significantly affecting reaction rate controllability.

Basically, a bang-bang control strategy was implemented to regulate reaction rate.

That is, a cyclic switching from high to low reaction temperatures was used to control

reaction rate. The adjustable control parameter selected was the frequency of the cyclic

switching in reaction temperature. Physically this was accomplished using a recycle loop-

type reactor in which the temperature in part of the loop was kept high (the reaction zone)

and that in the remainder of the loop was kept low (the quenching zone). This reactor flow

arrangement has been commonly used with jet-type reactors which have been utilized
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commercially when reaction rates are very high (as is the case in the initial stages of

liquefaction). The frequency of cyclic switching in reactant temperature can be varied simply

by changing the reactant recycle flow rate. And by sufficiently increasing the recycle

flowrate, the _ mass-transfer requirements per reaction cycle could be kept low within a

rangethatwe feltcouldbesatisfiedviapractical,gas-liquidcontactors.

A varietyofdesignsforgas-liquidcontactorswere evaluated:gas-liquidjetinjectors,

motionlessmixers,column packings,and high-shearingmechanicalagitators.Of the

contactorsstudiedtodate_eachtypewas evaluatednotonlyintermsofitsrelativeeffecton

gas-liquidmass transferbut alsoon thefeasibilityofitsuse intheproposedreactorsystem.

The effectivemass transfercoefficientsforthecontactorsina low-temperaturesodium

sulfiteoxidationsystemand ina slurry-phasecatalyticnaphthalenehydrogenationsystem

were determine&

Naphthalenehydrogenationwas usedas a model reactiontodirectdevelopmental

efforts.For theseexperimentalstudiesa simplepackedreactorwas used. The reactor

designwas improvedduringtheyeartothepointthatthismodel reactioncouldbe carried

outtocompletionwithoutmass transferbeinglimitingunder a basesetofconditions.The

Hs mass-transferrateperunitvolume inthereactorswas shown todepend directlyon the

liquidvelocitythroughthereactor.The initialsystem,aswellasotherconventional

reactors,exhibitedsignificantgas-liquidmass-transferrelatedlimitationsunder thesame

baseconditions.

A mathematicalmodel forthereactorsystemwas developed.The model was used

extensivelyininterpretingexperimentalobservationsand parameterizingthesystem.Using

themodel inconjunctionwithexperimentalmeasurements,thecurrentreactordesignwas

shown tonotbe strictlymass-transferlimited.The _ mass-transfercoefficientinthe

currentsystemwas determinedtobe onlyabout0.13persecond,which isaboutsixtimes

higherthan thatofa bubblecolumn (0.02persecond).But evenwiththislow orderof

improvementinthe_ mass-transferrate,a significanthydrogenconcentrationappearedto

be maintainedthroughoutthereactionzone,and theoverallreactionwas observedtonotbe P

stronglymass-transferlimited.Thiswas truebecausethereactionratewas controlled,

which allowedtheavailableamount ofH_ tobe sufficient.

Immediate plansaretoevaluatethereactorsystemusingtetralinoxidationasa

model reaction.Thisreactionhas a veryrapidreactionratedue tofree-radicalpropagation.

The abilityofthereactortocontrolproductselectivityforthismodel reactionwillprovidea

tangiblemeasurement ofitseffectivenesstocontrola rapidreaction,such asthosethat

occzu"intheinitialstagesofliquefaction.A mechanicalhigh-shearinggas-liquidcontactor
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now under construction will be used in these studies. Upon completion of these limited

developmental studies, coal liquefaction studies will then be performed to observe the

responses in product distribution to well-controlled liquefaction under high I-I2 mass transfer

rate conditions.

• Overall these studies should reveal how to modify the preheater for the dissolver in

the conventional coal liquefaction process train so as to minindze retrogressive reaction

" product formation. By so doing, downstream liquefaction product upgrading can be

simplified significantly.

Background and Rationale

Coal Liquefaction

The major goal of most coal conversion processes is the removal of sulfur and minerals

from the coal by conversion of the coal into a clean, solid or liquid fuel. The two major

problems in coal liquefaction are the difference in the hydrogen content between the raw

materials and the desired products and the need for removal of heteroatoms, such as oxygen,

sulfur, and nitrogen.

Chemistry

The chemical structure of coal has been identified as a combination of multibenzene ring

structures (1). The number of rings can vary from one to as many as six or seven rings

condensed together, with an average size unit of about three rings. The first step in

conversion of such a multi-ring structure to materials which would be gaseous or liquid at

room temperature involves breaking the connecting bridges to produce free radicals (2).

These ring fragments, in turn, must be stabilized by the addition of hydrogen to the

unsaturated bond of the free radical. The amount of hydrogen required is dependent on the

hydrogen content of the coal. The atoraic hydrogen content of a typical coal (1) is on the

order of 0.82 hydrogen atom for each carbon atom, while typical transportation fuels show

hydrogen to carbon ratios of 2:1. Thus, liquefaction of a typical coal without the addition of

hydrogen would theoretically allow only 42 percent of the carbon present to be converted into

transportation fuels.

In addition, hydrogen combines with heteroatomic sulfur and oxygen in the coal to form

hydrogen sulfide and water (1). These by-products can then be removed as gases.

Therefore, most liquefaction processes require the addition of large quantities of hydrogen to

the coal, usually by a combination of donor solvent and molecular hydrogen, to increase the

hydrogen-to-carbonratioand remove impurities.The resultingliquidproductscan thenbe
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used as transportation fuels.

Kinetics

Conversion of coal to a soluble form has been shown to consist of a series of very fast

reactionsfollowedby slowerreactions(2).The fastinitialreactionshave been proposedto •

involvethethermaldisruptionofthecoalstructuretoproducefreeradicalfragments.This

similaritybetween coalliquefactionand coalpyrolysishas been previouslydemonstrated

(3) " Earlier research by Petrakis (4) has shown that large quantities of free radicals (-0.1

molar solutions) are produced when suspensions of coal in various solvents are heated to

450°C.

For thepurposeofthisdiscussion,itisassumed thatthethermalformationoffree

radicalsisan autocatalyticreaction.The reactioncanbe representedasfollows:

A+R->R+R

where A equalstheconcentrationofcoaland R istheconcentrationoffreeradicals.Insuch

a reactionscheme,thereactionrateisslowatfirstbecausefew freeradicalswillbe present.

However,therateincreasestoa maximum asfreeradicalsareformed,and thendropstoa

lowvalueas thecoalisconsumed.

The nextstepintheconversionofcoalisthehydrogenationofthefreeradicalsto

saturatedcompounds. Ifhydrogenisavailabletothefreeradicals,productformation

occurs.The rateofthisreactionisdependenton theamount ofhydrogenavailableinthe

bulkliquid.Ifinsufficienthydrogenisavailable,theradicalsarenotstabilizedand undergo

a varietyofundesirablereactionswhere highmolecularweightsolidsareformed. These

reactionscan be representedby:

R + H_-> PI;(H:C)I

R + R-> Ps;(H:C)s

The hydrogen-to-carbonratio,(H:C)_,oftheproductsfrom reactionI ishigherthan the

nydrogen-to-carbonratiooftheproductsfromreaction2. So,theH:C ratiooftheoverall

productmixture will be equal to: •

(H:C)_(molesPI)+ (H:C)s(molesPs) = H:C ofcoal

(molesPI+ Ps) (molesPI + Ps) products

Therefore,the H:C ratioofthecoalproductsisa measure ofthenumber ofdesirable

reactionsand an indicationoftheamount ofhydrogenavailable.

The kineticsisfurthercomplicatedby a competingreactionwhich alsoutilizeshydrogen.

As discussedearlier,theremovalofheteroatomsrequireshydrogen.There isevidencethat
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thisreactionisa preferentialone and thathydrogenusedforheteroatomremovalisatthe

expenseofproductformation.Longerresidencetimesatreactiontemperaturewillallow

more removalofheteroatomsattheexpenseoftheH:C ratiooftheproducts.Thiseffecthas
..

been confirmed.Whitehurst (2)concludedthat"longcontacttimethermalprocesseshave

, theintrinsicdisadvantageofpoorselectivityforlighthydrocarbongasformationrelativeto

heteroatomremoval."Figurei,where theremovalofoxygenfromtheproductsrepresents

- conversionofheteroatoms,demonstratesthiseffect.

The productionoflargequantitiesoffreeradicalswithouthydrogenleadstoan unstable

condition_Inaddition,thereisevidencethatthisstepoftheconversioninvolvesa catalyst.

Testresults(5)indicatethatpyriteorpyrrhotite(derivedfrompyriteduringcoal

liquefaction)catalyzescoalliquefaction,increasingtheconversiontoliquidand gaseous

productsand decreasingthesulfurcontentoftheproducts.Also,insome processes,a

commercialcatalystisusedinan attempttoimproveyield.

Thiscatalyticeffectfurtherincreasesthedemand forhydrogen.Sincehydrogenis

sparinglysolubleinthereactionmedium and thereactionisa threephase catalytictype,it

isverysimilartoreactionssuchasfermentationand catalyticoxidation.These other

reactionsareknown tobe gas-liquidmass transferlimited(6,V)and itistheorizedthatthe

main resistancetocoalliquefactionliesalsoingas-liquidmass transfer.

Gas-Liquid Mass Transfer

The assumptionthatthehydrogenationoffreeradicalfragmentsfromthethermal

disruptionofcoalisgas-liquidmass transferlimitedleadstotheconclusionthatthereaction

rateisstronglydependenton themovement ofhydrogenthroughthegas-liquidinterface.

The hydrogenationreactionwilltakeplaceveryfastand consume largequantitiesof

hydrogenquicklybecausethefreeradicalsareunstable.The inventoryofdissolved

hydrogenisrelativelysmall,soitmust be continuouslyaddedtothereactionmixtureto

maintainthereactionrate.Thisisnota simpletasksincethelowhydrogensolubility

, guaranteesthattheconcentrationdifferencewhich drivesthetransferofhydrogenfrom one

zonetoanotheri.salwaysverysmall.

The two equilibratedinterfacialconcentrations,c_and ckon thegasand liquidsides

shown inFigure2,may typicallybe relatedthrougha linearpartition-lawrelationshipsuch

asHenry'slaw:

Mcli - c_

At steadystate,thehydrogentransferratetothegas-liquidinterfaceequalsitstransfer

ratethroughtheliquidsidefilm.Thiscan be writtenasfollows:
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Hydrogen flux = tool H_(cm2-sec)

= k_%- %) gas side

= kt(ci - cu) liquid side

where ctand c_arethehydrogenconcentrationsinthebulkgasand liquidsides,as shown in
Figure2.

The interfacialconcentrationsaredifficulttomeasure experimentally.An overallmass
P

transfercoefficient,Kt,and overallconcentrationdrivingforce,(c_*-c_),aremore easily

determined.The liquidphaseconcentration,c_*,isinequilibriumwiththebulkgasphase:

Mc1*- cz

Therefore, the hydrogen flux in the liquid phase is given by:

Hydrogen flux = I_(cl* - cl)

The overall mass-transfer coefficient, Kt, then becomes:

1 1 1

K_ kt Mk.

For a sparingly soluble gas species like hydrogen, M is much larger than unity. In addition,

k_ is usually considerably larger than 1_. In this case, I_ becomes approximately equal to 1_.

Essentially, then, all the resistance to mass transfer lies on the liquid side of the gas-liquid
interface.

The hydrogen-transferrateperunitreactorvolume,

QH_= hydrogenabsorptionrate

= (flux)(interfacialarea)
reactorliquidvolume

= - A
V

= lqa'(c1*,cl)

where a'=AN isthegas-liquidinterfacialareaperunitliquidvolume. The approximation a

I_-lqhas alsobeen incorporated.The symbol,a,oftenused inothertransferrate

expressionsisthegas-liquidinterfacialareaperunitvolume ofreactor(gas+ liquid)

contents.The two areasarerelatedby thegasholdupvolume,H:

a'(l-H)= a

where H isthevolume ofgas(totalbubblevolume)perreactorvolume.The head spacegas
isnotincludedineitherexpression.
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The hydrogen consumption rate, defined above, is the local volumetric rate at a specific

point. The average volumetric absorption rate (moles of hydrogen per time per volume) in a

volume, V, is given by:

QH - o__ QH dV
• 2 JW 2

Typically, Q_ is equal to Q_ only if the hydrodynamic conditions are uniform throughout

" the vessel. These hydrodynamic conditions include interfacial area per reactor volume and

j hydrogenconcentration.

Hydrogen Deficit

The maximum concentrationofgasatthegas-liquidinterface,c_*,is

dependenton thesolubilityofhydrogeninthereactionsolvent(usuallytetralin)atthe

reactiontemperature.The solubilitywilldeterminethemaximum drivingforce,(c_*-cl),

acrossthegas-liquidinterface.Thismaximum drivingforcewill,inturn,providea

maximum hydrogensupplyratetothereaction.

The maximum gas transferratecouldpossiblybe achievedby settingclequalto0 and c_*

equaltothesolubilityofhydrogeninthereactionsolventatthereactiontemperature.In

thisscenario,v_lthehydrogenenteringthebulkliquidsolutionthroughtheliquidfilmis

immediatelyconsumed by thereaction.Thiswould occurwhen thereactionrateisveryfast

and where the hydrogenconcentration,cl*,approachedthesolubilityofhydrogen.

Ifthehydrogenconcentrationisassumed tobeatthesaturationpoint, thenc_*would

equal-thesaturstionconcentrationofhydrogenatthetemperatureand pressure.This

valuecan be determinedfrompublishedorexperimentaldata.Assuming thatthelocal
m

hydrogenconsumptionrateisequaltotheaverageconsumptionrate(QH2equaltoQ_),a

hydrogensupplyratecanbe calculatedfromthefollowing:

QH2= Q_,uppi,]= c,* [lqa']

Hydrogen supply rates with time for various lqa' values are shown in Figure 3.

For the p_,xposes of this discussion, it is assumed that the hydrogen demand rate is

dependen_ only on the conversion of free radicals to product and no additional reactant is fed

after time equals zero. In this scenario, the hydrogen demand will be proportional to the

formation of free radi:als w_Xhtime, where the hydrogen requirements for heteroatom

removal and the effects of the catalyst on reaction rate have been ignored. The reaction rate
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fora typicalautocatalyticreaction(8)is:

r = k lA]lR]= dfR]
dt

where k= k_e"a_rr.The demand forhydrogenwillbe proportionaltotherateofformationof

freeradicals,usingtheaforementionedassumptions.Therefore_Q_d.m_d]isproportionalto

d[R]/dt_Freeradicalformationdoesnotoccuruntilthereactionmixtureisabovea

thresholdtemperature.Time was setequaltozeroatthispointinthereactionand Qc_wdl "

was calculated using a constant reaction temperature. As shown in Figure 3, the demand

rate reaches a maximum and then drops to zero as the reactant is consumed. The difference

in the hydrogen demand and supply at any residence time is equal to the hydrogen deficit.

As discussedearlier,theH:C ratioofthecoalproductsisa measure ofthenumber of

undesirablereactionsand an indicationofthemagnitudeofthehydrogendeficit.The

hydrogendeficitwillaffectthenumber ofmolesGfproductI formed.At theend ofthe

residencetimeinthereactor,thereactionmixttu_etemperatureisloweredtoquenchthe

reaction.Sincea hydrogendeficitwillexistatallbutthelongestresidencetimes_the

number ofmoles offreeradicalsattheend ofthe residencetimewillconverttomolesof

product2. The number ofmoles ofproducti and 2 determinestheH:C ratiooftheproducts.

Therefore,ifthe assumptionsmade arecorrect,Figure3 predictsthatthe H:C ratioof

theoverallproductswilldecreasewithresidencetimeuntilthereactantisdepleted.At this

point,theH:C ratioofthe coalproductswillstarttoincrease.

Whitehurst (2)performedtestswhere theH:C ratioofthecoalproductswas determined

withresidencetime.ThisdataisrepresentedinFigure4. As predicted,theH:C ratioofthe

coalproductsinthisreactorsystemreacheda minimum ata residencetimeof

approximately95 minutesand thenincreased.

Itisconcluded,then,thatresidencetimedeterminesthe concentrationoffreeradicals

(maximum conversion)and hydrogenconcentrationdeterminestheconversionofthesefree

radicalsintothedesiredproduct(productselectivity).

Figure 3 predicts that the magnitude of the hydrogen deficit is related to the reactor

design. The hydrogen demand is related to residence time in the reactor and the reaction i

temperature. The hydro'gen supply is dependent on *.he mass transfer coefficient, reaction

temperature, and residence time.

Reactor Design

Previou_swork incoalliquefactionhas involvedattemptstoinfluenceyieldby the

additionofcatalystand/orincreasingtemperatureand residencetime. These attemptshave
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met with only limited success. The kinetics of the reaction illustrate the reason for the

difficulties. As residence time increases at temperatures where thermal disruption occurs,

the free radical concentration increases exponentially. However, the hydrogen supply is

insufficient to saturate all the free radicals, so less desirable heavier hydrocarbons are

. formed.

Selection of a reactor is a two step process; (1) choice of the type of reactor, and (2)

" design of reaction conditions and geometry of the reactor system. The best reactor design

will optimize productivity and selectivity.

The production of free radicals determines the productivity. Autocatalytic reactions

are more efficient in mixed reactors for low conversions, while plug flow reactors are

preferred for high conversions (8). A repetitive low conversion is planned for the current

reactor scheme and, therefore, it is concluded that thermal degradation would be more

efficient in a mixed reactor.

On the other hand, selectivity is dependent on the availability of hydrogen to supply

consecutive reactions after free radical formation. The principal factors affecting selectivity

are:

- Solubility of gas in liquid

- Relation between the reaction rate and mass transfer rate

- Temperature of the reaction mixture

- Gas pressure

- Interfacial area related to unit volume of liquid

- Intensity of axial mixing in both phases

- Arrangement of the flows of gas and liquid in the reactor (co- or

counter-current)

There aretwo extremecaseswhich can beusedtocomparereactordesignsinrelation

totheirsuitabilityforproductselectivity.The relativemagnitudeoftheeffectofmass

transferon thereactionrate((H:C)_,p.7)isusedtodistinguishthetwo cases.

" First,itisassumed thatthereactionisinstantaneousand irreversible.Therefore,the

reactionrateiscontrolledby thetransportofgastothereaction.The productivityofsucha

reactorisdeterminedprimarilyby theextentoftheinterfacialareaand notby theliquid

hold-upvolume. The reactionratecan bethoughtofasan acceleratingfactorfortherateof

physicalabsorptionofthegas due toitsaffecton theconcentrationdrivingforce,as

discussed earlier. Thus, high liquid velocity and turbulence would be preferred. Designs

which are used for physical absorption, such as packed columns, would be adaptable for this

case.
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In the second case, it is assumed that the reaction is very slow. For this condition, the

concentrationofdissolvedgas,cL,iscontrolledby phaseequilibrium(solubility).A relatively

longresidencetimeisdesirableinordertoallowsufficientcontacttime.Thus,a reactor

witha largeli_Lidhold-upvolume and low velocitywould be preferred.Mass transferhas

no effecton the:reactionrateinthiscase.However,themass transferdoesaffectproduct

selectivity.For example,ifthe desiredreactionproductundergoesone ormore consecutive

reactions, an insufficient rate of mass transfer in the liquid phase may cause a decrease in

the selectivity.

Free radical conversion to product in coal liquefaction falls into the first case.

Therefore, a packed column with its small liquid hold-up volume and high mass transfer

would be preferred for hydrogenation. So, even though conversion can be optimized in an

agitated reactor,, a packed column is better for product selectivity. It was concluded that

product selectivity was the more important criteria for reactor selection and therefore a

packed column design was used.

The hydrogen supply to the reaction can be increased through equipment

modifications. _I_e gas concentration at the gas-liquid interface, c_*, is determined by the

gas transfer rate,, Factors which affect the average gas transfer rate include power input per

unit volume, fluid and dispersion rheology, gross flow patterns in the reactor, coalescence

and redispersiorL r_tes, bubble size distribution, total bubble surface area, holdup (gas

volume fraction), and gas and liquid residence time distributions. These factors, in turn, are

dependent on equipment design. In fact, the equipment design is the most influential factor

in determining the gas concentration, c_*, at the gas-liquid interface. Therefore, an

improvement in yield or reaction time with a mass-transfer-limited reaction from

modification in equipment design would indicate that the design provided better gas-liquid

mass transfer.

The maximum valueforcz*isequaltothesolublityofthegas inthereactionmixture.

Thismaximum valueisonlydependenton temperatureand pressure.The solubilityof

hydrogenintetralin,increaseswithincreasingtemperature(9).Therefore,an increasein

temperaturewillincreasec_*and resultina higherhydrogensupplyrate.However,the
J

magnitudeoftheincreaseissmall.

The hydrogendemand rateisdeterminedby thereactionkinetics.As discussed

earlier,theformationoffreeradicalswilltakeplaceifthemixtureisabovea threshold

temperature.The concentrationoffreeradicals(relatedtoQ_._,_dasshown on Figure3)

withtimewillfollowan exponentialcurveuntila maximum freeradicalconcentrationis

reached.
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There areseveralfactorswhich couldreducethehydrogendeficit.Hydrogen solubility

can beimprovedby usinghigherpressuresortemperatures,

thusincreasingthemaximum valueofc,*.Dilutionofreactantinthebulkliquidwill

increaseCr However,themagnitudeofthesechangesistoosmalltocompletelyeliminate

thedeficit.

Thisscenariosuggeststhatwhilehydrogenationata constanttemperatureforlong

" residencetimeswillproducehighconversion,itwillnotprovidetheproductselectivity

needed.One optionistoslowtheformationoffreeradicalsby controllingresidencetime

when thetemperatureisabovethethresholdforfreeradicalformation.A veryshort

reactiontimecombinedwithgoodmass transfer(highhydrogensupplyrate)willallow

operationofthereactorina zoneattheleftsideofFigure3,where thehydrogendeficitis

minimized.Inaddition,by limitingthetimethereactionmixtureisexposedtoa hydrogen

deficit,catalystdeactivationispreventedand productselectivityisobtained.

One isleftwiththedilemma thatshortcontactthermaltimeisdesiredfromthe

standpointofproductselectivityand controllingheteroatomremoval,but productconversion

withshortresidencetimesissmalland thereforenotviableeconomically.Reactorselection

must balancethesecompetingforces.Recycleofthereactionmixturethrougha reactor

systemcontaininga shortcontactthermaltimewitha quenchcyclewillprovidehigh

conversionswithproductselectivity.

The currentreactorsystemutilizesthisconcepttocontinuouslycyclethereaction

mixture.The cycleismade up ofa seriesofresidencetimesundervariousoperating

conditions.

MODEL REACTION STUDIF..S

Introduction

Coalliquefaction,asdiscussedearlier,involvesa complexsetofreactions.Major

reactionsknown tooccur(1)includedecarboxylation,desu]_6_zation,denitrogenation,

' deoxygenation,and hydrogenationofaromaticrings.The comp!exityofthereaction

mechanism doesnotlenditselftoexperimentaltestingofequipmentdesigns.Therefore,
t

severalmodel reactions,known tobe limitedby gasliquidmass transfer,were used to

evaluateequipmentdesignsfortheirpotentialtoimprovemass transfer.The model reaction

selectedwas hydrogenationofnaphthalenetotetralin.

Hydrogenation ofNaphthalene

Inthehydrogenationofnaphthalenetotetralin,freeradicalswillbe formedifthe

e?-1
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reactionmixtureisattemperature(>90°C).Productformationwilloccuronlyifhydrogenis

availablewithsufficientcatalyst.Ithas beenreported(9)thatincatalyticliquidphase

hydrogenationwithsuspendedpowder catalyststhereactioniszeroorderwithrespecttothe

hydrogenatedproduct.The hydrogenationofnaphthalenehas beenshown tobe gas-liquid

mass transferlimitedwhen sufficientcatalystispresent.Ingas-liquidmass transfer,the r

most influentialfactorisequipmentdesign.Therefore,improvementsinyieldorreaction

timewould indicatethatthereactordesignprovidedbettergas-liquidmass transfer.

Differentequipmentdesignswere investigatedand evaluatedformass transfer

improvements,inthecurrentwork.

Innaphthalenehydrogenation,thebulkchemicalreactionratewould equalk_a'c1*,ifit

isassumed thatc_.0.There isnegligibletotalreactionrateinthefilmcomparedtothemass

transferrate,kI(c_*-c_).When gasiscontinuallyadded tothereactionmixture,a hydrogen

mass balanceon thegasphase determinesthemaximum consumptionrate,QH:

Q_ = [F_l,_.t(P_).,l,,_'RT

= averagevolumetricrateof
hydrogenutilization

= moleshydrogen/volume-time

where Fgisthevolumetricgasflowrate,PH_isthepartialpressureofhydrogen,and
hydrogenisassumed tobehaveasan idealgas.

Ifthehydrogenconcentrationisassumed tobe atthesaturationpoint,thenc_*would

equalthesaturationconcentrationofhydrogenatthetemperatureand pressure.Thisvalue

can be determinedfrompublishedorexperimentaldata.Ifthelocalhydrogenconsumption

rateisassumed tobe equaltotheaverageconsumptionrate,then_a_would equalQI-_.

Therefore,a minimum k_a'valueforthehydrogenationreactionsystemcan be calculated

from thefollowing:

The averagehydrogenconsumptionrateisa measurablequantityinthecurrentsystemand

minimum kla'valuescanbe determinedforeachexperiment.

The overallobjectiveofthesemodel reactionstudieswas todevelopa reactorsystem

thatwould bestallowreactantgasmass transfertothesolid-catalyst-liquidreactantslurry

ata sufficientratetominimizeretrogressivereactionsand resultantcatalystdeactivation.

These effortshavebeen successfulasisindicatedinFigures5 and 6. Fikmre5 shows the
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ratesofnaphthaleneconversioninthecurrentsystem,and Figure6 shows thoseinthe

reactantsystemusedatthebeginningofthework year.Eightyweightpercentconversion

was obtainedinabout15minutesasopposedtoabout25 minutesintheoriginalsystem.

Furthermore,a lowerreactiontemperaturewas usedinthecurrentsystem(156°Cas

• opposedto162°C).Even when a reactiontemperatureofonly147°Cwas used,80 wt%

conversionwas obtainedinonlyabout21 minutes.These improvementshavebeen the

resultofimprovedmass transferand reaction-ratecontrolinthereactionsystem.

Physical Description of Reactor System

The hydrogenation reactor system can be divided into three interrelated subsystems.

These are: 1) the basic system consisting of a packed column reactor unit and liquid pump;

2) a gas recirculation unit; and 3) a liquid heating system and temperature control.

In the basic system, a packed column reactor unit is employed which consists of seven

stainless steel reactor tubes, each 8" L x 1" O.D., and connected in series by 0.5" O.D.
1

tubing. The reactor tubes are oriented vertically and each is filled with stainless steel

packing. The entire packed column reactor unit is immersed in a fluidized sand bath which

is connected to a PID controller.

The slurry is pumped through the closed-loop system by a positive displacement

metering pump (other types of pumps are being evaluated for suitability as well). As the

slurry leaves the pump, it flows first through a preheater which increases the temperature

by approximately 25°C. The slurry then flows through the packed column reactor trait,

through a chiller into a gas-liquid decoupling chamber, and finally back to the liquid pump.

Both the preheater and chiller are composed of a length of 0.5" O.D. tubing surrounded by a

water jacket.

The gasrecirculationunitconsistsofa gas-liquiddecouplingchamber,three

condensationtubes(gas-liquidseparatorsinFigure7),and an air-drivengas compressor.

The gasisdrawn fromthedecouplingchamber intoeachcondensatior._beinsuccession.

" Any vaporsinthegas condenseintoliquidand aredrainedaftereachrun. The gasisthen

fedtothegascompressorand pumped back intotheslurryata pointinthedischargesideof

theliquidpump.

The liquidheatingsystemiscomposed ofa custom-madecylindricaltankwiththree

electricwaterheaters,a centrifugalpump, and associatedtubing.Ethyleneglycolis

preheatedtoa certaintemperature,ltisthencirculatedtothepreheaterand back tothe

tank.

The liquidheatingsystemtogetherwiththechillerand heatedfluidizedsandbathare
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responsible for temperature control. As the slurry flows through the reactor system, it is

first heated to a certain temperature by the preheater. It then flows through the packed

column reactor unit which is immersed in the heated fluidized sand bath. The sand bath,

which Ims been preheated to a selected temperature, increases the temperature of the slurry

to the level necessary to support hydrogenation reactions.

After leaving the packed column unit, the slurry flows through the chiller which then

cools it to a level at or below that which is necessary to sustain the chemical reaction.

Ordinary tap water at room temperature flows through the chiller's water jacket.

The external tubing connecting the liquid pump, preheater, packed column reactor

unit, chiller, and decoupling chamber is 0.5" in diameter. The tubing used in the gas

recirculation unit is 0.25" O.D.

These three areas - the preheater, the heated fluidized sand bath, and the chiller -

offer very good temperature control of the slurry and also allow the investigation of the

effects of different temperature parameters within the limits of the system.

Modeling of the Reactor System

The system was modeled as a plug flow reactor in that it was assumed to consist of

five consecutive well-mixed reactors (CSTR) in series. Mass balance equations for the two

components in each reactor, naphthalene and hydrogen, resulted in ten ordinary differential

equations. Heat transfer equations for each reactor added five additional differential

equations. The 15 ordinary differential equations were solved shnultaneously using System

Simulation Language (SYSL). The fourth order Runge-Kutta fixed step size method was

used to solve the equations.

The purpose of the modeling was to describe the system mathematically and predict

the performance of the system for various operating conditions. A knowledge of the heat

and mass transfer coefficients of the system is essential in order to simulate its performance.

The heat transfer coefficient (UA) was obtained by using the actual inlet and outlet

temperatures for the reactor. This coefficient was assumed to be the same in each reactor

tube. The results obtained from the simulation and the experiments compared well, when a

mass transfer coefficient (K_) of 5 rain "1was used. This value is higher than the K_ value

in a bubble column (1.2 min_).

The conversion versus time plots for various catalyst loadings are shown in Figures 8-

11. A comparison between the experimental runs and the simulations shows the best

agreement at a catalyst loading of 5%. The slope of the conversion versus time plot is an

indication of the rate of the reaction. The slopes from the experimental plot and from the
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simulationresultscomparedwellatcatalystloadingof5%, 7.5%,and 15% whilethoseata

10% catalystloadingdidnotagree.The model has tobe improvedinordertopredictthe

performanceofthesystematvariouscatalystloadings.

The rateconstantand theactivationenergyforthereactionwere obtainedfromearlier

• work atAuburn University.ThesevaluesaregiveninTable1. The frequencyfactorinthe

Arrheniusequationwas determinedusingtherateconstantatone particulartemperature.

- The factorwas thenusedtocalculatetherateconstantsatvarioustemperaturesinthe

reactor.The notationusedintheprogramisgiveninTable I.The resultsfroma

simulationrun fora catalystloadingof5% areshown inFigures15 and 16.The

concentrationofhydrogeninthereactorsdoesnotgobelow2.800x 10z gm-moles/cc.The

saturationconcentrationis4.5706x 10z gm-moles/cc.The temperatureoftheliquidcoming

outofthefifthreactorwas 149°Cwhich comparedwellwithau outlettemperatureof152°C

intheactualrun.

The mass transfercoefficient(I_a)inthesystemwas determinedexperimentallyby

r_Jnninga seriesofreactionsusingvariouscatalystloadingsand by mathematically

simulatingthesystem.A plotofUratevs 1/catalystloadingallowscomputationofthemass

transfercoefficient.Figure12comparestheresultsfromtheexperimentand thesimulation

forcatalystloadingsof5-15%. The valuesobtainedforthek_awere 7.52rain_ usingmodel

simulation and 8.87 rain 1 from the experimental results.

The model was used to simulate the performance of the system at higher catalyst

loadings. The results from these simulations then were used to draw a plot of I/rate versus

1/catalyst loading at catalyst loadings between 5-30% (Figure 13). The experimental results

for catalyst loadings between 5-15% are also shown in Figure 13. The simulation curve

indicates two regions of operation: a completely mass transfer controlled region and a region

in which both mass transfer and kinetics are important. It is evident from the experimental

curve that, at the base line operating conditions (10% catalyst loading), the present system is

operating in the region in which both mass transfer and kinetics are of consequence. The

gas consumption rate, which is proportional to the rate of the reaction, is shown for catalyst

loadings (5-15%) in Figure 14. The reactor system design has been improved sufficiently so

that, for reactions occurring at rates comparable to _at of naphthalene hydrogenation, it

should not be mass transfer controlled. We will now proceed to examine faster reaction

systems.
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Gas-Liquid Contactor Evaluation

Introduction

A literature review was performed to investigate different equipment designs for their

potentialtoincreasegas-liquidmass transfer.Three generalareaswere selectedforreview.

These areaswere (I)modificationsforpackedcolumns,(2)mechanicalagitation,and (3)gas-

liquidnozzles.

Reactors

Severalreactorsaretypicallyusedforbench scalecoalliquefaction.Thesereactors

includetubingbomb microreactors,stirredautoclaves,and bubblecolumns.Tubingbomb

microreactorsutilizeverticaloscillationsoftheentirereactorformixingofthereactor

contents.An impellerand bafflesareusedinstirredautoclavesformixing.However,in

bubblecolumnsgas-liquidmixingoccursprimarilyfrom dispersionofthegasphase inthe

slurry.Typically,thegasisbubbledthroughtheslurry,containinga solventand suspended

solids,forgas-liquidcontact.

Packed Columns

A seriesofpacked columnswere employedasreactorsinthehydrogenationof

naphthalenetotetralin.Stainlesssteelpackingringsofvaryingsizeswere usedinthe

columnstoevaluatetheeffecton thegas-liquidmass transfercoefficient.Two sizes(0.4"

and 0.625")ofpackingwere testedfirstwitha sodiumsulfitesolutionand theninthe

hydrogenationreaction.

Mechanical Agitator

Anotherreactordesigntobe investigatedisa continuousstirred-tankreactor.A one

gallonAutoclaveEngineersreactorwas modifiedwitha sleeveand multipleimpellers.The

sleevewillcontainfourbafflesplusfeedand dischargelines.The baffleswillbe spacedone-

halfthebafflewidth from thevesselwalltopreventaccumulationofsolidsbasedon

standarddesignconventions(11).The bafflewidthwillbe equivalenttoone tenththevessel

insidediameterbased on standardratios(12).Industrialstirredtank reactorstypicallyhave

impeller-to-tankdiameterratiosof0.Ito0.5(13).The impeller-to-tankdiameterratiotobe

usedinthisdesignis0.5.

Gas-Liquid Nozzles

Gas-liquidnozzlesareused toformtheinitialgas-liquidinterface.Thisinitialcontact
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stepisa criticalone sincegasbubblesizethroughoutthereactorsystemisdependenton the

initialgasbubblesizeformedinthiscontactor.The parametersaffectingthegas-liquid

contactorefficiencyaregasvelocity,liquidvelocity,and coalescenceofbubblesinthe

reactionslurry.The coalescenceis,inturn,influencedby thesolidscontentand salt

• concentrationofthereactionmixture.The presenceofsolidshas been shown(14)toincrease

coalescenceand thereforelowermass transfer.However,thiseffectdoesnotbecome

- significantuntila solidscontentover10% isreached.Saltconcentrationinthereaction

mixturewillalsoaffectcoalescence.Tests(14,15)indicatethatlowsodium chloride

concentrationsfavoredmass transferina slotinjector.

Modified SlotInjector

The literaturereviewuncovereda slotinjectordesign(Figure17)which had provided

highergas-liquidmass transfercoefficientsthanventurisand orificeswhen testedinwaste

treatmentsystems.Waste treatmentreactionstypicallyhavemany similaritiesto

hydrogenationand othermass transferlimitedreactions.Both reactionsinvolvea three-

phaseslurrywitha slightlysolublegas.The oxidationofwastetreatmentstreamshas been

demonstratedtobe mass transferlimited.Sincethisreactionhas similarlimitations,the

resultsand equipmentdesignscanbe extrapolated.The slotinjectorwas modifiedforuse in

thehydrogenationreactionpipingsystem.The equipmentusedforinitialcontactofthegas

and liquidisa criticalparameter.Theoryindicatesthattheinitialcontactunder unsteady

stateconditionscanaffectthegas-liquidmass transfermore thanany otherfactor.

Packed Column Modifications

Ithas been demonstrated(Figure18)thatliquidvelocityina packedcolumn isa

more influentialfactorthangasvelocityon theaveragemass transfercoefficient.Once the

gasvelocityexceedsa relativelylow thresholdvalue,an increaseintheliquidvelocity

increasestheaveragemass transfercoefficientlinearly.Thus,a higherpump rateinthe

• currentreactorsystemwould be expectedtoincreasethemass transferand providea higher

conversionand/orfasterreactiontime.

Point Gas-Liquid Contactors (MotionlessMixers)

A varietyofsaturatorshavingdifferentdesignsand sizeswere procuredand

evaluated(refertoTable5 fora listofsaturatorspurchased).The mass transfercoefficients

ofsome ofthesesaturatorswere measuredina cold-flowtestbench systemusingthe

standardOs-Na2SO3reactionsystem.The mass transfercoefficientsrangedfrom 0.1to0.02
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(s'l). This is comparable to that expected in a bubble column, as shown in Table 2. This is

about the highest rate of mass transfer that can be achieved in a standard Autoclave

Engineers reactor (Figure 19), as is shown in Table 3. It is only at the highest stirring rate

(2,150 rpm) that the mass transfer rate becomes comparable to that of a bubble column (kLa-

0.02s'I).ltshouldbenoted,however,thatina tubingbomb reactor(Figure20),much higher

mass transferrateswere attained(ashighas 3.8s"_,Table4).And even ina tubingbomb

reactor,mass transferrelatedproblemshavebeen experiencedinthepast.With thecontrol

systemunder development,eventhoughtheactualsaturatorefficiencyisnotashighas

desired,.itisfeltthatexcellentoverallmass transferratescanbe attained.This canbe

accomplishedby properlyadjustingtheextentofreactionpercycle,thatis,reactionrate,as

has been discussedinearlierreports.

Using thereactorsysteminplaceatthebeginningoftheyear,differentsaturators

were evaluated.Generally,itwas foundthatthemotionless-mixertypesaturators

performedaswellas,ifnotbetterthan,othersforsatm'atingthereactantliquidata specific

pointintherecycleloop.When a 1/2inchdiametersaturatorwas used,therewere no

apparentsignificantpluggingproblemsdue tocatalystcollectinginthesaturator,as

indicatedby therelativelysmalldegreeofstandarddeviationamong differentreactionruns.

The mechanicalsaturatorhad theleastamount ofstandarddeviation,and presumably,the

leastamount ofplugging_0.15 versus_+0.46and _+0.30forthe1/2inchand 1/4inch

motionlessmixer typesaturators,respectively,Table5).

Table6 shows theresponseobservedintherateofnaphthaleneconversiontothe

number ofmotionlessmixersused. Originallythecontactorswere evenlydistributedacross

thelengthofthereactor.Separatereactionswere performed,eachhavinga different

number ofcontactorsdistributedacrossthereactor.

No apparentdifferenceinreactionratewas observedasthenumber ofcontactorswas

reducedfrom fivetonone. Apparentlythepackinginthereactors,fortheliquidflowrates

used,was havinga dominantmixingeffect.The hydrogensolubilityissolow thatpoint

saturationwithH2,as occurswiththecontactorssuchasmotionlessmixers,has littleorno

effecton overallreactionrates.
e
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Table 1: SYSL PROGRAM NOTATION

CONSTANTS:

Volume of each reactor tube (V1, V2, V3, V4, V5) = 67 cc

Volume of the system (other than the reactors) (VH) = 407 cc

Saturation Concentration of Hydrogen in the Solvent (CS'J = 4.57065E-5

Liquid density (RO) = 1.145 gm/cc

Liquid flow rate (Q) = 4911.7 cc/min

Specific heat of liquid (CP) = 0.42

Activsti0n energy (E) = 17000 cal/min

Frequency factor (KO) = 2.825EL2 cc/gm-moles rain

Gas Constant (R) ffi 1.987

Heat transfer coefficient (UA) = 488.63 cal/min°C

Mass transfer coefficient (KLa) = 5.0 rain "1

Inlet temperature to preheater (TPI) = 79°C

Outlet temperature from preheater (TPO) = 110°C

Average temperature of sand bath (TH) = 174.3°C

VARIABLES:

Temperaure in each reactor tube: T1, T2, T3, T4, T5

Reaction rate constant in each reactor tube: KS1, KS2, KS3, KS4, KS5

Gas transfer from gas to the liquid phase: N1, N2, N3, N4, N5

Concentration of hydrogen in the liquid phase: C_r*(r = reactor)

Concentration of Naphthalene in the liquid phase: C2r*

Conversion of Naphthalene: X

*Concentrations are in gm-moles/cc.
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Table 2: Typical Volumetric Mass Transfer Coefficients in Bubble Columns as

Reported in the L_terature

Reference System ApproximateRange
ofKLa,sec"l

Ostergaardand Fosbol,1972 O2-water 0.008-0.05

- Ostergaard,1978 CO2-carbonatebuffer 0.01-0.03

Wang and Fan, 1978 02-water 0.03-0.1

Deckwer et al., 1974 O2-Na_S04 0.005-0.1

Greenhalghetal.,1975 O2-Na2SO s 0.01-0.11

Bottonetal.,1980 . 0.02-0.12

Mashelkarand Sharma, 1970 CO2-carbonatebuffer 0.05-0.13

Hagberg and Krupa, 1976 Air-water 0.01-0.15

Reithand Beek,1968 02-Na2S03 0.02-0.15

Akitaand Yoshida,1973 Air-Na2SO3 0.005-0.16

ToweU etal.,1965 C02-water 0.01-0.16

Juvekarand Sharma, 1973 O2-sodiumdithionate0.04-0.12

Table 3: Mass Transfer Coeffients for O_:gen Absorption in the Sulfate Solution

Impeller Speed C02: kLa x 104 02: kLa x 104 *

rDm s-I s.I

60 1.59 1.95

.250 2.25 2.75

625 3.96 4.85

775 30.91 37.88

1050 99.26 121.6

1650 688.0 843.3

2150 1300.0 1593

•The oxygen coefficients wre obtained from the following relation

kLal = kLa2 x (Di/D2)m

Experimental Conditions"
Temperature = 26°C
Autoclave volume = 300 cc
Liquid volume = 150 cc
D (oxygen) = 1.9 x 10_ cm2/s
D (carbon dioxide) = 1.4 x 10_ cm2/s
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Table 5: Rate of Naphthalene Conversion for Different Motionless Mixers

Vendor Length Number of Rate of Naphthalene Conversion
and Size Elements (% conversion/rain)

EMI 114" 5.75" 18 2.25 + 0.29
. Komax 1/4" 4.0" 21 2.07 + 0.30

EMl 1/2" 12.75" 18 2.23

Ross 112" 4.25" 6 2.93 + 0.46

Koch 1" 6.0" 6 1.71 + 0.08

Mean Reaction Conditions:

Temperature = 102.7C Liquid Flow = 0.22 gpm
Catalyst Loading = 7.5% Gas Flow = 96.5 cuin./rain
Pressure = 110 psi

Table 6: Response in Rate of Naphthalene Conversion to the Number of Point
Gas-liquid Contactors Used

Number of Mixers* Rate of Naphthalene Conversion
(% conversion/min)

5 4.10
4 4.11
3 4.3O
2 3.93
1 4.09
0 4.25

Mean ReactionConditions:

Temperature = 161.2C LiquidFlow = 0.22gpm
Catalyst Loading -- 10.0% Gas Flow = 96.5 cuAn./rain
Pressure = II0 psi

° *Original contactors were evenly distributed across the reactor length.
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Hydrogen flux - mol H2/(cm -aec)

- kg(cg - Cgi) gas side

- kl(c 1 - cii) l£quid side

where c K and c 1 are Re hydroKen concentrations in _he bulk Kas and liquid

sidoa, am shown in Figure 2.
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• Figure 2: D_,agram of Transport of Gas from GasBubble

to Bulk Liquid
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Hydrogen to Carbon Ratio
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Figure 18
Effect of Liquid Velocity on Gas-
Liquid Mass Transfer Coefficient
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Figure 19: Autoclave Assembly
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Task V
Integrated Coal Liquefaction/Characterization

University of Utah

" P,I.: Henk L.C. Meuzelaar

. Co. PFs: Larry L. Anderson Edward M. Eyring
Ronald J. Pugmire Joseph S. Shabtai

Report
Coordinator. Henk L.C. Meuzelaar

Phone No.: (801) 581-8431

Period: May 1, 1989 - April 30, 1990

Objectives

1. To study the details of the structure and composition of coals by means of advanced
spectroscopic techniques, including NMR, MS and FTIR and to provide average
structural models at a near-molecular level for selected premium U.S. coals. Such
models could be very useful as fingerprints for differentiation of various coals by
indicating (a) the degree of condensation and aromaticity of the aromatic-hydroaromatic
cluster units, and (b) the chemical nature and distribution of intercluster linkages, as
a function of the coal source and rank.

2. To extend our understanding of the relations between maceral and other compositional
data and the quantity and quality of liquefaction products that can be obtained by
differential liquefaction methods, i.e., procedures that produce one or more economics!_!y
valuable products (gas, char, resin) in addition to coal liquids.

3. To elucidate the mech,ni_m_ and kinetics of coal liquefaction chemistry by means of
modern spectroscopic techniques. Special attention will be paid to the effects of catalysts
and of changes in liquefaction conditions (heating rate, sample size, pressure) as well as
of differences in coal chemistry (rank, maceral composition, weathering status).

4. To provide fundamental, laboratory-scale data on the feasibility of a recently developed
'- new processing concept for stepwise, low-temperature depolymerization-liquefaction of

premium U.S. coals, leading to their conversion into light liquid hydrocarbon fuels.

5. To develor coal liquefaction models based on spectroscopic measurements of the relative
abundance of chemically recognizable coal "maceral" components as well as of statistical
structural parameters.
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Task V.1 COAL STRUCTI.rRE/LIQUEFACTIONYIE_TJ_ CORREI_TION BY MEANS

OF ADVANCED NMR TECHNIQUES fR. J. Pugmire and A. Orendt)

Overview

- The work on this task has focused on developing procedures that increase the amount

of information available on coals. Research activities included efforts to (1) use 2-dimensional
4

NMR techniquesforstructuredeterminationin liquids;and (2)the use ofsolidstateNMR

teclmiqut:stoprovethe structureofcoals.A lengthyreporton (1)was providedinthelast

quarterProgressReportand willnotbe duplicatedaspartoftheAnnual Report.

Our _rk on solidNMR techniqueshasbeen primarilyinexaminationof_3Cchemical

shieldinganisotropy.The reportprovidesa summary ofthework carriedoutinthislaboratory

and a briefreviewofthework inthefieldthatisguidingourfutureactivities.

NMR StructureStudies

There have been a number oftechniquesdevelopedin nuclearm'_gneticresonance

spectroscopythatcan beusedtoobtainc_hemicalshieldinganisotropy(CSA) informationfrom

solidsamples.Inthisreportthevariousmethodswillbe described,alongwiththeapplication

ofsome ofthetechniquestobothcoaland substitutedpolycyclicaromaticcompounds whose

structuresmay beimportantintheunderstandingofthestructureofcoal.Inthefollowing,all

thevariousexperimentalmethodswillbediscussedintermsofthe_3Cchemicalshieldingeven

thoughthetechniquescanbe appliedtoany nuclei.

The methods forobtainingthe CSA thatwillbe discussedincludemeasurement and

analysisofthe staticpowder lineshape[.1],analysisofthe variableanglesample spinning

lineshapes[2,3]and analysisoftheintensitypatternobtainedfromspinningatthemagicangle

ata rotationratelessthan thewidthoftheanisotropy[4,5].Techniquesthatrequiremore

elaborateequipmentand controlovertheorientationofthesamplewithrespecttothemagnetic

fieldincludethemagicanglehoppingexperiment[6]and thedynamicanglespinningtechnique

[7,8].In both ofthesetwo dimensional(2-D)experimentsthe orientationofthe sample is

changedduringeachscan.A relatedexperimentisthestopand gotechnique[9]inwhirh the

samplerotationrateisrapidlychangedfroma stationarystatetoa highspinningrateduring

eachscan.AnothertechniqueforstudyingtheCSA involvesspinningatthemagic angleand

usingrfpulsestoregainthe chemicalshiR anisotropyinformationthatisaveragedby the

spinning[10]. Finally,the applicationof a 2-D chemicalshiR-chemicalshiftcorrelation

technique[11]tocoalsampleswillbe discussed.

BeforepresentingthedescziptionoftheexperimentalmethodsusedtomeasuretheCSA,
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a few words must be given about the information that can be obtained from suchexperiments.

The CSA is a reflection of the interaction of the electron environment of the nuclei with the

external magnetic fiel& Depending on the orientation of a given molecule in the field, a

different value of the chemical shielding is observed. If one has a sample that can

simultaneously exist in all possible orientations, i.e. a random powder sample, a superposition

of all the possible shielding values for the nuclei in the molecule is observed. The pattern

observed is the so-called "powder pattern". The frequencies obtained from the breakpoints or

discontinuities of the powder pattern are the principal values of the chemical shielding tensor

•[1]. For a nucleus (e.g., t3C) that is in an anisotropic environment one can observed three

distinct values correspond to the three elements (al_, o_, and o_) found when the chemical

shielding tensor is diagonal. From the study of a single crystal both the principal values of the

shielding tensor and their orientation in the molecular framework can be determined [1]. From

single crystal studies of are'natic compounds it is known that a_ is always perpendicular to the

plane of the aromatic ring [12], and its value in the aliphatic region reflects its independence

of the _ system. The other two tensor components, o1_and o22, are oriented in the plane of the

aromatic system_ Theoretical studies have placed a_ nearly perpendicular to the C-C bond with

the largest g-bond character in a number of polycondensed aromatic hydrocarbons [13].

In most of the experimental methods to be described, only the aromatic region of the coal

spectrum will be analyzed. For convenience, the aromatic carbons in coal can be grouped into

four categories: protonated, substituted (having an alkyl carbon substituent), phenolic (having

an oxygen substituent) and bridgehead or condensed. In Figure I ideal lineshapes for the four

types of carbons are shown. These ideal lineshapes were obtained by tabulating literature

values for the shield tensor components for aromatic carbons in simple organic compounds [14-

19] measured by a variety of methods (and includes the variable angle sample spinning results

from this laboratory). These results are presented in Table 1. The number in parentheses after

th_ carbon type is the number of measurements considered in the analysis. For protonated

aromaticcarbonsa highlyasymmetrictensorwith an isotropicchemicalshiR of 121 ppm

relativetoTMS isexpected.The substitutedaromaticcarbonshave an averageisotropic

chemicalshiftof 134 ppm whilethe phenolicaromaticcarbonshave an averageisotropic

chemicalshiftof150 ppm. ltisnotedthatthe downfieldisotropicshiftobserveddue tothe

electronegativityofoxygenisalmostentirelydue totheshiftinthevalueofo33.Furthermore,

thetensorsofbothsubstitutedand phenoliccarbonsareslightlylessassymetricthan thatof

theprotonatedcarbons(i.e.,thedifferencebetweeno_Iand a_ issmallerinbothcasesthanis
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observed for the protonated carbons). Finally, for the condensed aromatic carbons an average

isotropic chemical shift of 131 ppm is observed, with a shielding tensor that is nearly axially

symmetric (all-a _) due to the local symmetry (approaching Cs) in the plane of the molecule at

the bridgehead carbons.

Static Powder Samples

• The most straightforward experimental method to obtain the chemical shielding

information in a solid is to tal_e the zsC spectrum under static conditions [1]. The powder

sample contains all orientations with respect to the magnetic field and as such gives a broad

lineshape from which one can obtain the principal values of the shielding tensor.

Experimentally, one can either do a simple FT experiment with high power lH decoupling to

remove the _H - lH and the ZH- _sCdipolar interactions or a cross polarization experiment [20]

with ZH decoupling. The cross polarization technique is generally used due to the four fold

enhancement in the z3Csignal that can be realized.

In Figure 2 a static powder pattern for 1,2,3,6,7,8-hexah.vdropyrene, along with its best

SIMPLEX fit using the POWDER method [21] is shown. The principal values of the shielding

tensor obtained from this spectrum are given in Table 2. This example clearly illustrates the

lhnitations of the technique. The upfield components of the aromatic carbon shielding tensors

are often obscured by the signal from the aliphatic carbons in the sample. With samples that

have many carbons with similar isotropic chemical shifts, it becomes very dift_cult to determine

the breakpoints. A practical limit for this experiment is two to three aromatic tensors.

Earlier work on the analysis of static powder patterns from coal samples by Wemmer,

Pines, and Whitehurst [14] used Q set of data from aromatic carbons in a large number of

compounds to derive ideal lineshapes for aromatic, condensed aromatic, alkoxy, and aliphatic

carbons. Static coal spectra were then fit to obtain the composition in terms of these four

predetermined tensors.

In the work presented below, no assumptions were made about the value of the tensor

components of the various types of aromatic carbons. Due to the problem of overlap of t_Le

aromatic a_ component and the aliphatic carbon tensor patterns, this technique is only useful
I

on coals whose aromaticities are high, e.g., greater than 95%. In these cases the small amount

of aliphatic signal, when spread over its CSA will usually be lost in the baseline noise. A

representative static spectrum of a coal sample is shown along with the results of the SIMPLEX

fit in Figure 3. In the spectral fitting routine all the tensor components as well as the relative

amount of each type of carbon were allowed to vary. The results obtained to date on anthracite

coals studied in this laboratory are summarized in Table 3. Given the inherent errors
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associatedwiththeexperiment,thecorrelationwiththeelementalanalysisdata(atomicH/C)

isremarkablygood.Itisimpo_t tonotethatthetensorcomponentsinthesethreecoalsare

remarkablysimilartothosegiveninTableI formodel compounds.

VariableAn_leSamule Svinnin_

The techniqueofvariableanglesamplespinning(VASS) [2,3]spinningatan angleother

thanthemagic angle,hasbeen shown tobeveryusefulinthestudyofmodel compounds and

appearstobeusefulforthestudyofcoal.The expressionthatgovernstheaveragingoftheCSA

duringrapidspinning(splnn_ngspeedsgreaterthantheCSA) isgiveninEquation1.

W(e,_,_)=Wo{oi+I/2(3cos:e-l)

[1/2(3COS_-I)(o_n)+I/2(3Sin_COS20C)(O_-OII)]} (I)

For e,theanglethespinningaxismakes withrespecttothemagneticfield,suchthat(3cos20-

I)=0,i.e.,atthe.magicangle,thisexpressionreducestotheisotropicchemicalshift,oi.For

angleslessthan themagic anglea partiallyaveragedand scaledpowder patternisobtained,

whereas foranglesgreaterthan the magic anglethe patternisinvertedas wellas scaled.

Experimentally,fivespectraare generallyrecorded;one atthe magic angle,two at larger

angles,and two atsmallerangles.Each ofthefourspectrarecordedoffofthemagic anglehave

theirown distinctivelineshape;theyarenotjustscaledversionsofthesame lineshape.The

fouroffanglespectracan thenbe fitsimultaneouslywiththeisotropicchemicalshiftslocked

tothevaluesobtainedfromthespectrumatthe magicangle.

VASS removes some ofthe dif_cultiesassociatedwith the analysisofstaticpowder

patterns.By boththepartialaveragingoftheCSA and theinversionatangleslargerthanthe

magic angle,thistechniqueremovestheoverlapobservedbetweenthearomaticand aliphatic

powder patterns,therebyallowingforthe analysisofsamples with substantialaliphatic

components.Italsotakeslesstimetoobtaina spectrumwithsatisfactorysignaltonoisedue

tothe scalingofthe CSA. Due tothe number ofspectrathatarebeingfitand the different

lineshapes,the limitationofthe number ofaromaticcarbontensorsthatcan be analyzed

(relativetoa staticpowder pattern)increasestoaboutfourorfive.In terms ofthestudyof

model polycondensedaromaticcompounds,one isstillrestrictedtosymmetricallysubstituted
w

compounds.The resultsofapplyingthismethod toseveralmodelcompounds aregiveninTable

4. The setofVASS spectrafor1,2,3,6,7,8-hexahydropyrenealongwith the simulationsare

shown in Figure4. The comparisonofFigures2 and 4 shows the advantagesoftheVASS

techniqueascompared totheanalysisofstaticpowder patterns.
.,

Thistechniquehas alsobeen appliedtoseveralcoals,withtheresultsshown inTable

V.1.5.The aromaticitiesgiveninthetableareffon,variablecontacttimeCP/MAS experiments.
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A representative set of two VASS spectra along with the best fit is shown in Figure 5. The

fitting of the spectra is complicated due to the lack of clear breakpoints. Hence there is no

unique solution to the SIMPLEX fitting routine (i.e. there were many locals minimums on the

surface). Many of the solutions could be eliminated by the fact, that the fitted values for the

- shielding tensor components and isotropic shift values were quite different from those observed

in model compounds and in the anthracite coals. Other solutions could be eliminated because

" the percentages of the protonated and nonprotonated shielding tensors were obviously wrong,

the tensor components were not in the expected range, or the sum of squares was lowered by

addingextensive broadeninginthe simulation.Usinginformationfrom CP/MAS and dipolar

dephasingstudiesonthepercentajeofthearomaticcarbonsthatareprotonatedasa starting

point(butnota lockingpoint)inthefittingprocess,a reasonablesolutionwas obtainedforeach

ofthe coals.Therefore,by usinginformationobtainedfrom CP/MAS and dipolardephasing

experiments,theVASS techniqueyieldsprincipalvaluesoftheshieldingtensorforthearomatic

carbonsincoalthatareconsistentwit_thoseobservedinmodel compounds.

SlowMagic Angle Spinning

Iftherateofspinningatthemagic angleismuch lessthantheCSA thentheresultant

spectrumwillbea narrowlineattheisotropicchemicalshiftwithsidebandsspacedatinteger

numbers ofthe spinningfrequencyforthe width ofthe CSA [4,5].Analysisof the peak

intensitiesofthissidebandpatternyieldstheprincipalvaluesoftheshieldtensor.The analysis

procedureisdifficult,and the procedurehas not been used inmany cases.In addition,it

requiresthatthespinningspeedbeconstant,e.g.,_+10Hz,duringtheentireexperiment;ifthe

spinningspeedvariesthelinewidthsofthesidebandsareincreasedand thepeak intensities

become unreliable.Ifa compound containsmore thanaboutthreeinequivalentcarbonswith

isotropicshiftsinthesame region,thespectrumbecomesverycomplicated,making itdifficult

todeterminetheconnectivitybetweenthecentralpeak and itsassociated:_idebands.Morgan

and Newman [19]recentlyused thisapproachtoobtainthetensorcomponentsofa seriesof

- twelvebenzene compounds with oxygenatedsubstituents.Ono group has extendedthis

techniqueto a two dimensionalmethod [25]in which the varioussidebandpatternsare
,u

separatedas discussedinthenextsection.

The slowspinningmethod has beenappliedtothestudyofseveralAustraliancoalsby

Burgar [26,27].In thiswork,averagetensorcomponentsforthreetypesofaromaticcarbons

(protonated,substitutedand bridgehead)taken from the work of Wemmer, Pines,and

Whitehurst[14]were used and thepercentagecompositionwas variedtoobtainthebestfit.

The percentageofaliphaticand alkoxycarbonswere alsodeterminedwitha reportedaccuracy
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of 5%.

Maeic An_leHovuin_,Stouand Go,and Dynamic Angle Spinning

The threetechniquesdiscussedinthissectionallsharethefeatureofseparatingthe

CSA informationoftheindividualinequivalentcarbons.Inaddition,themechanicalaspects

oftheexperimentsareverydemRnding. The methodsofmagic anglehopping(MAH) [6]and
D

dynamicanglespinning(DAS) [7]bothrequirethatthesamplebereorientedwithrespecttothe

magneticfield.The stopand go(STAG) method [9]requiresthatthesamplebe takenfroma

highspinningspeedtorestduringeachacquisition.The basicpulsesequencesused inthese

threetechniquesareshown inFigure6. In theMAH experiment,discretejumps aremade

betweenthreeorientations,relatedtoeachotherby 120"rotationsaboutthemagicangle,with

equaltimebeingspentateachorientation.IntheDAS experimenttherapidlyspinningsample

isreorientedfromthemagic angletoany otherangle;thechoiceofthesecondangledetermines

thedegreeofscalingobservedinthetensorpatternsobtainedintheseconddimension.Finally,

in the STAG sequencethe experimentisdone under stationaryconditionsexceptforthe

detectionperiod.The major program with allthreeof the techniquesisthe mechanical

difficultiesencounteredinmoving thesample(eitherstopand startorreorientinga spinning

sample)ina veryshortperiodoftime.Inaddition,allthreemethodsrequiremuch more time

foracquisitionthan any oftheone dimensionalmethods inordertogetreasonablesignal,_o

noisein theslicesofthe2-D plot.There arenow commerciallyavailableDAS probeswhich

promisereorientationtimesintheneighborhoodof20 ms.

Allof theexperimentsgivethesame resultinthefinalspectrun_The two dimensional

spectrahave the MAS spectrumofthe isotropicchemicalshiftinone dimension,whilethe

seconddimensioncontainsallthe anisotropicinformationin the form ofseparatedpowder

patterns,whichmay ormay notbescaled.Thisseparationintotheseconddimensionremoves

thelimitationofthenumber ofinequivalentcarbonsthatcanbe studied.Ifthecarbonhas an

isotropicchemicalshiftthatcan be resolvedfrom allthe otherisotropicshiftsthe powder

patternintheseconddimensionwillbe ofonlyone carbon.Therefore,thesetechniqueswill

definitelybe powerfultoolsin the study ofmore complicatedand lesssymmetricalmodel
P

compounds. An example ofthe power oftheDAS techniqueinresolvinga largenumber of

tensorpatternsisshown inFigure7 [8].Inthisspectrumofcholicacidthereare14 carbons

withisotropicchemicalshiftsbetween10 and 50ppm, and allarecompletelyseparatedinthe

slicesofthe2-D plot.

Ithas yettobeseenhow valuablethesetechniqueswillbeinthes'Cudyofthecoal.The

shortcarbonT1'sreportedincoals[28]make a shortreorientationtimea necessity.Inaddition,
p
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since one does not resolve the inequivalent carbons, it remains to be seen what information can

be obtained from the overlapping carbons contained in the slices in the second dimension and/or

how difficult the analysis of these slices may be.

. MAS with Synchronous Application of rf Pulses

This method retrieves the CSA information from a MAS experiment by the application

of a train of g pulses which are synchronized with the sample rotor speed, a technique first

introduced by Lippmaa and coworkers [10]. A 6g pulse version of this experiment [30] is shown

in Figure 8. It has been shown that this type experiment is very sensitive to pulse

imperfections. The experiment is further complicated by the need to carefully synchronize the

pulse train with the sample rotation. Since its introduction, several groups have made

modifications to minim;ze the effects of pulse imperfections [29], and to extend the method into

a 2-D technique [30]. More recently, Tycko et al. [31] have modified the basic method in order

to render the CSA patterns obtained in the second dimension undistorted, making it easier to

obtain reliable tensor components.

To date, no work on coal has been reported. It should be noted that this method does

not suffer from the problem of relaxation as do the methods discussed in the previous section.

However, the questions concerning the time required for acquisition and the interpretation of

the slices in the second dimension still remain.

Chemical Shift-Chemical Shift Correlation Spectros_

A new technique for measuring _C chemical shielding tensors in powdered solid samples

has great potential for providing new information about coals and similar materials. It is a

modification of the well known 2-D exchange NMR experiment [32] where the sample is rapidly

reoriented during the mixing time of a 2-D experiment (Flipper NMR). The spectra have

projections onto the two chemical shift axes which are merely the conventional _3Csolid state

chemical shift spectra in each of the two orientations of the sample relative to the external field.

. The complete spectrum, however, contains more detailed, correlative information about the

orientational distribution of 13Catoms in the sample, and as such, perhaps the most promising

" aspect of this experiment is its ability to characterize order in partially ordered samples [33].

This technique has several unique advantages over conventional 1-D 13CNMR experiments.

One surprising result is the ability of this experiment of sort out overlapping _3C

chemical shielding patterns in powdered polycrystalKne samples such as coronene [34]. A

powder has randomly distributed _sC atoms, so the chemical shielding patterns in any

orientation with the external field are identical. This gives a 2-D Flipper spectrum that is
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symmetrical across its diagonal. The unique representation of chemical shielding tensors in this

experiment allows all of the principal values of one tensor to be measured by connecting peaks

in the spectrum in triangular (for axially asymmetric shielding tensors) or hexagonal (for

_ ueral shielding tensors) patterns, as shown in Figure 9. Each unique chemical shielding

censor in the sample has its own unique hexagonal or triangular pattern, and the ac_,dedspectral

space and inherent redundancy of the second frequency dimension permits good resolution of

different tensors in cases where conventional 1-D spectroscopy might fail.

Figure 10 shows the spectrum obtained on a Pennsylvania anthracite coal (SUI 613a)

using a Sample that was preserved in its original bedded form. The NMR sample was cut from

that sample and oriented such that F1 represents the chemical shielding pattern where the

external field is perpendicular to the bedding plane and F2 the chemical shielding pattern with

the external field parallel to the bedding plane. There are two important features in this

spectrum. The first is the large, triangular signal in the aromatic region, indicating that the

aromatic carbons are nearly axially symmetric in this high rank coal. Notice that there is no

overlap of _s3 and the aliphatic signal. Secondly, note the small, isotropic peaks that are on the

diagonal in the aliphatic region. The narrowness of these signals is indicative of either a small

CSA or of rapid iso_ropic molecular motion. In this case the signal is from the epoxy used to

hold the sample; however, they do serve as a good demonstration of the separation between

aromatic and aliphatic signals. As shown by the MAS spectrum in Figure 10, this coal has no

aliphatic signal. The spectrum shows some small degree of ordering, but it is difficult to

characterize due to the low signal to noise ratio and other subtle spectral features. Additional

data is required in order to adequately assess the full magnitude of the contribution offered by

this experiment.

Summary and Conclusions

A number of techniques exist for the determination of the CSA in solids. The choice of

a method is often limited by the availability of the necessary equipment and by the difficulty

of the experiment in terms of the required pulse sequences and the mechanical aspects of

sample spinning and/or reorientations. Furthermore, the complexity of the compound can rule

out some of the experiments due to the complexity of the resultant spectrum.

From the limited number of coal samples on which the tensor information has been

obtained several conclusions can be reached. The shielding values obtained (both tensor

components and isotropic chemical shifts) are consistent with those obtained in the substituted

polycyclic aromatic compounds that are often used as model compounds. The majority of the

results are within one standard deviation of the average taken from aromatic carbons in a large
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number ofcompounds. Inaddition,thebreakdownofthearomaticcarbonsintothefourclasses

outlinedin the firstsectionas determinedby both staticor VASS lineshapeanalysisis

consistentwiththeresultsofbothdipolardephasingexperimentsand elementalanalysis.

There arealsoseveraladvantagesinstudyoftheCSA incoalinsteadofdoingonlythe

" more common CP/MAS experiments.Most obviously,oneisdeterminingnotonlytheisotropic

chemicalshiftbutthethreeprincipalvalueswhich providemore informationon theelectronic

environmentofthe nucleus. The informationofthe percentagesofbridgedand phenolic

aromaticcarbonsobtainedinthefittingoftheshieldingpatternmay bemorereliablethanthose

from CP/MAS and dipolardephasinginwhichitisassumed thatalltheintensityina specific

frequencyrangeisdue toa certaintypeofaromaticcarbon.

Finally,the2-D techniqueswhichseparatetheindividualstaticorscaledlineshapesare

verypowerfultoolsand have thepotentialofbeingextremelyuseful.The usefulnessofDAS

forthestudyofcomplexcompounds has alreadybeendemonstrated[8].The fullpotentialof

thismethod, as wellas the other2-D techniques,inthe study ofcoalstillremainsto be

explored.The 2-D chemicalshift-chemicalshiftcorrelationmethod may alsoprovetobe a

valuabletoolinthestudyofcoal.Refinementsoftheexperimentalprocedurearecurrently

under study.
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Figure V.I.1. Ide_l tensor patterns for the four types of aromatic carbons in coal.
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Table 1 : Average Chemical Shielding Tensor Values for Aromatic Carbons

Carbon Type 0.11 0"22 0.33 0.avg

Protonated (73) 209-_1 138±14 15:!:10 121"+11

Substituted (32) 223±8 160±17 18±8 134_.+7

Phenolic (33) 219-2:17 163i-9 69"+.5 150.+7

Condensed (10) 206:t:6 193:1:7 -4"+11 131+_5

Table 2: Tensor Components for Aromatic Carbons in
1,2,3,6,7,8-hexahydropyrene

Carbon type 0.11 0.22 0.33 0.avg %

_otonated 225 128 ' 22 125 40
Substituted 231 168 9 136 40
Condensed 203 197 - 6 131 20

II
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Figure 2. Static lineshape with be.st fit of aromadc region for
1,2,3,6:7,8-hexahydropyrcn¢. A indicates the pattern for the substituted
aromauc carbons, B for the bridgehead or condensed aromatic carbons, and C t
for the protonated aromatic carbons. Reproduced from A CS Fuel DivisionPreprints 1987, 32, 155.
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Figure 3. Staticlincshapcwith best fit forPSOC-1468.
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Table 3: Tensor Components for Aromatic Carbons in Coals
,4'

Carbon Type O11 _22 0"33 Oavg % %caa q'_kib

PSOC-628c (96% Aromatic)

Proconated 210 145 9 121 34 43el
Condensed 192 185 1 126 62

PSOC-867c (100% Aromatic)

Protonared 215 138 21 125 13 12 15
Condensed 193 181 - 8 122 87

PSOC-1468 c (95% Aromatic)

ProtonaEed 205 148 7 120 27 24 26
Condensed 190 188 - 15 121 73

apcrcentagv of protonated aromatic carbons dvtermincfl by vlvmemal analysis results,i.e,.the ratio H/C.

bpcrccntage of proconaw,d aromatic carbons dct_-mfinc:dby dipolar dephasing and CP/MAS
results, cl=rom Reference 22.

CElvmental analysis daEa obtained from Galbrmth Laboratories on same sample used forNMR run.

dThe CP/MAS spectrum of this coal has a rmhcr sharp line centered in the 20-30 ppm
region 22. The fa value is 0.96 as deled by a variable contact time vxperimvm23. If
one assumes thac this aliphatic peak is primarily due to CH3 groups, ehv rvnormalized
aromatic H/C ratio from elemental analysis ts 0.32. If the assumption is made tha_ the
aliphatic carbons are CH2, the normalized aromatic H/C ratio is 0.36. Either value is
within the est/mated _ror of the expefimvnt_l da_

J
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Table 4: Tensor Components for Model Compounds

Carbon Type o'1! o'22 o'33 _avg %

1,2,3,6,7,8-hexahydropyrene

Protonated 225 128 22 125 40
Subsdmre.zi 231 168 9 136 40
Condensed 203 197 -6 131 20

Pyraccnc

Protonated 209 142 19 124 40
Substituted 226 166 36 142 40
Condensed 202 192 24 139 20

1,4,7,8-tcu'amethylnaphthalene

Protonatcd 235 123 32 130 40
Subsdtu_d 231 161 14 135 40
Condensed 204 202 1 135 20

9,9,10,10-tau-amethyl.9,10.dihydroanthracen¢

Protonated 229 147 7 128 33
Protonatcd 224 143 17 128 33
Subsdmmd 219 186 20 142 33

#

|.
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Figure 4. VASS spectra of. l:2.,3,6,7,8-hexahydropyrcne with best firs. Reproduced '
fi'om ACS Fuel L.av_slon1"reprints1987, 32, 155.
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Table ,5: Tensor Components and Population Factors for Coals Obtained by VASS
i i i i ii

Carbon Type _11 o22 a33 aavg % %dda
ii i i i

Illinois #6 (72% aromatic) b

ProtonatP.,d 204 142 32 126 27 26
Substituted 231 161 46 146 18 18
Condense_ 212 184 -9 129 22 22
Phenolic 215 155 80 150 5 6

UpperFreeport(81% aromatic)b

Protonatezl 208 141 20 123 28 28
Substituted 217 158 33 136 21 20
Condensed 203 189 -I1 127 30 29
Phenolic 229 159 71 153 2 2

Pocahontas(86%aromatic)b

Protonatexi 215 145 20 127 33 33
Subsdtutvd 220 162 31 138 17 17
Condensed 203 191 -10 128 34 34
Phenolic 225 158 73 152 2 2

AldwarkcSilkstoncFusinitc(88%aromatic)c

Protonatcd 223 149 17 130 34 34
Substitnw.zl 231 161 46 146 6
Condensed 204 192 -30 122 48
Phenolic .... 0

4,"

apcrccnt_gcsf_m theresultofdipolardcphasingexperiments,bpcrcentaromatic and%dd
. valuestakenfromReference23. cpcrcentaromaticandpercentprotonatcdfromReference

24.
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Figure 5. VASS spectraofPocahontascoalalongwithbestfi_.
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Figure 6. Pulse sequences along wit,h rotor orientation for (a) MAH, (b) DAS and (c)STAG.
323



gOON

12
10

7

• ! • |

60 • ppm

Figure 7. Results of a DAS experiment on cholic acid. Reproduced from Reference 8
with the permissionof the authors.
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Figure 8. 6 _z-pulse sequence for MAS with synchronous application of _ pulses. TR is
the rotor period and S indicates the sampling time.
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Figure 9.a: Ideal shielding patterns obtained in the 2-D CS-CS experiment for asymmetric

tensor. The peaks (marked by e) are the principal values of the chemical
shielding tensor.
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Figure 9.b: Ideal
s,,e,_n__'"IA: _ patterns obtained in the 2-D CS-CS experiment for axially

symmem¢ tensor. The peaks (marked by e) are the principal values of the
chemical shielding tensor.
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Figure 10. 2-D CS-CS con'clarion specmum ofPennsylva.nia anthra_ce coal (SIU 613a) in
its original bedded form. M.AS spectrum of same sample shown on bouom.
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Task V.2. MOLE_ WEIGHT DETERMINATION OF COAL DERIVED LIQUIDS

BY MASS SPECTROMETRIC TECHNIQUES (H.L.C. Meuzelaar and H.

Huai)

. The Need for Improved MW Determination Methods

One of the most challenging tasks for analytical chemists involved in characterizing the

molecular properties of coal derived liquid (CDL) is to obtain a reliable estimate of the molecular

weightdistribution.Due totherelativelyhighMW, aromaticityand/orpolarityofthemajor

componentsConventionalMW determinationtechniques,e.g.basedon colligativepropertiestend

toperformpoorlywithcoalliquids.Among theMS techniques,FieldIonizationMS (FIMS)has

establisheda reputationforbeingespeciallywellsuitedforMW determinationofCDLs and

otherliquidfossilfuels.Unfortunately,FIMS instrumentsareonlyavailableforthispurpose

ina few laboratoriesworldwide.Moreover,althoughperformingwellinthemedium tohigh

MW range (e.g.MW 200-1000),allMS techniquesmay producerelativelylargeerrorswhen

appliedto liquidscontainingrelativelyvolatilecomponents in the C5-CIsrange,due to

potentiallylargeevaporationlossesduringsampleintroduction.

Consequently,we feltprompted to undertakethe developmentof a novel MW

determinationmethod based on MS measurement of the relationshipbetween vacuum

distillationtemperatureand averagemolecular'_eightincombinationwiththermogravimetric

(TG)measurement oftherelationshipbetweenvacuum distillationtemperatureand relative

mass loss.Combinationofthesetwo measurementsthenproducestherelationshipbetween

molecularweightand mass fraction,inotherwords themolecularweightdistributionofthe

sample.Obviously,thismethod canonlybeappliedtovacuum distillablecomponents.Within

thislimitation,however,thetechniqueisrelativelyinsensitivetomass lossesduringsample

introductionand/orMW dependentdifferencesininstrumentresponse.

In ordertotesttheapplicabilityofthecombinedTG and MS approachtoCDL taroil

fractionsoffourANL coals(BeulahZap,Illinois#6,BlindCanyon and Pittsburgh#8)produced

,. by theShabtailow temperatureHT-BCD (Hydrotreatment-BaseCatalyzedDepolymerization)

processwere analyzed.

Vacuum Thermogravimetry

Vacuum TG profiles of the 4 HT-BCD oil fractions obtained with a Perkin Elmer Model

7 TG/DTG system (Figure 1) show that >92% of each oil fraction distills off below 350"C when

heated at a rate of 25"C/rain. This implies that the HT-BCD fraction might be suitable for the

above described combined TG and MS approach to MW determination.
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Chemical Ionization Mass Spectrometry

A Finnigau MAT 1TD 700 based GC/MS system with a short (4 m long) fused silica

capillary column coated with 0.1 pm BP-1 was used under isobutane chemical ionization (CI)

conditions in order to facilitate the detection of relatively large and/or labile molecular

components. As shown in Figure 2, this results in a low resolution gas chromatography (GC)

profile. However, since we are only interested in determining the average molecular weight as

a function of distillation temperature, i.e. in using the GC/MS data for a simulated distillation

experiment, the lack of chromatographic resolution is of no consequence. Table 1 lists the

average molecular weight of the four tar oil fractions, whereas Figure 3 shows the integrated

(summed) mass spectrum over the entire elution period as well as partially summed mass

spectra over successive temperature intervals, illustrating the gradual increase in average MW

with increasing temperature.

Besides the use of isobutane CI which reduces fragmentation losses of molecular ion

signals compared to electron ionization (ED, the simulated distillation GC approach used here

differs from conventional methods in that the very short capillary column permits elution of

much larger molecular components. This is illustrated by the spectra in Figure 4 representing

(a) the use of a conventional 15 m long column in combination with EI and (b) the same column

in combination with CI. Although CI does improve the detection of larger components, major

improvement is obtained by means of a short capillary column, as can be verified by comparing

Figures 3a and 4b.

In spite of the much improved detectability of large molecules, it would be imprudent to

assume that all of the larger less volatile components are detected by the short column

GC/CII_S technique. In fact, comparison with the FIMS profiles in Figure 5 and the average

molecular weight (Table 1), obtained by ~100 C/min programmed evaporation in front of the FI

source, reveals the presence of much larger molecular components than observed by short

column GC/CIMS (Figure 3a and Table 1). Before concluding, however, that the GC/CIMS

profile in Figure 3a is completely wrong, we also need to remember that an unknown percentage

of the lower MW components is likely to have been lost by early evaporation in the FIMS

procedure.

In other words, we now have two, apparently conflicting, pieces of information: (1) the

GC/CIMS curves which are likely to underestimate the contribution of high MW components,

and (2) the FIMS profiles, which may severely underestimate the contribution of more volatile

components. Fortunately, however, both techniques produce rather similar relationships

between average MW and (simulated) distillation temperatures, as illustrated in Figure 6.

Apparently, the more or less selective losses of low and high end components in the FIMS and
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GC/CIMS data, respectively, have not caused a marked shi_ in the MW vs. temperature

relationship, as can also be seen from the overlapping Illinois #6 curves in Figure 7. In the

center of the overlapping zone (e.g. MW 275 at 200 C) the two curves agree to within 10-15%.

Another interesting observation is the nearly linear relationship between temperature and

average MW. Obviously, the shapes of the curves in Figure 5 may be expected to be dependent

on the type of feed coal as well as conversion and fractionation processes used.

Cembination of TG and MS Data

Figure 8 shows the calculated molecular weight distribution profile of Illinois #6 HT-BCD

oil obtained by multiplying the average molecular weights measured over each temperature

interval of 25"C (GC/CIMS data) by the corresponding mass fractions involved, as measured

from the vacuum TG curve of Illinois #6 HT-BCD oil in Figure 1 and summing over all

temperatures. Since the vacuum TG curve indicated that the largest mass fraction distilled

between 200 and 250"C and too few reliable FIMS data points were available in that range only

the GC/CIMS data could be used.

Obviously, the calculated MW distribution profile in Figure 8 and the average molecular

weight in Table 1 differ markedly from the MW distribution suggested by the FI1VISresults

(Figure 5 and Table 1). This suggests that the suspected evaporation loss during sample

introduction must have been severe. Alternatively, some sample deterioration through

spontaneous condensation reactions may have occurred during shipment of the samples to

Professor H.-R. Schulten's laboratory at the Fresenius Institute in Wiesbaden (GFR).

Much more work, e.g. involving standard mixtures of known MW distribution, will need

to be done before the practical usefulness and reliability of the combined TG and MS technique

can be established. Although the first results are encouraging, especially in view of the fact that

one of the least expensive, commercially available GC/MS instruments was used in these

experiments, some of the underlying assumptions and approximations need to be analyzed

critically. Obviously, this empirical approach will not be the method of choice when examining

- relatively simple, well behaved mixtures of molecules. With CDLs, however, the MW profiles

calculated may be closer to the true MW distribution than has been achieved by other methods

thus far.
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Fig'urt .3. (a) Summed Ck-MS profile of llli=o_ #6 HT-BCD oil and Cb-e) partial
temoeramrm .',..age CEVIS pmr.ties showing succ=,._w= MW distributions.
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Table l

Average Molecular Weights of HT-BC"D-Oil Fractions Calculated by Different Methods

Oil FIMS GC/CIMS Vacuum TG +
GC/CIMS j

Be,:F,ah Zap 372 277 235

Illinois #6 370 259 247 "

Blind Canyon 395 250 242

Pittsburgh #8 396 n.a n.a
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Task V.3 FOURIER TRANSFORM IR AND CHROMATOGRAPHIC STUD.S IN

COAL LIQUEFACTION CHEMISTRY (EJVL Eyring)

Tracking a Soluble Iron Catalyst in a Coal Depolymerization Processes

. Acid catalysts are of interest for coal depolymerization since they offer the potential to

liquefy coals at low temperatures with a high selectivity for liquid product. Many metal halides

• have been examined to evaluate their potential as coal depolymerization catalysts. However,

the nature of the depolymerization catalysts is still not well understood. The objective of the

present work is to track the soluble iron catalyst in a low temperature coal depolymerization

process (that of Joseph S. Shabtai) [35] using electron microprobe analysis (EPM) and

MOssbauer spectroscopy.

It is believed that the acid-catalyzed mechanism is strongly related to the distribution

of the active species in the coal structure. We have studied the catalyst dispersion in the coal

matrix using EPM. Iron chloride-impregnated coal samples (provided by Joseph S. Shabtai)

were lightly sputter coated with carbon to reduce charging in the electron microscope (CAMECA,

Model SX-50, Courbevoie Cedex, France). Electron photomicrographs and elemental distribution

maps were obtained,and X-raydataacquisitionwas carriedoutusingan energydispersive

spectrometerdetector(EDS). X-raydataanalysiswas done usinga Digimap program. The

magnificationusedwas x1600,which gavea Digimap scannedareaof50 tunx 50 pm.

The electronphotomicrographand theironand chlorinedistributionofa typicalcross-

sectionofan impregnatedBlindCanyon coalsamplearepresentedinFig.i. Two coalgrains

withthecrystalsizeof4.3tunand 50tunwere selectedforthesestudies.The elemental(Fe)

distributionmapping shown inFig.laistheresultofcomputerdatatreatment(Equalizerand

Median).The micrographshows an even distributionofironoverthecrosssectionofgrains,

suggestingthatcatalystpenetrationintothecoalparticlesfromacetonesolutionhastakenplace

atroom temperaturewhich isconsiderablylowerthan themeltingpointofFeCl_(290°C).

However,theconcentrationofironneartheperipheryofthelargegrainisrelativelyhigherthan

t thatin the centerof thisgrain. The smallgrainhas an even and relativelyhigh iron

distributioncompared withthelargergrainofcoal.Thissuggeststhatthe impregnationof

FeCl3intothecoalmatrixmay be,tosome extent,a diffusioncontrolledprocess.

We alsoexamined the chlorinedistributionin thesecoalgrains.Ifthe chlorineis

associatedwithiron,one would expecttoobservesimilardistributionsforthesetwo elements

inthecoalgrains.However,we findthatthechlorinedispersionmapped inFig.lb,although

quiteeven,isnotidenticaltotheirondistributioninFig.la.A dissociationoftheFeCl3species

duringtheimpregnationprocessisthereforeevident(seebelow).
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The elemental (Fe and C1) distribution mapping technique is especially useful when

combined with secondary electron ima_ug. The imaging of the coal grains (Fig. lc) shows the

pore dispersion in the cross-section of the typical coal grains. By examining the superposition

of the iron distribution mapping on the secondary electron imaging, we fred that the iron species

have no preferenceforbeingaroundtheporesofthecoalsample. -

SinceEPM data giveonlythe distributionofthe catalystin the coalmatrix,itis

importanttounderstandthechemicalstateofthe catalystby othertechniques.M0ssbauer

spectroscopyisa nuclearresonancetechniquewhichisparticularlysuitedtotheinvestigation

ofironchemistrysinceS_Feisa commonly usedMOssbaueractiveisotope.The isomershift(IS)

and thequadrupolesplitting(QS),which describetheenvironmentoftheFe species,usually

sufficetofingerprintany particularFe compound.

The room-temperatureM_ssbauer spectraofa FeCls-impregnatedBlindCanyon coal

sample isshown in Fig.2. The bestfitofthisspectrum consistsoftwo quadrupolesplit

doublets.Each doubletidentifiedby comparisonofthebest-fitparameterswiththeMOssbauer

parametersreportedintheMOssbauerEffectData IndexisanalyzedinTable1.Alsoincluded

inTable I isthe areaofeachdoubletexpressedas a percentageofthetotalabsorptionarea.

The innerdoublet(Fig.2)centeredabout0.33mm/sec velocitywas readilyidentifiedasFe(III).

The outerdoubletcenteredabout 1.18mm/sec velocitywas identifiedas FeCl_orFeS. The

relativeamount ofFe(II)speciesisabout74 % intheFeCl3-impregnatedBlindCanyon coal

sample.Evidently,incorporationoftheironchloride(FeCls)incoalisconducivetothereduction

ofFe(HI)toFe(H).Itshouldbe notedthatFe(II)-containingspeciessuchasironsulfide(FeS)

are includedin a group of liquefactioncatalystswhich has been found to promote coal

depolymerizationand liquefaction[36].

In ordertoexaminemore thoroughlythefunctionsoftheFe(II)speciesinvolvedinthe

coaldepolymerizationreactions,we have measured the conversionof the ironchloride-

impregnatedcoalsamplestooils(acetonesoluble)at differentFe(II)contents(Table2). lt

shouldbe notedthattheironcontentwas calculatedfromtheMOssbauerdata,and totaliron

amounts were measured by theinductivelycoupledplasma spectroscopicmethod. The dataof t

Table 2 suggestthattheFe(II)speciesare more effectivein coaldepolymerizationthan the

Fe(III)and can e_ce coalconversiontooils.

In ordertoidentifytheseironspecies,room-temperatureand cryogenic-temperature

M_ssbauer spectraofthe coalsampleswere measured in Huffman'sMt_ssbauerlaboratory.

When a sample iscooledto a sufficientlylow temperature(thetemperaturebelow which

crystallinedomains behave as magneticallyordered crystalson the time scale of the

observation),thesplittingofa quadrupoledoubletintoa magnetichyperfinesix-linespectrum
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can be observed which can aid in the identification of the iron species. The Mt_ssbauer data

suggest that the iron species are FeOC1 and FeOOH.

In addition, X-ray powder pattern diffraction was used to help make the distinction

between these species. Figure 3 shows the X-ray diffractograms of FeCls-impregnated BC coal

. and the best-fitted di_actograms of iron species through the computer search. Peaks

corresponding to Fe2(OH)3C1 and FeC12.2H20 are clearly present in the impregnated BC coal

" sample, but the major peaks of FeOOH species are not present in the impregnated coal sample.

Benzene in Zeolite ZSM-5 Studied by DRIFTS

The study of hydrocarbon adsorption on zeolite is important for what it reveals about

selectivity in catalytic reaction and molecular-sieve effects. The benzene molecule has often

been used as a probe of the behavior of hydrocarbons adsorbed on zeolites. The existence of at

least two adsorbed benzene species has been observed in our laboratory using diffuse reflectance

infrared spectroscopy. The distortion of the framework of ZSM-5 is indicated by the red-shift

of the Si-O asymmetric stretching vibrations when adsorbed benzene molecules are present. A

manuscript describing this work has been in press for publication in a leading spectroscopic

journal [37].

Photoacoustic Enhancements of Surface IR Modes in Zeolite Channels

Photoacoustic signal enhancement with adsorbed pyridine in the channels of zeolite ZSM-

5 and zeolite HY has been studied using photoacoustic, transmittance, and diffuse reflectance

FT-IR spectroscopies. The experimental data indicate that the photoacoustic enhancements are

2.1 and 3.3 for HY and ZSM-5, respectively. Possible sources of the enhancement of the

photoacoustic signal are discussed. The influence of coupling gases in the photoacoustic cell on

the enhancement of the IR band is also reported [38].
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Table I.

Moessbauser parameters for the FeCl3-impregnate d
Blind Canyon coal sample.

. Species IS (mm/s) QS (mm/s) %

Fe (II) 1.18 2.30 74

Fe (III) 0.33 0.73 26

Table 2.

Effect of the iron content in the coal matrix on
the conversion of the coal depolymerization

Fe(III), % Fe(II), % Conversion, %

1.3 3.6 14
2.1 1.8 7
4.7 0.9 6

Note: Conversion: % conversion to oils (acetone
soluble). Total Fe content was measured
by the inductively coupled plasma

spectroscopic method. Fe(III) and Fe(II)
contents were calculated from the Moessbauer
data.
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TASK V.4 SOLVENT EX2T, ACTION AND PYROLYSIS (L. L. Anderson)

Solvent Extraction and Pyrolysis

Pyrolysis and solvent extraction of two additional Argonne Premium Coal Samples,

• namely Blind Canyon (HVB, Utah) and Lewiston-Stockton (HVB, West Virginia) have been

studied. For pyrolysis runs, three samples from each coal were prepared: undried raw coal,

dried raw coal and pre-extracted coal. The reaction conditions were 350°C, 1 atmosphere of

nitrogen (initial pressure) and a reaction time of 3 hours. Pyrolysis and solvent extraction yields

of both coals and of three previously studied Argonne coals (see report for the period June 1988 -

May 1989) are shown in Table 1.

The results obtained with Blind Canyon and Lewiston-Stockton coals agreed with

previous experiments on five other coals. When pyrolyzed, dried coals (at 110°C, in vacuo) gave

significantly lower liquid yields compared to undried coals. On the other hand, pre-extraction

with tetrahydrofuran (THF) showed no apparent effect on subsequent pyrolysis yields, as

compared with yields obtained without pre-extraction.

Elemental analyses of liquids from solvent extraction and pyrolysis of Blind Canyon and

Lewiston-Stockton coals are shown in Table 2, along with the values of the two raw coals.

Carbon contents of the liquid products were slightly higher than those of the starting

raw coals. Hydrogen contents of the liquids, however, were significantly higher than those of

the raw coals. The liquid products of Blind Canyon coal contained as much as 7.7% hydrogen.

The amount of nitrogen in the liquids were slightly lower than those of the raw coals. The

atomic hydrogen-to-carbon ratio was higher (1.10) for Blind Canyon coal extract as compared

to the starting coal (0.86). Likewise the H/C ratio was higher (0.91) for the Lewiston-Stockton

coal extract as compared with that of the starting coal (0.76). The high hydrogen contents and

hydrogen-to-carbon ratios of Blind Canyon coal and its liquids might be attributed to its high

amount of resinite.

.r

Catalytic Hydropyrolysis

. Preliminary experiments on catalytic hydropyrolysis of Pittsburgh #8 coal were conducted

using "ferrophos" (a waste material produced in the electroreduction of phosphate ore to

phosphorous) as a potential catalyst. The catalyst was ground to fine powder and physically

mixed with the coal samples. Table 3 shows the yields of tetrahydrofuran (THF) soluble along

with THF insoluble products.

Among these experiments, the highest total conversion was obtained at 450°C with

ferrophos(FeP), however, the liquids to gases selectivity was poor. The THF soluble products
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were only 16% (mat"coal). The highest THF soluble yield was produced at lower temperature,

350°C, at which only a small portion of coal converted to gases. Ferrophos increased the

conversion slightly (from 35% to 42% at 450°C) for pittsburgh #8 coal. The low activity of

ferrophos was attributed to poor dispersion and the lack of shaking of the tubing bomb reactor

used in these experiments. Carbon disulfide was added in one run (with the pre-estimated

amount that should result in about 5% of I-_S in I-La) in order to observe the effect of catalyst

sulfiding. The result was quite surprising; the conversion was not only much lower than the

one without carbon disulfide but also lower than the one without catalyst at all. This indicates

that carbon disulfide, by some mecha-_qm, strongly inhibited the coal liquefaction process in this

system.

Future experiments are planned to further investigate this topic. A sh_k_,g mechanism

for the tubing bomb reactor is being installed in order to facilitate better contact of catalyst, coal

and hydrogen and better mass transfer. Improved dispersion techniques are also being

implemented. The reaction condition parameters including temperature, reaction time, amount

of catalyst are planned to be optimized. The effect of carbon disulfide will also be studied since

for some catalysts traces of carbon disulfide are effective while higher concentrations completely

deactivated the catalysts.

Literature surveys on iron as a catalyst for coal liquefaction are also being carried out.

Specifically, soluble iron salts or complexes are selected for such studies because such catalyst

can be better dispersed in coal. However, emphasis are on the soluble iron salts that are non-

or less corrosive under coal liquefaction conditions. Different organic solvents will also be used

as impregnation medium in order to swell the coal and help in catalyst dispersion. The

effectiveness of ca_lyst dispersion will be determined by reaction experiments and microscopic

analysis.
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Table 1. Product Yields from Extraction and Pyrolysis of
Wyodak (WY), Pittsburgh #8 (PT), Illinois #6 (IL),
BlAnd Canyon (BC) and Lewiston-Stockton (WV) Coals

% of mar coal

run THF IDsol. THF Soluble

SX-WY #i (undried coal) 97.1 19.9 --

PY-WY #1 (pre-extracted coal) 82.3 9.4 5.0
PY-WY #2 (undried coal) 76.6 19.6 5.6
PY-WY #3 (dried coal) 83.2 9.4 8.0

SX-PT #2 (undried coal) 86.2 16.6 --

PY-PT #2 (pre-extracted coal) 71.2 14.6 2.7
PY-PT #I _,_ndried coal) 61.8 39.6 2.3
PY-PT #3 (dried coal) 65.6 35.4 2.2

SX-IL #2 (undried coal) 88.0 15.4 --

PY-IL #2 (pre-extracted coal) 73.2 12.3 4.7
PY-IL #3 (undried coal) 70.3 25.0 4.5
PY-IL #I (dried coal) 72.5 23.3 3.1

SX-BC #1 (untitled coal) 83.9 19.9 --

PY-BC # 1 (pre-extracted coal) 71.5 9.9 1.1
PY-BC #2 (undried coal) 70.7 26.7 3.3
PY-BC #3 (dried coal) 81.5 21.7 1.6

SX-WV # 1 (undried coal) 90.0 13.0 --

PY-WV #1 (pre-extracted coal) 80.4 8.2 0.7
PY-WV #2 (undried coal) 76.1 2S.3 0.5
PY-WV #3 (dried coal) 78.7 21.0 0.5

SX = Solvent Extractio_----
PY = Pyrolysis
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Table 2.-CHN Analyses of Blind Canyon (BC) and Lewiston-
Stock'con (WV) Coals and their Liquid Products

Analyzed by the Fossil Fuel Characterization Laboratory, U. Of U.
m, | i | iii i i i mi

H H H/C (atomic)

Biind Canyon Coal 80.7 5.8 1.6 0.86
SX-BC #1 (_ndried coal) 80.3 7.4 i.I i. 10
PY-BC #i (pre-extracted) 81.2 7.1 i. 3 I. 05
PY-BC #2 (undried coal) 82.7 7.7 i.i 1.11
PY-BC #3 (dried coal) 81.5 7.3 i.i 1.08

Lewiston-Stockton Coal 82.6 5.2 1.6 0.76

SX-WV #I (undried coal) 83.7 6.2 1.3 0.89
PY-WV # 1 (pre-extracted) 84.9 6.5 1.3 0.91
PY-WV #2 (undried coal) 84.1 6.3 1.3 0.89
PY-WV # 3 (dried coal) 84.7 6.1 1.4 0.86
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Table 3. Catalytic _/dropyrolysis (Ferrophos)
ii

% mar coal

Char THF Sol.

FP-PT #2 350"C, 20 wt% FeP 67.8 33.5
FP-PT #3 450"C, 20 wt% FeP 58.4 16.2
FP-PT #4 450"C, 20 wt% FeP + CS 2 75.7 6.4
FP-PT #5 450"C, no FeP 65.1 13.9

Reaction time = 1 hour

Coal- Pittsburgh #8 (Argonne Premium Sample), undried

Hydrogen Pressure- FP-PT #2 1040 psig (cold)
FP-PT #3, #4, #5 890 psig (cold)

(all about 2000 psig at reaction temperature)
i
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TASK V.5 LOW TEMPERATURE DEPOLYMERIZATION AND LIQUEFACTION OF

PREMIUM UoS. COAL SAMPLES (J.S. Shabtai)

During the above-indicated period, further studies were performed on the improvement

and application of a recently-developed procedure for low-temperature coal depolymerization-

" liquefaction [35, 39-43]. The procedure includes an initial depolymerization stage comprising

two sequential low-temperature reaction steps in which different types of intercluster linkages

aresubjectedtopreferentialcleavage,i.e.,(I)intercalationofthecoalwithcatalyticamounts

(3-15%)ofFeClsfollowedby mildhydrotreatment(HT) ofthe coal-FeCl3intercalate;and (2)

base-catalyzeddepolymerization(BCD) ofthe productfromstep1. In thefinalstageofthe

procedure,the depolymerizedcoalproductfrom the HT-BCD treatment(stepsI and 2),

consistingprimarilyofmonoclustercompounds,issubjectedtohydroprocessing(HPR) with

sulfidedcatalystspossessingaugmented hydrogenolysisselectivity[44,45]to obtainlight

hydrocarbonfuelsasfinalproducts.

Researchactivitiesduringthereportingperiodincluded;(i)systematicstudieson the

processingaspectsofthelow-temperaturedepolymerization-liquefactionofthreeselectedU.S.

coalsprovidedby theArgonneNationalLaboratory,i.e.,BlindCanyon (UT),BeulahZap (ND),

and Pittsburgh#8 (PA)coals;(2)preparationoflargeramountsofdepolymerizedcoalsforthe

purposeofin-depthcharacterization,includingstructuralanalysisby GC/MS (incollaboration

withTask V.2;ProfessorH.L.C.Meuzelaar),_3CNMR andPMR.(incollaborationwithTaskV.1;

ProfessorR.J.Pugndre),and FTIR (incollaborationwithTaskV.3;ProfessorE.M.Eyring);(3)

work on thesimplificationoftheHT-BCD-HPR procedureand thedevelopmentofalternative

catalystsand solvents;and (4)elucidationofthechemistryand mode ofcatalyticactionineach

stepofthe procedure.Followingisa summary ofthe main resultsobtainedin theabove-

indicatedareas.

Low-Temperature Depolymerization.LiquefactionStudies of Blind Canyon (UT),

Pittsburgh #8 (PA),and Beulah Zap (NI))Coals.

Systematicstudieswere continuedon theprocessingaspectsofthelow-temperature

" liquefactionofthe abovecoals.Suitableconditionsforhigh-yieldconversionofthecoalsinto

low-boilinghydrocarbonoils,usingtheHT-BCD-HPR procedure,were determined.Although

theoptimalconditionsforeachstepdependtosome extenton therank and sourceofthecoal,

some generalrangesofprocessingconditionsweredeterminedand aresummarized inTable1.

(Inviewofthecurrentwork under Section3 [seebelow],theindicatedconditionsand catalyst

systemscouldbe considerablychangedinthefuture.)SeveralmildHT experimentswithBlind

Canyon and Pittsburgh#8 coalsimpregnatedwithcatalyticamounts (3-15wt%) ofFeCI_were

performedin a 150 cm3 autoclaveata temperatureof290°C forthepurposeofdetermining



whether under such conditions the metal halide has any corrosion effect upon the reactor. No

corrosion could be detected, which indicates that the mild HT step at < 290°C involves a solid

phase coal depolymerization reaction in which the deeply impregnated (from MeOH or acetone)

and uniformly dispersed FeC1s catalyst essentially does not come in contact with the stainless

steel reactor walls. This is completely different from previous high-temperature (420-450°C)

procedures in which copious excess amounts of metal halides, e.g., ZnC12,were used (in the form

of coal-ZnC12melts, or non-unif0rmly impregnated in the coal from aqueous solutions), resulting

in reactor corrosion.

Table 1 shows that the depolymerizing stage of the procedure (steps HT and BCD) can

be effectively performed under very mild processing conditions, i.e., temperature, $ 295°C;

pressure, _ 1500 psi_, low catalyst concentration. Further, due to the simplified structure of the

depolymerized coal products, consisting predominantly of monocluster compounds (see below,

Section 2), the hydroprocessing stage (HPR step) of the procedure can be effectively performed

under milder conditions (temperature, 350-370°C) than those usually employed (420-470°C) in

direct catalytic hydroprocessing of non-depolymerized coals.

Table 2 summarizes the total conversion of Blind Canyon, Pittsburgh #8, and Beulah Zap

coals into depvlymerized, THF-soluble and cyclohexane-soluble (oil fraction) products under the

conditior_s indicated in Table 1. As seen, the total conversion of these coals into depolymerized

(THF-soluble) products is in the approximate range of 88-92 wt% (MAF basis), the difference

to quantitative yield being apparently due to (a) presence of minor amounts of macerals

resistant to breakdown reactions; CD) some occurrence of weight-losing reactions, e.g.,

decarboxylation and partial heteroatom removal (see below); and (c) some mechanical losses.

Solubility fractionation of the THF-soluble product (Table 2) yielded about 68-71 wt% of

cyclohexane-solubles (oils) which predominantly consist of monocluster compounds" having

molecular weights in the approximate region of 100-300. Most of the structural analysis work

during the reporting period (se below, Section 2) was performed using this predominant oil

fraction of the depolymerized HT-BCD producL

The incompletely depolymerized part of the HT-BCD product (asphaltenes and

asphaltols), representing about 30 wt% of the total solubilized product w_s subjected to a J

preliminary study to determine if it is convertible into oils (cyclohexane-solubles) by recycling

through the HT-BCD procedure. Initial recycling runs indicated that a significant part (at least

i i J i,

"Monocluster compounds are defined as containing a single condensed aromatic-
hydroaromatic ring system in their molecular structure. Bicluster or polycluster compounds are
defined as containing two or more condensed ring systems interconnected by linking groups
susceptible to hydrogenolytic or hydrolytic cleavage.
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40-50%) of the small asphaltene plus asphaltol part of the product is converted into oils,

bringingthetotalproportionofthelatterto> 80 wt% ofthedepolymerizedcoals.

The hydroprocessing(HPR) ofthedepolymerizedcoals(bothofthetotalproductand of

the predomln_ntoilfractions)was alsoinvestigated.Table 3 summarizes the elemental

. compositionsofthedepolymerizedBlindCanyon,Pittsburgh#8,and BeulahZap coalsand of

thefinalhydrocarbonoilsderivedfromthem by hydroprocessing(reactionconditionsindicated

" inthefootnotes).The depolymerizedcoalshave a higherhydrogencontentascomparedwith

thestartingcoalfeeds,due to(a)marked reductionoftheheteroatom(S,N, and O) contents

duringdepolymerization;and (b)some extentofhydrogentransferreactionsfromthemethanol

solventduringtheBCD step.ltshouldbe notedthatalloftheinorganicsulSzrisremoved

togetherwiththeashattheend oftheHT-BCD treatment,indicatingthepossiblevalueoflow-

temperaturedepolymerizationasan approachtocoalcleaning.As seeninTable3,most(>65%)

oftheorganicsulfurisalsoremoved duringtheHT-BCD treatment(organicS contentofthe

startingcoals,wt%:BlindCanyon,0.37;Pittsburgh#8,0.89;BeulahZap,0.70).The O content

oftheBlindCanyon coalisreducedby - 43 wt%, whereasthatoftheBeulahZap ligniteby -

38 wt%, duringdepolymerization(the0 lossislowerforPittsburgh#8 coal,i.e.,~ 20%). The

N contentisreducedasa resultofthedepolymerizationtoan extentof46 wt% fortheBeulah

Zap lignite,38 wt% forthe BlindCanyon coal,and 36% forthe Pittsburgh#8 coal.The

hydroprocessing(HPR) stepresultsinessentiallycompleteremovaloftheheteroatoms(<0.05

% S,0.08-0.21%N, and 0.20-0.65% O contentinthefinalhydrocarbonoilproduct;Table3).

Only traceamounts ofheteroatomswere observedaftera slightincreaseintheseverityofthe

HPR conditions.

One oftheoutstandingfeaturesoftheHT-BCD procedureisthecompositionalsimplicity

and correspondinghigh volatilityof the depolymerizedcoalproducts.Thermogravimetric

analysisofthepredominant(70-80wt%) oilfractionsofthedepolymerizedcoalsshowed (see

ProgressReportforthe periodMay 4 -July 31,1989,p.99)thattheseproductsaxe fully

distillable(>98%) undervacuum (10-2torr),and distillabletoan extentof- 80% underN 2at

a pressureofI atm. ltshouldbe noted,however,thatsincethedepolymerizedcoalsstillretain

a majorpart(>50%) oftheiroriginalcoaloxygen,mostlyintheformofphenolicgroups(and

some hydrolysis-resistantdibenzofuranicgroups)thesedepolymerizedprodt_ctsdistillonlyto

theextentofabout25 wt% inthegasoline,kerosene,and lightgas oilboilingrange(b.p.up to

325°C/760torr),whilethemain portiondistillsintheheavy gasoil(40-45%)and vacuum gas

oil(20-25%)ranges. In contrast,the finalhydrocarbonoilproductsobtainedby HPR, i.e.,

exhaustiveHDO, ofthedepolymerizedcoals,distillmostlyattemperaturesbelow 325°C/760

torr.
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Table4 summarizestheboilingpointdistributionofthefinalhydrocarbonfuelsobtained

by hydroprocessing(HPR) ofthedepolymerizedBlindCanyon,Pittsburgh#8,and BeulahZap

coals.As seen,allofthefinalhydrocarbonfuelsobtainedcontaina veryhighproportion(70.8-

74.2%) oflow-boilingfractions(gasoline,kerosene,and gasoil;b.p.up to325°C/760torr).The

veryhighvaluesfortotaldistillables(<538°C)arefullyconsistentwiththeabove-mentioned

thermogravimetricanalysisof the same products. Hydroprocessing(HPR) of the total

depolymerizedcoalsisbeingpresentlyinvestigatedand initialresultsindicateonlyslightly

loweryieldsoflow-boilingfractionsup to325°C/760torr.

The highlypromisingresultsobtainedduringthereportingperiodconfirmtheefficiency

oftheHT-BCD-HPR procedureforhigh-yieldconversionofpremium U.S.coalsofvariousranks

intolightliquidfuels.Continuousflowreactorswillbe constructedand appliedina further

investigationoftheprocedureduringtheMay 1990-April1991period.

Characterization and Structural Analysis of Depolymerized Blind Canyon, Pittsburgh

#8, and Beulah Zap Coals

In-depth structural analysis of the depolymerized coal products were performed in

collaboration with Task V.1 (Professor Pugmire), Task V.2 (Professor Meuzelaar), and Task V.3

(Professor Eyring). For this purpose, sufficiently large samples were prepared in the framework

of our Task V.5 and continuously provided to the other tasks.

Excellent progress was achieved under Task V.2 in the development of mass spectral

techniques for molecular weight profiling of the depolymerized coals studied (see Progress and

Final Reports for the May 1989 - May 1990 period; Task V.2). Results obtained showed that

the predominant oil fractions of the products consist primarily of monocluster compounds of

several types, i.e., phenols, alkylarenes, and alkanes.

Detailed _3C NMR and PMR measurements of the depolymerized coal products were

performed under Task V.1. Results obtained were fully consistent with the mass spectral data

and showed that the depolymerized coals predominantly consist of mixtures of monocluster

compounds showingwell-resolvedsignalscharacteristicofphenols,alkylarenesand alkanes,

togetherwithsmallamounts ofalcohols,alkenes,and carboxylicacids(especiallyinthecaseof

theBeulah Zap lignite).Resultsobtainedwere summarized inpreviousProgressReports(see

forexampleProgressReportfortheperiodNovember 1,1989-January31,1990,Task V.1,and

R.White,M.S.Thesis,UniversityofUtah,1989).The PMR analyseswereparticularlyvaluable

for determiningthe distributionof aliphatichydrogensin alkylsubstituents(presentin

alkylarenesor alkylphenols)as a functionoftheirpositionrelativeto the aromaticrings.

Further,thePMR dataprovidedinformationon thedistributionofaromatichydrogensin I-,
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2-i and 3-ring systems.

FTIR spectra of the depolymerized coal products were obtained through cooperation

between Tasks V.3 and V.5. Examples of such spectra, together with full interpretations, were

provided in the preceding Progress Reports. The data were valuable in corroborating the

. chemical functionalities of the depolymerized products as obtained by mass spectral and NMR

techniques. The FTIR data were also particularly useful in determining the degree of aromatic

- ring substitution in product components, using for thatpurpose well-resolved C-H out-of-plane

bending bands in the 600-900 cm"_region. A quantitative method for determining the

distribution Of aromatic ring substitution types (mono-, di-, tri-, tetra-, and pentasubstituted

rings) in depolymerized coal products is presently being developed.

Recently, a cooperation effort was initiated with Professor Milton Lee, Brigham Young

University, on the compound class separation of depolymerized coal products, using selective

elution chromatography. The products are being separated into four fractions, i.e., (1) saturates

(alkanes and naphthenes); (2) arenes (mostly alkylarenes and some aromatic-hydroaromatic

compounds); (3) N-containing compounds; and (4) O-containing compounds (mostly phenols).

This preliminary separation allows for greatly improved simplicity and accuracy in subsequent

mass spectral, NMR and FTIR analysis of the depolymerized coal products. This in turn leads

to structural elucidation of the basic building units (monoclusters) of the coalpolymer at a near-

molecular level. Further, the change in product composition, viz. the distribution of such

building units, as a function of coal rank and source can be determined and used as a powerful

coal characterization and differentiation method.

Simplication of the HT-BCD-HPR Procedure

Work was performed on the simplification of the HT-BCD-HPR coal liquefaction

procedure and on the examination of alternative catalysts and solvents. The THF pre-extraction

step was eliminated and MeOH is being gradually introduced as the only solvent in the process.

Further, a search is being performed for (a) various soluble Fe-containing catalysts for possible

. use in the HT step; and (b) Ca-containing basic (or base-generating) compounds for replacement

of KOH as catalyst in the BCD step. As mentioned, during the 1990-91 period continuous flow

reactors will be constructed and applied in the studies. This will include an attempt to unify

the performance of the depolymerization stage of the process (the HT and BCD steps), using a

series reactor.
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Elucidation of the Mode of Catalytic Action of Soluble Fe Catalysts in the HT Step

Samples of FeCI_- and FeCl_-impregnated coal samples were prepared and provided to

Professor E.M. Eyring (see above, Task V.3) for the purpose of electron probe microanalysis

(EPlVD,diffuse reflectance FTIR, and Mt_ssbauer studies. Part of the impregnated samples were

subjected to subsequent mild hydrotreatment (temperature, 275°C; I_ pressure, 1500 psig).

This allows for tracking the action of the Fe catalyst during the HT coal depolymerization step.

FeCl3-impregnated coal samples were provided also to Professor G.P. Huffman for his Mt_ssbauer

studies.
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Table 1 RanEes of Sultable Conditions for Low-Temperature

Depolymerlzatlon-Liquefactlon of Blind Canyon, Pittsburgh no 8and Beulah Zap Coals a • ,

HT Step FeCI3 catalyst b concentration. 3-12 wt%

" H2 pressure. 1500 psig

Reaction temperature. 250-290°C
Reaction time" 2 hr •

BCD Ste_ Depolymerizing agent" 5-10% KOH c in MeOH

Na pressure. 1,000 psig

Reaction temperature. 275-295,C
Reaction time" 1 hr 4

HPR Step Ca_alys_. sulfided 6Co8Mo or RuMo d

Hz pressure. 2500-2700 psig

Reaction temperature- 350-370oc •
Reaction time" 2-3 hr 4

• Processing conditions were determined in autoclave reactors. Flow reactor

systems will be constructed during 1990-91, with the anticipated result of
drastically decreased reaction clme for each step of the procedure.

b HT experiments ac 290°C with catalytic amounts of FeC13 (3-15 wt%) impreg-'
hated in the coals indicate the absence of any corrosion effect upon the
stainless steel reactor (see text).

c Experiments are currently underway to replace KOH with Ca(OH)z as base. catalyst (see text).

d This catalyst has markedly higher C-O and C-N hydrogenolysis selectivity as
compared with conventional CoMo and NiMo catalysts (see refs. 7,8).
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Task VI

Basic Process/Resource Evaluation Task

h

PPs: Burt Davis R.A. Keogh
. Diane Milburn H. Dabbagh

Report
Coordinator. Burt Davis

Phone Number:. (606) 257-0251

Period: May 4, 1989 - May 3, 1990

Task VL1. Coal Maceral Characterization and Liquefaction

Objectives

VI.I.1. Obtain, if possible, a coal with equal distribution of the three major maceral

groups (vitrinites, inertinites, and liptinites) for separation by density gradient
centrifugation.

VI.1.2. Characterize the maceral concentrates.

VI.1.3. Liquify the sample sets and characterize the products.

VI.1.4. Determine the thermal liquefaction pathway of the macerals.

Introduction

A classic experimental approach to the study of complex system, such as coal, is to

reduce the system into its component parts. Recently, the use of density gradient

centrifugation, DGC (1_) has been used to separate the different macerals of coal for

structural and reactivity studies. The prerequisite fine grinding (< 3 _un) of the coal prior to ,

separationusingthistechniquehas producedproblemsinidentifyingthemajorityofthe

• materialfoundintheisolateddensityfractions.Inaddition,onlysmallquantitiesofthe

• maceralswere produced.However,DGC techniquesdevelopedinthislaboratory(3,4)have

successfullyseparatedcoalgroundto-100mesh, (whichallowsidentificationofthemajority

ofthe materialineachdensityfraction)insufficientquantityand purityforanalysisand
liquefactionstudies.
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VI.I.I.Identificationofthe Coal

A bench sample oftheeasternKentuckyStocktoncoalwas identifiedashaving

approximatelyequalconcentrationofthethreemajormaceralgroups.The resultsofthe

extensivepreliminarydensitygradientseparationsindicatedthatthemaceralgroupscould
m

notbe separatedinsufficientpuritiesand quantitiesfortheliquefactionstudies.Therefore,

no furtherseparationsonthiscoalwas performed.Anothercoalwhich containedequal

amounts ofthemaceralgroupswas notfoundduringthecourseoftheproject.Therefore,

two Ohio coalswere selectedforseparationofthevitrinitemaceralsby densitygradient

centrifugation.

VI.I_2.Maceral Characterization

The ultimate,proximateand petrographicanalysesoftheparent,demineralized

parentand vitriniteconcentratesfortheOhio#5 and Ohio#6 coalaregiveninTableI. The

major differenceinthecharacterizationdataofthetwo demineralizedand parentcoalsis

thetotalsulfurcontent.The Ohio#5 coalsethas approximatelytwicethesulfurcontentof

the Ohio #6 coal.The differenceisnot apparentinthetwo vitriniteconcentrates.Both

vitriniteconcentratesaresimilarintheirchemicaland petrographiccompositions.

VI.1.3.

The set of three sample types (parent, demineralized and vitrinite concentrate) were

liquefied in the microautoclave reactors using three temperatures (385°C, 427°C, 445°C),

tetralin as the solvent, a hydrogen atmosphere (800 psig, ambient), and a solvent to coal

ratio of 1:5. Two residence times (15 and 30 rain) were used at each of the reaction

temperatures.

The distribution of the liquefaction products for the Ohio #6 sample set is shown in

Figure 1. All three types of sample follow the same thermal liquefaction pathway. In the

initial dissolution stage of the pathway, the prinmry liquefaction products are the

asphaltenes plus preasphaltenes. In this region, as the total conversion increases, the

asphaltenepluspreasphaltene(A+P)yieldsalsoincreaseand theoilplusgasyieldsremain

fairlyconstant(_q.a.10 wt.%).The maximum yieldofA+P correspondstothemaximum in

totalconversionand a changeinthethermalpathway. Inthisregion,thetotalconversion

remainsfairlyconstant.The primaryreactionstakingplacearethe conversionoftheA+P

fractiontooilplusgas.The observationthatalloftheOhio #6 sampletypeshaveidentical
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thermal liquefaction pathway indicates that the demineralization and DGC procedures has

little, if any, effect on the liquefaction pathway of the Ohio #6 samples.

The liquefaction product distribution for the Ohio #5 demineralized parent and

vitrinite concentrate are shown in Figure 2. It appears that the Ohio #5 samples are

significantly more reactive than the Ohio #6 samples. It is also apparent from the data

shown in Figure 2 that there is significant differences in product distributions as well as
t

reactivity among the Ohio #5 sample type. The Ohio #5 demineralized coal reaches the

maximum conversion rapidly (@385°C, 15 mim) and appears to follow the same thermal

pathway as tile Ohio #6 samples. However, the vitrinite concentrate appears to follow a

different thermal pathway than was previously observed. As the total conversion of the

vitrinite concentrate increases, there is a parallel increase in both the A+P and O+G yields.

Although there was insufficient sample for further experiments, it is likely that the A+P

yield would still maximize at the highest conversion obtained. The major difference in the

pathway of the Ohio #5 vitrinite and the previous samples is the parallel increase in O+G

yields with conversion. The analysis of the Ohio #5 and #6 vitrinite are very similar and

offer no explanation for the observed differences in their reactivities.
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AsphaLtenes*Pre,_phaltenea

Figure I.Product distributionof Ohio #6 samples.

Asphaltenes*Prea_haRenes

Figure 2. Product distributions of Ohio #5 Samples.
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Task VL2. Coal Liquefaction Catalysis

Catalyst samples for this aging study were obtained from Wilsonville's run 257.

Catalyst addition, as well as withdrawal, was started to the first reactor on the 18rh day of

operation; hence, reliable data for sulfur isotope exchange could not be obtained after day 18.

Catalyst addition was not started in the second stage reactor until day 31. Wflsonvflle

operators reported that the sulfur level in the as-received catalyst was less than their

analytical limit (0.1 wt.% or less). The sulfur isotope data for the presulfided material and

for catalyst samples withdrawn at increasing operational time from each of the two reactors

are shown in Figures 1 and 2. First, consider the data in Figure 1 for samples withdrawn

from the second stage reactor since it contains more data points covering a longer time

period. The data clearly show that there are two types of isotope exchange. First, there is a

very rapid initial exchange of sulfur that was added during the presulfiding procedure with

that of the coal. This rapid exchange corresponds to 33% of the sulfur that was initially

present in the catalyst:

% S exchange = {[(_) 34St- 0 " (5) 34Spretreat]/[(_) 34Scoal -iurry- (5) 34Sp_,t]} 100

= {[0.6 - (-0.4)]/[2.6 - (-0.4)]} 100 = 33

Following the rapid exchange, there is a period of slow exchange during which the sulfur on

the catalyst gradually approaches that of the added coal. The slope of the line in Figure I is

0.022 5_4S/day; it is calculated that it would take a minimum of 91 days for the sulfur

isotope composition of the catalyst, calculated by extending the line defined by the measured

834S values toward the solid line representing the isotope composition of the coal, to attain

that of the coal slurry. Thus, we obtain the surprising result that only about one-third of the

sulfur initially present in the presulfided catalyst exchanges rapidly even when the catalyst

is operated at commercial hydrotreating conditiom; (greater than 2000 psi and temperatures

around 425°C).

There are fewer data points shown in Figure 2 for samples withdrawn from the first

reactor; however, the same pattern is exhibited in both figures 1 and 2. Note that different

• batches of dimethyl disulfide were used to presulfide the two batches of catalysts; thus the

material used in reactor 1 had an isotope composition that was shifted -1.15 from the

standard rather while the batch added to the second reactor was shifted -0.4. The line

defining the slow exchange for the first reactor catalyst intercepts the zero time axis at 0.3.

However, only three of the four data points were used to determine the line that gave the

value of 0.3, and the data points could fit equally well the same line that was defined by the
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datainFigure1. Using the dataforFigure2,we calculatethattherapidexchange

correspondstoca.40% ofthesulfurinitiallypresentinthecatalyst.Thus we obtainsimilar

dataforcatalystsexposedineitherreactorI or2.

The dataareintriguingbut theydo notprovidesufficientinformationtodefinethe

structuresthatcorrespondtotherapidand slowexchangeofsulfur.The firstproblem

encounteredinattemptingtoassignchemicalspeciesorstructurestotheexchangedataisa

definitionofthecompounds and theirstoichiometrythatarepresentinthecatalyst.

Msssoth'-reportedin1978thatinspiteofthefactthatthesecatalystsareeitherpresulfided

orbecome sulfidedduringuse,surprisinglylittlework has beendoneon determiningthe

stoichiometryofthesulfidedcatalyststate.When sulfurlevelshavebeen determined,the

catalysthas usuallybeen foundtobe incompletelysulfidedtotherespectivesulfides,MoS_

and CopS,.2J Massoth*concludedthatthesulfidedcatalystconsistsofa mixed surface

oxysulfidespecieorsome bulkMoS2 and anotheroxysulfidespecie.The stateofCo inthe

sulfidedcatalystisuncertain.Kntlzinger4summarized in1988 thecurrentresultson the

genesisand natureofmolybdenum-basedhydrodesulfurizationcatalysts,and didnot

significantlymodifythepicturepresentedby Massoth. Kntlzingerpresentsa more detailed

descriptionofthesulfidedcatalyst:highlydispersedMoSs-likeslabsarethedominantMo

speciesinthesul_dedcatalysts.These slabsarestabilizedby Mo-O-AIlinksaftermild

sulfidationatT < 670 K and inthisstatetheslabsarepreferentiallyorientednormaltothe

supportsurface.At highersulfidationtemperatures,theaveragesizeoftheMoS2 slabis

large;theselargeslabsaredetachedfromthealuminaand liefiaton thesupportsurface.

The presenceofpromoters(Co,Ni)may leadtosomewhat higherdispersionbut doesnot

seem tosignificantlyalterthelocalMo environment.For typicalcatalystcompositions,the

promoteratoms inoron thesurfacearesulfidedbutarenotpresentinwellordered

structuressuchas CopS,orNi3Ss.

There isconsiderablevariationintheS/Mo ratioforcatalystsfromseveralrunsat

Wilsonville.Ratiosreportedby them and obtainedby us areshown inTable I.The ratio

rangesfrom about 1.5to2.4.Whilethesecatalystsdo containothermetals,itappearsthat

a valuefortheatomicS/Mo greaterthan2 isnotthatunusual.At thesame time,itshould P

be realizedthatthereisconsiderableerrorassociatedwithdeterminingthisratio.

IfS iscombined onlywithMo thestoichiometryofthesecondstagecatalystisMoS2.78;

assuming thatallNi issulfidedtoformNiS reducesthestoichiometrytoonlyMoS2.4_.The

fLrststagecatalysthas a stoichiometryofMoS2.,9ifallsulfuriscombinedwithMo; ifNiS is
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formed then the stoichiometry becomes MoSs. Even if we assume that all of the Ca, Fe and

Ni are present as M(IDS, the stoichiometry for the second stage catalyst (for day 15) is

MoS2_. The data indicate that sulfidation at these severe conditions produces a

molybdenum species with a stoichiometry considerably greater than MoS2 or that a large

. amount of sulfur is present in other metal sulfides, including TiO,Sy and/or A10,Sy, and/or

elemental sulfur. Thus, the exchange data must be evaluated in the light of uncertain
" sulfide compounds and stoichiometry.

First we note that the assumption that organic sulfur compounds derived from the

coal/solvent are adsorbed on the catalyst only makes the problem more perplexing. The

sulfur compounds derived from the coal will have a 8"S value of +2.5; correcting the 83_S

values of the catalyst for any coal derived from adsorbed organosulfur compounds decreases
the amount of sulfur that rapidly exchanged.

If we assume that Ni and Fe are present as NiS and FeS and that these exchange

rapidly, we can account for only 43% of the total rapid exchange; assuming only NiS is

formed and rapidly exchanges can account for about 39% of the total rapid exchange. If it is

assumed that (1) MoS2 is formed and does not exchange rapidly and (2) all other sulfur is

present in a form that rapidly exchanges, then the rapid exchange should be 27.8% of the

total sulfur rather than the 34.5% that is observed. The data are suggestive that a

significant fraction of the sulfur present in "molybdenum sulfide" does not exchange rapidly.

To definethesourceoftherapidlyexchangingsulfurwillrequirefurtherwork witha se_es

ofsulfidedpreparations:aluminaonly,Mo-Al203,Ni.AlsO3,Ni.Mo.AlsOa,etc.

Isagulyantsand coworkersS_utilizedtheSSSradioisotopetofollowtheexchangeofsulfur

isotopeinCo-Mo-Al203catalystsusingthepulsemicroreactortechniqueand lower

temperatureand pressureconditions.They foundthatabout60% ofthesulfurinthe

catalystisnot involvedinexchangeduringtheconversionofthiophene.More recently

Dobrovolszl_etal.7utilizeda pulsereactoratlowpressureconditionstofollowtheretention

and exchangeofradioactivesulfurwithnon-radioactivesulfurduringtheconversionof

. thiophene.These laterworkersfounda releaseofabout20% ofthesulfuradded tothe

catalystwas removed duringsubsequentreactions.
e

The presentresults,obtainedathighpressureina large6 tonperday plant,show

remarkableagreementwithdatareportedforsmallscale,lowpressurelaboratoryreactors.

ltisapparentthatstablesulfurisotopescanbe utilizedinappropriatesituationsevenin

largescalereactorsand atindustrial/processconditions.The effortsexpendedincatalyst
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preparation and pretreatment to produce highly dispersed sulfided molybdenum species

appear to be merited since at least two-thirds of the sulfur initially present in Ni-Mo-

aluminacatalystsexchangesveryslowly.Thisistakentoindicatethatthesmall

molybdenum sulfidecrystalsretaintheiroriginalstructureforlongtimeperiods(daysor

months);ifrapidreorganizationofthesecrystalswere tooccuritisexpectedthatsulfur

exchangewould quicklyoccurbetweenthesulfurpresentinthereactantand thesu]Rtrpool
initiallypresenl,inthecatalyst.
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Table 1

AtomicRatio,S/Mo,forCatalystsWithdrawn
from theWilsonville,Alabama PilotPlant

S/Mo, Atomic Ratio
Run Date Wilsonville CAER

50 2/17/86 2.15 1.8
i

250 12/8/85 2.18 2.41

249 9/18/85 2.41 2.26 "

248 5/3/85 2.09 = 2.11

247 1/6/85 1.99 ...

a Sample Date: 5/5/85
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Task VL3. The Role of Hydrogen During Liquefaction Using Donor and

Non-Donor Solvents

An objective of this work was to understand how gaseous hydrogen (deuterium) is

utilized during the conversion of a coal that has as high a conversion in a non-donor solvent

(1-methylnaphthalene) as a good donor (tetralin).

The effect of 1-methylnaphthalene-deuterium system on coal (Western Kentucky #9

coal) conversion was studied at 385°C and 450°C, ca_.2000 psi and reaction times of 15, 30,

and 60 minutes. The liquefaction experiment was conducted in a microautoclave reactor of

50 ml capacity. After work-up, the oil fraction containing most of the 1-methylnaphthalene

was subjected to GC-mass spectrometry. Small-scale, careful distillation of the oil fraction

gave 1-methylnaphthalene (greater than 98% purity) for H-NMR analysis.

The deuterium content of methylnaphthalene increased with increase in reaction time

and temperature (Table 1).

Table 1

Deuterogenation-Coal Liquefaction of a Western
Kentucky #9 Coal in the Presence of Methylnaphthalene

Run Time Temperature Deuterium Content of
Number (rain) (°C) _ Methylnaphthalene

1 15 385 84.3 14.5 1.2 0 0
2 30 385 72.1 22.0 5.9 0 0
3 60 385 62.7 30.0 7.3 0 0
4 30 450 25.7 37.0 24.3 10.0 3.0
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Table 2

Deuterogenation-CoalLiquefactionofWesternKentucky
#9 PyrointhePresenceof1.Methylnaphthaleneina 50cc
Reactorat800 psi"and VariousReactionTemperatures

Reaction Reaction DeuteriumContent(%)

Time (min) Temperature of1-Methylna.phthalene

°c D,

GO 300 97.5 2 0.5 0 0
60 385 69 26 5 0 0
30 450 30 37 24 7 2

a At room temperature.

Table 3

Blank Run: EffectofReactorWallon theDeuterogenation
ofl-Methylnaphthaleneina 50ccReactorat385°C,

2000 psiand ReactionTime ofI hr.

Reactor DeuteriumContent(%)
Walls Notes of1-MethvlnaphthaleneI

Freshly- a,d 49 33 13 4 <1
Cleaned b,d 58 25 6 1 0

Once Used a,d 48 35 14 3 <I
Once Used b,c,d 97.5 2 0.5 0 0
Twice Used a,d 36 40 18 5 I

a. A lubricantcontainingnickel-graphiteflakeswas usedas a sealanttopreventlossof
pressure.

b. No lubricantwas used.

c. Reactiontemperature300°C.
d. Two tothreehundred coalliquefactionrunsweremade inthereactorpriorto

cleaning.

The deuteriumcontentfroma blankrun withmethylnaphthaleneintheabsenceof

coalat385°C and 30 minuteswas similartothatofrun 2 (TableI).

The preliminaryresultsindicatethattheisotopecontentofmethylnaphthalene

increaseswithtemperature(Table2)and reactiontime.However,itappearsthatthewalls
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of the reactor, and especially the lubricant (nickel-graphite flakes in petroleum oil) initially

utilized, catalyzes deuterium exchange to a greater extent in the absence of coal then when

coal is present during the conversions. When the same reactor was reused without cleaning,

the amount of deuterium exahange increases by about 13% (Table 3). Elimination of the

• nickel containing lubricant lowers the deuterium exchange by about 10%.

The deuterium NMR spectra of the 1-methylnaphthalene from the run at 450°C and

" one-half hour, with or without coal present, show that the ring contains 78% deuterium

(nearly statistically distributed) and methyl contains 22% deuterium.

At 300_C and one hour, essentially all of the deuterium (equally distributed) is in the
rings.

A reactor similar to the one used in the above experiments with a glass liner was

utilized in order to decrease the reactor wall contact surface. A typical run with 1-

methylnaphthalene at 385°C, I hour, and 2000 psi of deuterium with the above reactor

reduced the deuterium exchanged to about 3% (37% without the glass liner).

The deuterium NMR of 1-methylnaphthalene from the run at 450°C and one-half

hour, with or without coal present, show that the ring contains 78% deuterium and methyl

contains 22% deuterium. A more careful deuterium NMR analysis with a larger sample

indicated that deuterium distribution as follows: 38% at 4 position, 38% equally distributed

at the 5 and 8 position, 10% at the 2 position and 14% equally distributed at 3, 6 and 8
positions (Figure 1).

At 385°C and one hour, the deuterium distribution changed somewhat, that is within

our experimental error of 5%. The amount of deuterium exchange at 3, 4, 6 and 7 was the

same as that of 450°C run, but there was 43.5% deuterium equally distributed at 2, 5 and 8
positions (Figure 2).

A typical deuterium NMR (Figure 3) of pyridine soluble, pentane insolubles of coal

fraction indicates that 42% of deuterium is in the aromatic NMR region, 45% in aliphatic

region, and 13% active hydrogen (e.g., -OH, -NI-I, SH, etc.).

, The selective deuteration of 1-methylnaphthalene at 2, 4, 5 and 8 positions (85.5%) is

, a good indication of a catalytic mechanism rather than a free radical pathway. In a free

radical mechanism one would expect near statistical distribution oe deuterium in all

positions, especially favoring the methyl group rather than the rin_-. At 385°C less than 2%

exchange took place in the methyl group of the methylnaphthalene. At 450°C, 22% of the

methyl group of the 1-methylnaphthalene was deuterated; however, the deuterimn
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distribution in the ring (85.5%) was similar to the 385°C experiment (see above) that favors

2, 4, 5 and 8 positions of the ring.

The deuterium NMR of pyridine soluble, pentane insolubles fraction of the coal (at

450°C, 30 min., 2000 psi D2) in the presence of 1-methylnaphthalene shows near equal

distribution of deuterium in the aromatic and atiphatic region of NMR. This indicates that

the aliphatic region of coal exchanges more than the aromatic region of the coal which is

opposite to that of 1-methylnaphthalene. One explanation is that the coal molecule

underwent more free radical exchange or that most of the aliphatic region of coal is not

primaryproton simi|Ar to 1-methylnaphthalene.

A 75 ml stirred autoclave reactor with a glass liner was operated at 425°C; deuterium

exchange was 23% with more than half of the 1-methylnaphthalene condensed outside of the

glass liner. In this reactor, the deuterium exchange was about 62%, similar to the

microautoclave type reactor (MATR) without the glass liner (Table 4). A deuterium NMR

spectra (Figure 4) of 1-methylnaphthalene shows 28% deuterium exchange at methyl group

(only 2% for MATR) and increase exchange at 5 and 8 position with subsequent decrease at

4 position. The amount of exchange at 2, 3, 6 and 7 was similar to MATR.

A number of model compounds were deuterated in similar experiments as reported for

1-methylnaphthalene. The GC mass spectra data indicate an increase in the amount

deuterium exchange with an increase in the electron-donating ability of the group at 1-

position (see Table 5). Deuterium NMR of ethyl naphthalene indicates nearly equal

distribution of deuterium in the ring and no measurable amount of deuterium in the uniform

ethyl group (Figure 5). This also indicates that a free radical reaction is not involved;

however, it is not clear why ethylnaphthalene deuteration of the ring is not selectivr_, as was

the case with 1-methylnaphthalene (see Figures 1 and 2).

Deuteration of phenathrene was somewhat more selective than ethylnaph_halene (see

Figure 6). The relative % D at the ring positions are: 1,8 (21%); 4,5 (15%); 9,1.0 (35%); and

2,3,6,7 (28%).

When methoxynaphthalene was deuterated at 3850C, 1 hour, 800 psi (cold) D2 more

than 59% of the ring hyrogen and none of the methoxy hydrogen exchanged with deuterium. t

Deuterium NM_ showed (Figure 7) showed 70% deuterium'at the 4 position and 30% at the

2 position. This is another good indication that an ortho-para directing effect is operating.

Deuterium could not be detected at other ring positions or in the methyl group.
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Coal Conversion with Carbon Monoxide and Water

The reaction of carbon-14 carbon monoxide - I-I20 with Western Kentucky #9 coal Was

carried out using a gas pressure of 800 psi (cold). The preliminary results indicate that the

conversion to pyridine solubles is in the range of 85-90% as was reported by Blanco et al. 1

• Analysis of the gas products shows carbon-14 labeled carbon dioxide was formed. Methane

and ethane did not show any radioactivity. Three coal fractions (e.g., pyridine insolubles

" (PI), pyridine solubles/pentane insolubles (PSPI), and pentane solubles (PS)) were converted

to carbon dioxide by means of Van Slyke-foch oxidation which was converted to barium

carbonate. None of the coal fractions showed detectable carbon-14 activiW. This is a good

indication that carbon monoxide does not incorporate into any of the fractions during coal

liquefaction by CO-H_O-base system.

Table 4

Deuteration of 1-Methylnaphthalene at 2000 psi D2, 385°C, 1 Hz"Reaction Time

Reaction Type _ D, D_2 D__ D__ D_.5

Used Reactor
Coal 69 25 5 0 0 0

Used Reactor 58 25 6 1 0 0
No Coal

Used Reactor 49 33 13 4 1 0
Ni Graphite

Flakes

New Reactor, 92.0 7.0 1 0 0 0
Glass Liner

Stirred Condensed 27.0 32 23 11 5 2
Reactor With Inside Glass
Glass Linear
at 425°C Condensed 38.0 35 17 8.5 2.5 1

Outside Glass
4D

CHsCO2D, 31 44 21 3.5 .5 0
100°C, 24 hr.

A. Del Bianco, E. Girardi, F. Stroppa, Envidcerche International Conference on Coal
Sie_e 1989 and references found thereafter.
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Table

DeuterationofModel Compounds nt385°C,D= 2000 psi,1 Hr.

Model DeuteriumContent(%_

_Compounds _ _ D_= D._ _ D_..s '

Naphthalene" 78 19.5 2.5 0 0 0 "

1-Methyl- 58 28 6 1naphthalene= 0 0

1-Ethyl- 82 14.5 2.5 0.7 0.3naphthalene = 0

1-Phenyl- 85.0 13.0 1.5 0.5 0naphthalene = 0

1-Methoxy- 51 38 9.0 1.0naphthalene" 0 0

1-Hydroxy- 35.5 42 17.5 5.0 0naphthalene" 0

Phenanthreneb 3.4 13.2 26.4 26 17 9.3

Pyreneb 22 40 22 11 3 2

Reaction time, a. 30 minutes, b. 2 hr.
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Task VI.4. Liquefaction of U.S. Coals

Objectives

VI.4.1. Collectand characterizeapproximately60 bench,channeland/orrun ofmine

coalsamplesfromRlinois,Ohio,West Virginiaand/orIndiana.

VI.4.2. Obtainliquefactionconversiondataforthecoalsusingthemicroautoclave

reactors.

VI.4.3. Obtaina detailedcharacterizationoftheliquefactionproductsforselected

samples.

VI.4.4. Continueestablishingtherelationshipbetweencoalpropertiesand

liquefactionresponses.

VI.4.5. Constructand commissiona CSTR liquefactionreactor.

Introduction

A systematicevaluationoftherelationshipsbetweenthebasiccharacteristicsofcoals

and theirsubsequentbehaviorduringliquefactionusingvariousprocessconditionshave

been carriedoutattheCenterforAppliedEnergy Research.Thisyeartheprogramincludes

coalsfrom Ohio,Illinois,Indiana,W. Virginiaand feedstocksamplesfromtheWilsonville

ITSL pilotplantfacilities.Ultimately,thiseffortwillprovidean industrialclientsufficient

informationtooptimizefeedstockselectionfora number ofprocesses.

VL4.1. Collectionand CharacterizationofProjectCoals

Duringthecontractyear,61coalsampleswereobtainedfromOhio,Illino_.s,Indiana,

W. V'_rginiaand from theWilsonvilleITSL pilotplantforcharacterization.Inaddition,

samplesfromtheArgonne Premium CoalData Bank were obtainedfromProfessorHuffman

forliquefactionstudies.Samples,when possible,were collectedattheworkingfaceofthe

mine. A channelsamplewas collectedateachsiteand,when possible,theseam was

benchedbased on visualdifferences.The sampleswereexpeditedinthepreparationprocess

toavoidoxidation.The sampleswere groundtotheappropriatemesh sizesforanalysisandliquefactionstudies.The initialsplits(1/4")forliquefactionwere storedunder argonpriorto

finalpreparation(-100mesh) forliquefaction_

The chemicaland petrographicanalysesforalloftheprojectcoalsaregivenin

Appendix1. A summary ofselectedcoalpropertyaveragesand rangesaregi-_eninTable 1.
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The analyses indicate a large variation in the petrographic and chemical compositions of the

project coals. Several unique coals were identified on the basis of the distribution of the

forms of sulfur. One example of an tmusuahy high sulfur coal was obtained in a bench

sample of the Upper Freeport coal (Ohio). This coal contained 5.9 wt.% (dad organic sulfur

and 8.44 wt.% (daf) pyritic sulfur. The bench sample also contained 20 vo1.% (dmmf)

liptinites which may account for the high organic sulfur content. Another example of a coal

with unique distributions of the forms of sulfur was identified in several benches of the

Indiana V seam. In these samples, the pyritic sulfur contents were relatively low (_..5-1

wt.%, mar) when compared to the organic sulfur content c(_. 2 to 4 wt%, maD. A number of

these coals were provided to CFFLS members for their research activities.

VL4.2. and 4.$. Liquefaction and Characterization

Ali of the project and Argonne coals were liquefied in the microautoclave reactors

using a temperature of 385°C, a 15 minute residence time, a hydrogen atmosphere (800 psig,

ambient), a solvent/coal ratio of 1.5 and tetralin as the solvent vehicle. In addition, the

channels and other selected samples were studied using reaction temperatures of 427°C and

445°C.

The solubilityclassdistributionoftheliquefactionproductsobtainedusingthe385°C

reactiontemperatureareshown inFigure1. The dataareconsistentwithpreviously

studiedhighvolatilebituminouscoalsinthatthesecoalshavethesame thermalpathway at

thistemperature.As theconversionincreasesthereisa linearincreaseintheasphaltene

pluspreasphalteneyield.The oilplusgasyieldsremainfairlyconstantovertherangeof

conversionsobtainedby thesecoals.The coalsproducethelargestrangeofconversion(30-

95 wt.%,maf)usingthisreactiontemperature.

The distributionofliquefactionproductsofthechannelsamplesobtainedusingthe

427°C reactiontemperatureasshown inFigure2. The dataindicatethatapproximately

one-halfofthe channelsamplesarestillundergoingtheprimaryliquefactionreactions.That

is,conversionofthecoaltoproduceasphaltenespluspreasphaltenesand a smallincreasein

rtheoilplusgasyields.The remainingchannelsareundergoingsecondaryreactionsatthis

temperature.Th£ seconda_jreactionregionoftheliquefactionpathway definedby these

coalsistheregioninwhich theasphaltenespluspreasphaltenesareconvertedtoml plusgas

whilethetotalcoalconversionremainsconstantorslightlyincreases.
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At the reaction temperature of 445°C, all of the channel samples, with two exceptions,

are in the secondary reaction region of the pathway (Figure 3). An Upper Freeport coal

sample remains in the primary liquefaction reaction region of the pathway using these

conditions and is therefore shown to be very Lureactive. The second exception is another

sample of the Upper Freeport seam. This sample appears to readily undergo retrogressive

reactions using the highest thermal severity (445°C) in this study. The conversion of this

- coal sample decreases when the reaction temperature is increased from 427°C to 445°C.

Parallel to the decrease in conversion is a decrease in both the asphaltene plus

preasphaltene and the oil plus gas yields.

The liquefaction data obtained for these coals have followed the same thermal

conversion pathway defined by the Kentucky high volatile bituminous coals previously

studied. In the initial section of the thermal pathway the primary liquefaction products are

asphaltenes plus preasphaltenes (A+P). As conversion increases in this region, there is a

parallel, linear increase in A+P yields while the oil plus gas yield remains fairly constant.

The switch from the primary liquefaction region to the secondary reaction region is

characterized by a maximum in the A+P yield and conversion. In the secondary reaction

region of the thermal pathway, the major reactions taking place are the conversion of

asphaltenes plus preasphaltenes to oils plus gases. In this region, there is little, if any,

increase in the total conversion of the coals.

The Argonne Premium Coals have been liquefied using a 385°C reactor temperature,

a 15 minute residence time, tetralin solvent and a hydrogen atmosphere (800 psig, ambient).

Liquefaction experiments were run in duplicate when sufficient sample was available. The

solubility class distributions of the liquefaction products of these coals are shown in Figure

4. As expected from the previous liquefaction data, the premium coals show a wide range of

conversions (59% to 14%, daf coal). The Illinois #6 and the Blind Canyon high volatile

bituminous coal seams exhibited the highest conversions and the low volatile bituminous

Pocahontas #3 coal showed the lowest conversion. The relationship between the solubility

classes and conversions of the high, medium and low volatile premium coals are similar to

those AS the conversion there is direct li, increase in
previously reported. increases, a

the asphaltene plus preasphaltene yields and the oil plus gas yields remain relatively

constant. The lignite (Beula-Zap) and subbituminous coals (Wyodak) appear to be outliers

from the line determined by the bituminous coals and suggests that rank may be a factor in

defining the thermal liquefaction pathway of coals.
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VI.4.4. Data Correlation

The Liquefaction data obtained for the Argonne Premium coals were correlated with

both the standard coal properties and the structure parameter data derived from NMR data

reported by Professor Pugmire's research group (1).

The coal properties which appear to correlate with both coal conversion and the oil

plus gas yields are the carbon co_ttents and O/C ratios. The relationship between conversion

and the carbon content is shown in Figure 5. As can be seen the relationship for the

premium coals appears to be nonlinear The conversion curve shows a maximum at a carbon

content of approximately 77 wt.%. The curve is simJ'ar to that reported by Whitehurst (2)

for short residence times. The only outlier of this curve is the Stockton coal. The lower than

expected conversion obtained is most likely due to the higher inertinite content of this

sample.

The oil plus gas yields are a relative measure of the distillate yields during the

conversion of coai_. This liquefaction parameter also shows a relationship with the carbon

content of the coal (Figure 6). As can be seen in Figure 6, the distillate yields decrease with

increasing carbon content of the coals. The Stockton and Blind Canyon appear to be outliers

from the curve defined by the other premium coals. Again, the reason for this appears to be

related to the petrographic composition of the coals. The high inertinite content of the

Stockton coal may be responsible for the lower than expected oil plus gas yield and the high

Liptinite content of the Blind-Canyon coal may be responsible for the higher than expected oil

plus gas yields. The distillate yields also appear to correlate directly with the O/C atomic

ratio of the coal as shown in Figure 7. The higher the O/C ratio, the greater the oil plus gas

yields. Again, the Stockholm coal is an outlier and the reason for this is most likely due to

the inertinite concentration of the coal. There appears to be a number of correlations

between the Liquefaction data and the coal structure parameters derived from NMR. The oil

plus gas yields show correlations between the fraction of aliphatic carbon as CH or CI-I2

(Figure 8), coal aromaticity, Fa (Figure 9), and the fraction of aliphatic carbon bonded to

oxygen (Figure 10). The structural implications of these correlations suggest that both the AL,

IvCI-I_and ether cross!inl<ing groups between aromatic clusters are important parameters in

defining the reactivity of coals.
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VI.4.5. Construction of a CSTR Liquefaction Reactor

A one liter CSTR autoclave reactor was successfully constructed and commissioned.

The reactor system utilizes the slurry preparation, gas feed, pumping and separator sections

of the 1/8 tpd pilot plant. The new CSTR reactor has successfully been operated "mthermal

and catalyticcoprocessingrunstodate.
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Figure 3. Liquefaction product distributions @ 445 C.
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Figure 4. Liquefaction data of the Argonne Premium Coals
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