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PROJECTASSESSMENT

Introduction

Under subcontract to Consolidation Coal Co. (U.S. DOE Contract No.

' , DE-AC22-89PCBg883), SRI International evaluated two analytical methods

for application to coal liquefaction. These included field ionization

" mass spectrometry (FIMS) and a technique employing iodotrimethylsilane

for the derivatization of oxygen bound to alkyl carbon (alkyl ethers).

The full report authored by the SRI researchers is presented here. The

following assessment briefly highlights the major findings of the

project, and evaluates the potential of the methods for application to

coal-derived materials. These results will be incorporated by Consol

into a general overview of the application of novel analytical techniques
to coal-derived materials at the conclusion of this contract.

Summary

This study provided a clear demonstration of the potential utility of

field ionization mass spectrometry (FIMS) for the examination of

distillation resid materials (b.pt. >850"F)derived from direct coal

liquefaction. The technique can be used to determine the molecular

weight profile cf a resid sample and provide speciation of some compo-

nents of the resid. A simple data analysis method which deconvolUtes the

mass profile into two groups was applied to the FIMS profiles generated

in this study. Using this approach, quantified differences among the
-

II

samples could be related to the various process conditions under which

the samples were produced, lt was also possible to make inferences from

the FIMS data regarding resid reactivity. The FIRS technique, coupled

with this or similar data analysis methods, therefore, can be considered

a potentially useful technique for the process developer. Homologous

series of various tetra- to hexacondensed aromatics (and naphtheno-

aromatics for which no corresponding fully aromatic structures exist)

were identified in the samples. These compounds have been shown by

others to be relatedto the reactivityof petroleumvacuumgas oil toward

hydroprocessing, lt appears that this is also true concerning the

reactivity of co(_l-derivedresids toward hydrocracking and that the

i presenceof these compounds is relatedto the processingconditions that
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produced the samples. Further developmentof this analytical methodas

a process development tool is Justified based on these results.

The use of todotrtmethylsilane to derivattze and subsequently quantitate

the oxygen bound to alkyl carbon in coal liquefaction resids also was
investigated in this study. The total amountof dertvattzable oxygenwas
found to be less than 20_ of the total oxygenfor all samples. Experi-

mental problems were encountered in the application of this methodthat

prevented a more precise determination of the concentrations of alkyl

carbon/oxygen bonds. Further development of this analytical methodas

a process development tool does not seemto be justified on the basis of
these resul ts.

ProqramDescription

This reportdescribesthe work performedat SRI Internationalundera

subcontractto ConsolidationCoal Co., Research and Development.

Consol'sprimecontractto the U.S. Departmentof Energy(ContractNo.

DE-AC22-BgPCBgBB3,"CoalLiquefactionProcessStreamsCharacterization

and Evaluation")establisheda programfor the analysisof directcoal

liquefactionderived materials. The program involvesa number of

participatingorganizationswhoseanalyticalexpertiseis beingapplied

to thesematerials. This ParticipantsProgramhas two main objectives.

The broadobjectiveis to improveour understandingof fundamentalcoal

liquefactionchemistryto facilitateprocessimprovementandnew process

development. The specificapproachto achievingthis objectiveis to

providea bridgebetweendirectcoalliquefactionprocessdevelopmentand

analyticalchemistryby demonstratingtheapplicationof variousadvanced

analyticalmethodsto coalliquefactionmaterials.Themethodologies(or

techniques)of interestare thosewhich are novelin theirapplication

for the supportof coalliquefactionprocessdevelopment,andthosewhich

have not been fully demonstratedin this application. Consol is

providingwell-documentedsamplesfromdifferentdirectcoalliquefaction

process developmentfacilitiesto the program participants. The

participantsare requiredto interprettheiranalyticaldata in context

to the processingconditionsunderwhichthe samplesweregenerated.The

methodologyemployedthen is evaluatedfor its usefulnessin analyzing

directcoal liquefactionderivedmaterials.

-ii-
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ParttctDant' s Nethodo.lo_

SRI used field ionization massspectrometry (FIMS) to analyze distilla-

tion resids (850"F+). These are solids at roomtemperature, andcontain
THF-soluble and insoluble organic material and mineral matter. The

q

samples were produced at the Wilsonvtlle pilot plant. Two major
processing parameters were varied amongthe Wtlsonvtlle runs: feed coal

and reactorconfiguration{thermal/catalyticor catalytic/catalytic).

Samplesfrom Wilsonvillewere takenfrom three locations:betweenthe

reactors,afterthe second-stagereactor,and at the recycleoil tank.

These samplesare expectedto representdifferentextents of coal

liquefaction.The majorityof the Wilsonvillesampleswere composites

of samplestaken over long periodsof singleruns. Two Interstage

samples were obtainedfrom single run periods and were chosen to
i

representthermalvs. catalyticfirst-stageprocessing. The FIMS

experimentalprocedureis describedon pages3-4 of the attachedreport.

The oxygenderivatization(iodotrimethylsilaneanalysis)techniquewas

appliedto wholeprocessoilsobtainedfromtwo facilities:theWilson-

villepilotplantand HydrocarbonResearchInc.(HRI)benchunit. Feed

coal rank was the major processingparameterwhich variedamong the

Wilsonvilleruns. SamplesfromHRI werechosento representproduction

of materialfromrunsutilizinga raw feedcoaland a feedcoalthathad

been pretreatedto reduceits oxygeFcontent. The experimentalproce-

duresutilizedintheseanalysesaredescribedon page2B of the attached

report,

Participant,sMa.lotFindinqs

SRI reportedthefollowingprincipalobservationsforthe applicationof

FIMS to coal liquefactionmaterials. An expandeddiscussioncan be

found in the attachedreport,pages4-28. Many of the FIMS spectra

• showeddistinctbimodaldistributions.Becauseof this,a simplified

data analysisscheme was applied in which the mass profileswere

, mathematicallydeconvolutedintotwo curveswithmaximaat about350 and

600 Da. Th_ areasunderthesecurveswere assignedthe na_,es"Component

A" and "ComponentB", respectively.ComponentsA and B wereq_ntified

and used in a simpleconversionmodelfor the assumedproductionand
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consumptionroutes of the components. This model is described in Table
4 tn the text. Relattve changesin ComponentsA andB could be observed,

in relation to process parameters such as feed coal, sampling point,

reaction conditions, and yield structure. The SRI researchers noted
P

that changestn ComponentsA and B were consistent with changesin resid
conversion and retrogression, as observed in the process yields.

w

Specific chemical structures could be assigned to prominent peaks tn the

240 to 320 Da range of the FIMSspectrum. The compoundsidentified are
either tetra- to hexacondensedaromatic hydrocarbons, or naphtheno-

aromatic compoundsthat have no fully aromatic analog. Homologuesof

these compoundswith molecular weights of up to 350 Da were observed.

Thesestructural assignmentscorrespond closely to the compoundsobserved

by Sulltvan et al. 1 in hydroprocessed petroleum vacuumgas oils.

Sullivan et al. implicated these compoundsin decreased reactivity toward

conversion, and increased coking and catalyst deactivation. SRI found

the highest average concentration of these compoundsin the resids from

Wilsonville Run259 (Pittsburgh seamcoal), intermediate concentrations

in the resids from Wilsonville Runs257 (Ill. 6 coal) and 255 (Texas

lignite), and the lowest concentrations in the restds from Wtlsonvtlle

Runs251-II (Wyodakcoal) and E50 (Ill. 6 coal). In light of the work
of Sulltvan et al., the fact that the restds _tth the lowest apparent

reactivity toward conversion (Run 25g) contained the highest concentra-

tion of these compoundsappears to be a significant finding regarding

resid reactivity. SRI speculates that it is probably condensedaromatic
structures such as these, not oxygenatedstructures, which are respon-

sible for retrogressive reactions in highly processedcoal liquefaction
resids.

Derivet_LI.__t_L_

In an effort to quantifythe oxygen bound to alkyl carbon in coal

liquefactionresids,researchersat SRI useda derivatizationtechnique

whicI_employsiodotrimethylsilanein an organicsolvent. The extentof

reaction of the iodosilanereagentwith the resid is determinedby

measuringthe amountof unreactediodidein solution. Althoughthe

solventof choice(acetonitrile)is a poor solventfor the resid,good

solvents (e.g., pyridine, tetrahydrofuran)interfere with the
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todotrtmethylstlane reagent; therefore, chloroform, which is a moderately

good solvent, was used. An attempt to use an ton-selective electrode to

quantify the amountof iodide ion produced from unconverted iodotri-
methylstlane was unsuccessful; ion-exchange chromatography was used

instead. Unexpected background reactions with the chloroformwere

responsible for about a 10_ loss of iodide ion tn the analysis. Analysis
" of the data corrected for the 10_ loss showsthat less than approximately

20_ of the total oxygen in the reside is bound to aliphatic carbon.

Thoughthis is not a precisely determined result, lt is consistent with

the knownphenolic oxygencontents of these materials, which are about

50 to 75% of the total oxygen. Accuracy and precision of the method

employedwould need to be improvedto improve the utility of the method.

SRI notes that further developmentof this method should not be a high

priority.

,,

ConsolEvaluation

The FIMS techniquewas shownto be potentiallyusefulfor the analysis

of directcoalliquefactionresidsamplesin supportof processdevelop-

ment. The FIMS profileconsistsof a broaddistributionof molecular

weightsrangingfrom 200 to I000Da. In many cases,the spectrahad a

distinctlybimodaldistribution.The noveluse of a simplifyingtwo-

cor,lponentmodelto handlethe complexFIRSprofilesprovedto be highly

effective.The two pseudocomponents,centeredat about350 and 600 Da,

were quantifiedby use of a non-linearregressionroutinethatfittedan

expressionto the generalformsof the peaks. Fittingparameterswere

derivedfroma few samplespectra.Althoughthe functionchosenmay not

providethe bestfit for thesedata,lt was sufficientlygood for inter-

pretivepurposes. Differencesin the relativeweightpercentof these

componentsfor differentsamplescould be attributedto changes in

processparameters.Thissimpleschemeholdsgreatpotentialforprocess

- developmentapplication.Anotherpossibleapplicationof theseeasily

derivedvalues is theiruse in sophisticatednumericalmodelsof cn_l

liquefactionprocesses.

The stl-ucturalidentificationof somemolecularcomponentsin the 240 to

320Da rangemay provideimportantinformationregardingthe fundamental

chemistryinvolvedin resid reactivityand coal processing, lt is
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considered highly ltkelY that the concentration of these compoundsis

related to the degree of difficulty in hydrocracking/hydrotreattng the
resids examined.

. The FIMS method reltes on volatilizing the sample under high vacuum.

Although the percent of volattles closely matched the tetrahydrofuran

(THF) solubility of the sample, it did not correspond to the to cal

organic content of the sample. It is ltkely that the FIMS analyses

perfomed here did not tnclude the highest molecular weight, least

soluble portion of the distillation resid. This will have to be

considered in the application of the method. The capital investment for

FIMSequipment is approximately $Z50,000; cost for expendables is on the

order of $40 per sample. It requires one-half hour for sampleprepara-

tion and approximately one to two hours of instrument time to analyze one

sample. The computer time and cost for the mathematical deconvolution

and curve fitting technique are trivtal.

Quantitationof the aliphaticoxygeninresidsby derivatizationwith an

iodo_ilanereagentshowedthat typicallyless than 20% of the total

oxygen containedin these materialsis bound to alkyl carbon atoms.

Althoughthe resultsobtainedby thismethodare consistentwith other

availableinformation,the accuracyand precisionof the method are

consideredpoor. The techniquecan not be consideredrapidas applied

here; i.e., with ion chromatographic,rather than ion-selective

electrode,detection. The chromatographicmethodmust be conductedby

a skilledtechnicianand it requiresmore manpowerthan the electro-

chemicaltechniqueoriginallyattempted.

i

FurtherPeveloDment

Thereare a numberof avenuesfor furtherdevelopmentof the FIMS tech-

nique for analyzingcoal liquefactionderived resids in support of

processdevelopment.A bettercurve-fittingroutinecouldbe developed

usinga more sophisticatedmathematicalfunction.Thismay providesome

further insight into the nuancesof shifts in the molecularweight

distributionsattributableto processingconditions.Analysesof whole

processstreamsamples,ratherthan of only resids,and evaluationof
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data on a mass-flow basis would aid in understanding the pseudocomponent

reactions. Additional speciation of the compoundsin the FIMS profile

wlll providea betterplctureof the fundamentalchemistryof the coal-

derivedreslds. Someattentionshouldbegivento betterquantifyingthe
¢

. completenessof volatilizationof the samples.

" Contractor's Statement of Work

Field Ionization Mass Spectrometry (FIMS) is a technique which has been

used for a variety of applications relevant to coal liquefaction. It has

not, however, been demonstrated widely for its ability to answer

questions pertaining to the chemistry of coal conversion. As such, it

fits well withinthe scopeof the participantsprogram.

The applicationof FIMS to a reasonablylargesampleset (17 samples)

will allowa demonstrationof thevalueof thistechnique.Thesesamples

havebeenselected(seeTableI inthe attachedtext)sothattheutility

of FIMS for addressingthe issue_of residreactivitycan be evaluated.

The seventeensamples will be suppliedto SRI with the following

information,as available:elementalanalyses,ashcontent,ashelemental

analysis,phenolic-OHconcentration,calorificvalue,hydrogenclasses

by IH-NMR,residreactivitydata (calculated),and the full historyof

the sample(plant,processconditions,age,andstorageconditions).All

samples are non-distillableresidual materials which may contain

insolubleorganicmatter(IOM)andash. Samplesizewill be at least0.5

g. Most sampleswill be brittlepitch-likematerialsthat will be

suppliedas approximately-8 mesh (2.4mm) pieces.

The evolutionof variouscompoundtypes(forexample,alkanes,phenols,

dihydroxybenzenes,etc.)will be followedthroughthe thermalprogramof

the FIMSexperiment.This FIMSprofilingwill be donefor each sample.

Thesedata thenwillbe used in a factoranalysisforcorrelationof the

FIMS datawith othersamplepropertiesor attributessuchas feedcoal,

operatingconditions,chemicalanalyses,and residreactivity.

i i

CFheanalysisof oxygenfunctionalgroupsin coal-derivedresidsis of

particularinterest. A wet chemicaltechniquein which trimethyl-

iodosilaneis used to derivatizethe alkylcarbon-oxygenbond will be

- vii -



appliedto resid-containingcoalliquefactionoils. Alkylcarbon-oxygen

bondsare quantifiedby measuringthe reactediodine. The reactionand

analysiswill be performedin pyridinesolution. Six sampleswill be

providedto SRI for derivatization,Fourof thesesamples(thosefrom

Wtlsonvtlle) are whole etl composites comprised of samplestaken over a

large portion of a specific run. Thesematerials maycontain ash andTHF

insolubleorganicmaterial.Thetwo samplesfromHRIare pressurefilter

liquidsand as such containonly tracesof insolubles. Each of these

samples will be suppliedwith the followinginformation:elemental

analyses,ash contentand ash elementalanalysis(whereappropriate),

phenolic-OHconcentration,calorificvalue,hydrogenclassesby IH-NMR,

and the full historyof the sample(plant,processconditions,age, and

storageconditions).Samplesizewill be at least5 g.
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SUMMARY

d

SRI International has analyzed a series of coal-derived residual oils by field ionization mass

. spectrometry (HMS) and explored the feasibility of using iodotrimethylsilane as an ether-cleavage

reagent for determining the amounts of aliphatic carbons bearing oxygen in these resids. The

general objective of this work is to understandhow coal characteristics and/or variations in process

configuration impact resid reactivity and ultimately to determhte the chemical and physical

differencesintheseresidsresponsibleforthereactivitydifferences.

The FIMS analysisof15residsamples,takenfromthreesamplingpointsinfiveclose-

coupledtwo-stageliquefactionrunsattheWilsonvillefacility,showsthesamplestobevery

similar in somerespects.This similarity was expectedsinceti_,eseresidsarcconstrainedtoappear

similarbytheircomplexity(whichusuallygivessimilarintensitiesfornearbynominalmasses),

byidenticaldistillationprocesses,andbychangesinprocessparametersthataretypicallymade

tokeepproductquality,undoperabilitywithinacceptablelimits.Nevertheless,FIMS analysisof

thewholeresidsprovidedspectrashowingsignificantdifferences,easilyapparenttotheeye,in

theoverallspectralprofiles.

Becausethespccwalprofilesappearedasfftheyresultedfromthesuperpositionoftwo

curves,withintensitiespeakingatabout350and6(10D_ we mathematicallydeconvolutedthe

profilesintolum_cl(_mponentsA andB,respectively,andassignedthesecomponentsplaces

ina simplelumpedconversionmodel.We thenproceededtomstwhetherthechangesinthetwo

componentswithsamplingpoint,coalVI)C,andprocessconditionsmade apicturethatwas self-

consistentandboreanyrelationshiptothechangesinyieldstructtwewithchangesinthesesame

variables.Thismstshowedthatthecorrespondencewas surprisinglygood,giventhecomplexities

andthesimplifyingassumptions.Thatis,thechangesinthepercentoflow-massandhigh-mass

componentswereconsistentwiththeeaseordifficultyofresidconversionandretrogression,as

observedintheyieldstructures.

Inadditiontodifferencesintheoverallprofdes,FIMS analysisofresidsalsoshoweda

substantiallevelof"structure"inthc240to350Da range.Thisstructure,,seenaslargeratios

. (5/Iormore)intheintensityofadjacentevenmasses,mostcertainlycarries_xiditionalchemical

" information,butitrequiresgreathubristospeculativelyassign,withoutbenefitofadditional

. information,chemicalsu'ucturestonominalmassesinthisrangewherethestartingmaterial

was itselfanunknown andexceedinglycomplexmaterial.Inviewofthiscomplexity,wc were

- gratified to note that ali of the prominent peaks in this range corresponded to PCAH species _hat

i

-Xi.-



have previously be,cn identified by Sullivan and Boduszyuski and coworkers in pcuuleum vacuum

gas oils (VGO), and implicated in increas_ coking, catalyst deactivation, and de,creased process

, pczformance in VGO hydrotreatment.l Thus, while phenolics and other oxygenated mrucmres

have been implicated as the primarycandidates for the retrogressive reactions limiting the initial b

conversion of coals during liquefaction or pyrolysis, it is probably PCAH structures such as these

thatareresponsibleforcokingintheseheavilyprocessedresids.

The useofiodotrimethylsilanetoquantitatetheoxygenboundtoalkylcarboninthercsids

yieldedthefindingthatthelevelsofsuchoxygenarequitelow,typicallylessthan20% ofthetotal

oxygen.A backgroundreactionoftheiodolrimethylsilanewiththesolventchloroformlimitedthe

accuracyofthedeterminationsfortheselowlevelsofalkyl-Ostructm'cs,andwouldneedtobc

suppressedffaccuracyandprecisionarctobcimproved.The findingoflowlevelsofcleavable

oxygencompoundsmay alsocarryinformationabouttheabundanceofanotherclassofoxygen

structures,bcnzylicphenols.Suchsu-ucmmsa_ potentiallyimportantasretrogradeintermediates

inthethc_'malconversionofvirtuallyanyphenolicfcc_tock,but_c informationontheir

presencewouldrequireadditionalpurecompound su_:lies.On balance,we judge,fromlhclow

levelsoftotaloxygeninthesere.aids,fromthesmallpercentageinalkylether(i.e.,thermally

labile)structures,andfromtherecognitionofprominentPC componentsinthercsidsthatarc

likelycokepre.cursors,thatfutureeffortsinoxygen_iation viaiodotrimethylsilylatior,donot

wan'antfirstpriority.

ii
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INTRODUCTION

Undera subcontractfrom ConsolidationCoal Company(Consol), SRIInternational

. analyzeda seriesof heavy oils byfield ionizationmass spectrometryIMS) and tested lhc

feasibility of using a derivatizationschemeusing iodowimethylsilanefordeterminingtheamount

of aliphaticcarbons bearingoxygens. This workwas conductedunderthe Participants'Program

of Consors contractwith theU.S. Departmentof Energy,PittsburghEnergyTechnology Center
(PETC) on the characterization andevaluationof coal liquefactionprocess streams. One objective

of Consol's program is to providea bridgebetween direct coal liquefactionprocessdevelopment

and analytical chemistry. More specifically, underthis ParticipantsProgramConsol providesa

range of well-documented samples obtainedfrom process development units to various analytical

researchers, who then apply their chosen methodology to determine the value of the method to

process understanding and development. One goal of SKI's project was to help answer several

questions relating to the chemistry of liquefaction and how to improve the overall process.

The technique of field ionization (FI) consists of passing the vapors of a material through

a region of intense electric field to polarize and ultimately ionize the molecules. The ions are then

mass analyzed using standard mass spectrometric techniques. For most organic compounds, this

procedure causes minimal fragmentationandproduces only the molecular ions. The resulting

spectra are thus true representationsof the molecular weight profiles of the volatilirexlmaterials.

FIMS has been used for a variety of applicationsrelevant to coal liquefaction. However, its ability

to answer the very difficult questions pertaining to the chemistry of resid reactivity has not been

demonstrated. The objective of the task on FIMS analysis was to evaluate the utility of FIMS

for addressing the issue of resid reactivity by analyzing a reasonably large set of related samples.

Table 1lists the samples sent to SRI for analysis by FIMS and by the scheme using derivatization

with iodotrimethylsilane.

The analysis of oxygen functional groups in coal-derived resids is of particular interest.

SRI proposed a wet chemical technique in which iodotrimethylsilane is used to dea-ivatizethe alkyl

carbon-oxygen bond. This technique was applied to resid-containing coal liquefaction oils. lodo-

trimethylsilane converts Cal-O bonds into Cal-I bonds. Thus, dialkyl ethers, aryl alkyl ethers, and
,t

esters of aliphatic alcohols will consume iodotrimethylsilane and produce organic iodides. Other

reactions of i4xtotrimethylsilane, such as hydrolysis and reduction of sulfoxides, ultimately

produce inorganic iodide (I-). The scheme consists of allowing a known amount of iodotri-

methylsilane to react with a known amountof resid; following the reaction, the entire sample is



quenched by aqueous workup, producing I"from unconv_ed iodotrimethylsilane. Thus, only

that iodotrimethylsilane which produced R-I from aliphatic ethers will fail to generate I'. By

comparing the amounts of I"from samples with resids and controls, we can quantify alkyl carbon-

oxygen bonds.
t

_

ii i i l

Table 1

SAMPLES FOR FIMS AND IODOTRIMETHYLSILANE ANALYSES

Sam_.S.L_a_a_a__Coal Feed Source/Conditions Sampl...e Point _.
FIMS analysis

1 IIInois No. 6 W; Run 257 G; L/H lnterstageoil
2 Illnois No. 6 W; Run 257 F; H/L Interstageoil
3 illinoisNo. 6 W; Run 250; TIC Productoil
.4 Illinoi_"J. 6 W; Run 250; TIC Recycleoil
5 IllinoisNo. 6 W; Run 250; TIC ' Interstageoil
6 IllinoisNo. 6 W; Run 257; C/C Product oil
7 IllinoisNo. 6 W; Run 257; C/C Recycleoil
8 IllinoisNo. 6 W; Run257; C/C Interstageoil
9 Wyodak W; Run 251-11;T/C Productoil

10 Wyodak W; Run 251-11;TIC Recycleoil
1 1 Wyodak W; Run251-11;T/C Interstageoil
12 Lignite W; Run255; TIC Productoil
13 Lignite W; Run 255; TIC Recycleoil
14 Lignite W; Run 255; TIC Interstageoil
15 Pittsburgh W; Run 259; C/C Productoil
16 Pittsburgh W; Run 259; CIC Recycleoil
17 Pittsburgh W; Run 259; C/C Interstageoil

Iodotrimethylsilaneanalysis
18 Wyodak W;Run 251-11 Recycle oil
19 Lignite W; Run 255 Recycle oil
20 IllinoisNo. 6 W; Run 257 Recycle oil
21 Pittsburgh W; Run 259 Recycle oil
22 BlackThunder HRI; Run 227-57;P 14 PFL
23 BlackThunder HRI; Run 227-62;P 16 PFL

i i=11 i

NOTE: Ali sample,r tor FIMS analysisare distillationresids. Alisamplesfor iodotrimethylsilaneanalyses
are whole oils.

C/C = catalytic/catalytic;TIC = thermal/catalytlc;H/L = high/low(firststate/secondstage) reactor

temperature;L/H = low/high(tirststate/secondstate) reactortemperature;P = period; W =
Wlsonville;PFL = pressurefilterliquid.



TASK 1. FIMS ANALYSIS OF RESIDS

EXPERIMENTAL PROCEDURES

The analyses were conducted using SKI's FIMS inslrument, which consists of a foil-type

fold ionizer interfaced with a 60-degree magnetic-sector mass analyzer and a PDP 11/23 computer

forinstrumentcontrol,dataacquisition,andreponproduction.The spectrometerhasaresolving

power(M/AM) of1300,althoughitiscapab!eofscanningupto3000Da. Typically,approxi-

mately20_Z ofthesampleistakeninameltingpointcapillaryandintroducedintothe

spectrometerwithahe.ambledirectinsertionprobe.The sampleisheatedatafixedratefrom

ambient(or~-67°Cforsampleswithsufficientlyhighvaporpressure)toabout700°C.The

pressure.intheionsourcechamberisgenerallyinthe10-6Torr,althoughthepressureinthe

capillarysampleholderisconsiderablyhigher.We estimatethesamplepressuretobearound10.4

Torr.Undertheseconditionsmaterialswithatmosphericequivalentboilingpoints(AEBP) upto

about1400°Fareexpectedtovaporizecompletely,andthosewithAEBPs inbetween1400°and

1600°Ftovaporizeatleastpartially.What oftenlimitsthevaporizationofthesehighboiling

materi'Asarethecouplingreactionswithotherspcdespresentinthesample.Hencethequoted

limitsshouldbcregardedasaroughguide.(Similarly,otherpyrolyticreactionscanoccurthat

producevolatilespe_esnotpresentatsuchintheoriginalmixture.)The spe,naoftheevolving

volatilesarecontinuouslyrecorded,andattheendofarun,rileyarcaddedtoproducea "sum"

spectrumofthetotalvolatiles.

Sampling

,Theamountofsampleanalyzedissmall,andthereisapossibilityofanalyzinganon-

representativesample.The samplesreceivedfromConsolwerecompositesofmany periods

duringarun.Theyhadbeenfinelygroundtohomogenizethem,althoughmostofthesamples

containedafewlargeparticlesalongwiththefmcparticles.To minimizethisriskofnon-

representativesampling,wc normallyuseaprocedurethattendstorejectthefewlargeparticles

andfocusesonthefrees.Typically,we wouldintroduceabout30 fineandperhaps100ultrafinc*

• particlesintothecapillarytube.Thus,totheextentthatthebulkofeachoftheoriginalsamples

fromdifferentperiodsinarunwas groundtofineparticles,thi_procedureshouldhaveresulted

' inanalysisofasamplerepresentativeofthcwholerun.

* Fmc hereisdefinedn-50-120lain;ultrafincas5-50IJ.m.
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Heating Regimen

The exact regimenused for analyzingthe set of sampleswas arrivedat by analyzing one

samplefromeachofthefourcoalty_sandexaminingtheirvaporizationbehavior.We foundthat

thesamplesgercrallyevolvedabove70°C.Giventhatthesesampleswerevacuumresids,we did

notexpectanyvolatilesatambienttemperatures.However,we noticedthatonesample(Sample
4'

' No.6)gavevolatilesevenatverylowtemperaturesandrequiredcoolingwithliquidCO2 to

interceptallthevoladles.Therefore,we settledonafixedregimenthatcalledforinitialcooling

ofthesamplesandthenheatingthematarateof5°C,/minto500°C.Theheatingratewaskept

constantexceptwhensamplevolatilitydictatedslowingdowntoavoidoverloadingtheion-

countingelectronics.Thisregimenallowedustocollectabout16subspectraforeachsample

correspondingtodifferenttemperatureranges.To facilitatefuturecomparisonbetweendifferent

samples,we triedtocollectsubspcctraoveridenticaltemperaturerangesasfaraspractical.

RESULTS

Volatility and General Features

FI-mass spectraof ali thesamplestogether with theirthemmlevolution profiles are

includedintheAppendix.Figures1and2 showtheplotsoftheinterstageoilfromperiodsF and

G of Run 257. These spectraaretypical of the entire se_. They consist of a broaddistributionof

molecular weightsrangingfromabout200 to 1000 Da. Thereis an additionalgroupof peaks in

the 50 to 120 Da rangecorrespondingto small fragmentions. The totalintensityof this low-mass

groupistypicallyextremelylowcomparedtothatofthemainprofile,reflectingtheminimalion

fragmentationthatistypicalofmostliquefactionproductstreamsduringFIMS analysis.

Immediatellyapparentfromthese spectraaretwo profiles: a moreintense profilefor the even

massesandtheother(darkprofile)correspondingtotheoddmasses.Peaksatoddmasses

generallyarisedueto13C,N,orfragmentation.BecauseFIMS doesnotcausemuch fragmenta-

tionandthesespectrahavebe.cncorrectedfornaturalabundanceof13C,theodd-massprofile

arisesmainlyfromcompoundscontainingni_ogen.

Table2givesthefractionofthesamplevaporizedduringtheFIMS analysis.Thevolatility

oftheoilsfromtheILlinoisNo.6andPittsburghcoalswasgenerallyaround90%,whilethatfrom

thelowerrankcoalswassubstantiallyless.Thevolatilityofthercsidsappearstobclargely

governedbytheamountofmineralspresentinthesample.Inmostcasestheobservedvolatility
t

correspondstotheTHF-solubilitydeterminedatConsol.However,wc recognizethattherearc







a few outlicrs. For example, _h¢ obscrve,d 100% vaporization of Sample Nos. 1, 2, 6, and 17

dots not se..cmreasonable in view of the fact that they too contained substantial (~ 10 to 20%) ash.

Furthermore, Samples 1, 2, and 8 are ali intcrstage oils from Run 257, the first two being from

. periods G and F respectively and the third a composite sample. Yet, Samples 1 and 2 wcrc found
' to be 100% volatile in the FIMS and Sample 8 to only 77%. Thus, either the sampling procedure

was not always successful in obtaining a rcprcscntativv sample from the ground composite, or

FIMS volatilities do not reliably correlate with the minmLl or THF-insolublcs content.
, imll iiiiii i I I II IIlll I I II III I li II III

Table 2

PERCENTAGE OF VOLATILITY AND COMPONENT A IN THE RESID SAMPLES

' THF-Solubility
Ref.No_..___..._. Coal, Run _ Sample P01nt , FIMS Volat,!.llty_(%) {%)a ....

1 IU,No.6, 257,G I_erstageOil 100 72,6

2 III.No,6, 257, F InterstageOil 100 75,5

3 III.No.6, 250 ProductOil 75 84,6

4 i11.No.6, 250 RecycleOil 75 99.6

5 II1.No.6, 250 InterstageOil 90 89.2

6 II1.No.6, 257 ProductO11 100 65.2

7 II1.No. 6,257 RecycleOil 90 75.9

8 III.No. 6, 257 InterstageOil 77 66.2

9 Wyodak,251 ProductOil 62 56.5

10 Wyodak,251 _.|ecycieOil 57 59.6

11 Wyodak,251 InterstageOil 41 57.4

12 Lignite,255 ProductOtl 60 52.4

13 Lignite,255 RecycleOil 57 56.5

14 Lignite,255 InterstageOil 53 53.9

15 Pitts.,259 ProductO11 79 79.6

16 Pitts.,259 RecycleOil 78 83.2

17 Pitts.,259 InterstageOil 100 82.2

r
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At first glance,all the Irlmass spectrain Figures l and2, and those in the Appendix, look

verysimilar. The similarityis reassuringbecause the following factors all tend to providematerial
of similarmolecularweight range andpolarity:

. (1) Removalof material boiling atless than3,50°F.

(2) Removal of some materialrejectedas insoluble by the ROSE-SRunit.

(3) Thenecessity for using a plantoperating,re.gimenin whichprocessparameters
arechangedwith a new feedstock to maintainoperability(and therefore
productquality) within certainlimits.

Apart from being similar,the spectraalso show that the resids arevery complex mixtures.
Thebulkof the materialin these samples falls in the 200-1200 molecular weightrangeand

consideringcoal-originand heteroatomcontentof the products,the "average"molecule at, say,m/z

600 would containone oxygen, one nitrogen,and one-half sulfur. There,fore, mostof the resid

molecules arepolyfunctional,and notclassifiable,even in principle,accordingto simplechemical

type or class.2 For these reasons,we did not believe thatanexaminationof the differencesin the

differentresid samples in termsof individual molecular ion peaksshould be the majorfocus of
attention. Even when thedifferencesin individualpeakswere statisticallysignificant,it would be

nearlyimpossible, withoutadditional information,to ascribethose differences to specific structm_

types. Thus, we focusedprimarilyon clustersof peaks. We note herethatthere area few peaks

in the240 to 340Da rangein each of the spectrathatdo standout in ali the _ andwe
examined themin some detail. However, beforediscussing this groupof peaks, we first describe

ourattemptat a semi.quantitative.characterizationtheoverallprofiles.

In manyinstances, the spectraappearto becomposed of two partiallyoverlappingclusters

of peaks: one suchcluster,which we will call ComponentA, is centered around350 Da and the

other cluster,which we will call ComponentB, is centeredaround600 Da. Relative to Component

B, ComponentA appearsto span a relatively narrowerMW range. In other work, we had
observed the somewhatbi-_ distributionof molecular weights in coal liquefactionresids.

However, those observations werewith isolated samples,and we were not sureff they were

indicative of a generaltrend. Examinationof seventeenrelated samples in this projectconfirmed

the general natureof this distribution,and we felt encouragedto examine this distributionand see
if therelative amountsof the two components can be correlatedwith some process-related

parameters.Even visual inspection suggested thatthere were notable differences between the

samples in the relative amounts of ComponentsA and B. In the following section, we discuss

how we quantifiedA and B, andthe implications of the changes in their relativeamountswith

processing.



We also analyzed theSpectrausing SAS, a softwarepackagefor statisticaJanalysis. Our

objective was to extractfrom the setof threespectraforeachruna specmlm of the "invariant"

component,the hypothesis being thatthe residswerecom_sed of a relativelydifficult-to-convert

. component("invariant")and aneasier-to-upgradecomponent("residual"). However, this
e

approach was not as successful as we had hoped. An easierway to examine the differenceswas to
, simplysubtracttheleast common denominator.This latterexercise was extremely illusu-ativeand

highlightedthe prominenceof a lightcomponent(ComponentA, abo_,'e)in the productoil of the
Illinois No. 6 cat-catrun,as well as the double-humpednatureof manyof the profiles. However,

the difficultyof attachinga directmeaningto the spectraobtainedf_m thissubtractionprompted

us to to mathematicallydeconvolutethe originalspectraintotwo envelopes, and we subsequently

directedmost of oureffort to examinationof the deconvolutedspectra.

Analysis of Overall Profiles

Mathematical Deconvolution. Figures 3 and 4 show all the sum spectra laid out in

two groupsso that theoverallnatureof theprofiles can be seen. Ali figures areshown to the same

scale to aid directvisual comparisonbetween spectra. InFigure3, the spectrafrom the three

thermal-catalyticrunsareshownfrom left to rightin orderof increasingrank. In Figure4, the two

catalytic-catalytic runswith Illinois No. 6 and Pittsburghcoals areshown (centerand right),and

for comparison, the spectrafrom thethermal-catalyticIllinoisNo. 6 run are repeated (fromFigure

3) on the left. In both figures, the spectraarearrangedfrom topto bottom in orderof increased

level of processing (increaseddistancefrom the rawcoal feed). The top row is the interstageoil

(R1235, 1236, or 1258), the middlerow is the productoff (second-stagereactorproduct,V1067),

and the bottom row is the recycleoil (V131B). Theprocessconfiguratic)nswere not identical for

all runs; those differencesmost l_kelyto be importantwill be consideredin the discussion below.

As mentioned above, by simplevisual inspection we can decompose both the odd-mass

and the even-mass envelopes of the FI mass spectrainto two components, a low-mass component,

A, centeredbetween 300 and 400 Da, anda broader,high-masscomponent, B, centeredabout

600Da. Severalstepsareinvolvedindeconvolutingthespectraandquantifyingtheamountsoi_A

andB inanysample.First,we havetoassignageneralfunctionalformtoeachofthecomponent

envelopes;secondwe performaleast-squaresfitonafewselectedsamplestodc.ivethepara-

metersforthegeneralformuladescribingthetwocomponents;thirdwe fitthespcc'_usingthese

expressionswhi_evaryingonlytherelativeamplitudefactors,andfinally,we integratetheproduct

ofmasswiththefittedexpressionsoverthemassrangetoobtaintherelativeweightfractionsofthe
#

twocomponents.
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We chose to express the rising part of each envelope as a power function of the molecular

weight (m rx)and the decline as an exponential (e'_m). The parametersotand _ were to be different

for each of the two components, but the overall functional form was constrained to be_the same. The

following expression gives the intensity (Im) at any masl_:

Im= QA rnaAc'_^m + QB m°_c'_Bm

Here QA and QB are the weighting factors for the two curves. The parameters ¢XA,[3A,O,B,and _B

were determined by a regression analysis. Rather than fit all of the spectra by regr_,sion, we decided

that a more meaningful test would be to select for regression five of the most divergent looking

spectra. Once the parameters ot and 13were determined, they were fixed and the remaining spectra

were fitted by varying only the Q's.

Because the odd-mass profiles have lower intensity and slightly different shape, we at first

performed the regression on them separately to provide two separate sets of shape parameters 0t and

_3.This resulted in deconvolution into four components (Aeven, Aodd, Beven, and Bodd). However,

given that this approach of deconvoluting the mass spectra had not been attempted before, and its

value in explaining any trends resulting from process variations was uncertain, we decided to choose

the simpler course and focus on the weight fractions of A and B determined by fitting the even-mass

profiles, using parameters derived only from regression of five even-mass spectra. We also tried the

other three combinations (even-profile parametrization applied to odd profiles, .odd-profile

parameuization applied to odd profiles, etc.). The use of even profiles with even-prof'fle

parametrization, however, gave the best fit, as indicated by the residuals, and was also the one that

showed rbe largest range in the relative amounts of A and B. Accordingly, the %A and %B values

(for the 'whole sample) are taken entirely from even profiles via the expression

100 × _QAm¢xAe"13Am• m dm

%A=

SQAmaAe'_Am°mdm+ SQBm0tBe"l_Bm*mdm

Figure 5 shows an example of the deconvolution. The dots are the data for the even

masses in the FIMS of the recycle oil from the run with the Pittsburgh coal (Run 259). This

spectrum was not among the ones used in the least-squares fit to obtain the parameters defining A
and B. The continuous line through the data is the fit obtained by varying the amounts of A and B.

The contributions of A and B components to the total fit are shown by the two dashed lines. The

fit in this case is reasonably good over most of the mass range, except at high masses where the fit
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gives a lower intensity than thedata. The break in the curve around 450 Da is well mimicked by

the fit. However, the fit to spectra that did not show a clear break is not as good, as can be judged

fromFigure6,whichshowstheresultsofdeconvolutionfortheIntcrstagcoilfromthecat-catrun

, withtheIllinoisNo. 6 coal.Thislackofgoodnesssuggeststhatthefunctionalformchosenisnot

'thebestandcouldbcimproved.However,withinthescopeofthepresentcontract,we werenot

abletotestotherfunctions.*

The valuesfor.percentofComponentA calculatedfromthedeconvolutionOfbotheven-

andodd-massprof'flesare_ven hlTable3.InbothcasesthereportedpercentA valuesmay

appeartobelessthanthoseanticipatedbysimplevisualinspection,butitshouldremembcre,d that

theseareweightpercentages,andthereforewillbeskewedinfavoroftheheaviercomponent,B.

ThedatainTable3 forthedifferentresidsarcarrangedintwomatricesthatcorrespondtotheloca-

tionoftheFImassspectraofthedifferentresidsinFigures3 and4.When we usedodd-mass

profilesforregressionandfittedtheodd-massspectra,theresultsgavesubstantiallysmaller

percentagesofComponentA,typically3-12% ascomparedto9-20% fortheeven-profile-based

fit. These smaller perc,mtages for Component A are consistent with the result of visual inspection

of the profiles in Figures 3 and 4: the even mass profiles are substantially "richer" in Component

A. This difference means that the low molecular weight resid molecules that constitute Component

A are defined as such (resids) because they consist of PCAH moieties that have inherently low

volatility or of molecules having smaller aromatic systems that are substituted with polar oxygen

functions (rather than of structures having nitrogen incorporation, which would give primarily

odd-mass molecules).

The discussion in the following paragraphs of the variations in percent of Component A in

the different product streams and runs is entirely in terms of the even-mass profile fitting. We note

that while the absolute values of %A are quite different from the even-mass- and odd-mass fittings,

the sample-to-sample changes in the odd-mass fittings tend to parallel those in the even-mass

fittings.

Besides the composite sample for the Interstage oil from Run 257 (cat-cat, Illinois No. 6),

we also received samples from periods F and G from this run. FI mass spectra of these samples

(Figures 1 and 2) are nearly superimpossible. Not surprisingly, the deconvolution of these two

spectra gave very similar quantities of Component A (15.8 and 16.0% respectively). In contrast,

• the composite spectrum (Figure 7) has a noticeably different profile, which is reflected in the

somewhat larger amount of Component A (22.4%). Thus switching the temperature of the two

. stages appears to make less difference than other changes made during the course of Run 257.

* lt is apparentfrom the FIMSprofilesthat simplegaussianor gammafunctionscould not adequatelyfit the data
either.
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Table 3

PERCENTAGE OF LOW-MOLECULAR WEIGHT COMPONENT A IN RESlDS

TAKEN FROM DIFFERENT RUNS AND SAMPLING POINTS

Wt%AintheSampleDeterminedfromEven-MassProfile
i i

iu i iii '

Samplepoint 255 251.11 250 257 259
Lignite Wyodak Illinois Illinois Pittsburgh

"!_erm-Cat Therm-,Cat......Therm_at ...........cat-Cat........ cat_ ........

Interstageoil 21.5 11.4 13.9 22,41 13.7

Productoil 18.2 9.0 10.4 32.0 9.2

Recycleoil 21.6 10.0 8.6 13,1 18.5
i

_% A inthe _mple Deter_n_ from I_:l-Ma_ Profile

ii i

255 251-11 250 257 259
Lignite Wyodak Illinois Illinois Pittsburgh

..............

Interstageoil 12.9 5.9 5.5 7.92 4.0
2.2

Product oil 10.5 3.6 2.9 12.9

Recycleo!1 12.4 5.3 1.2 4.3 6.3

1 CompositeSample;valuesforpedodsF andG are15.8and16.0"/=respectively.
2 Composite Sample; values torI:_dods Fand G are 5,6 and 6.3%respectively,

i m
i i

, ii

Processing Implications of Lumped Components. In an attempt to determine

whether the changes in percents of lumped Components A and B make a consistent connection

with the processing behavior of the four coals in these five runs, we have chosen a simple lumped

conversionpicture in thecontextof which we will discussthe changesin eachmn and from run to

run. We do thisrealizingthat "ComponentA" for onecoal or processconfigurationis nottruly

identical to Component A for another. The main production and consumption pathways for the

two components are given in the matrix below.
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Table 4

ASSUMED PRODUCTION AND CONSUMPTION ROUTES FOR COMPONENTS A AND B

L ,ComponentA ..... C0mp0,nem B ..... t

Inoreases Upgradingof "B'; Directdissolutionofcoal;
dissolutionofcoal (w/cat) retrogressionof "A"

Decreases Retrogressionto "B'; Formationofand/orrejectionintoIOM;
upgradingtodistillate, upgradingto "A'.

- j i ii i i i i ii

We begin by considering the most obvious differences among the 15 spectra themselves.

At a glance, it is clear that the Illinois No. 6 catalytic.catalytic product oil (Figu_ 4) has a ycry

pronounced low-mass intensity (200-400 Da), a difference that does not show up so strikingly in

the weight-average molecular weight values. This low-mass grouping is somewhat less prominent

in the "younger '° inter,stage oil. Evidently, under the catalytic-catalytic conditions, high yields of

materialthatislowmolecularweightareproduced fromthecoalor"fresh" _sidinthefirst-stage

reactor,andmostnoticeably,inthesecond-stagereactor.As definedbyitsboilingpoint,mostof

thelowmolecularweightproductshouldhavereportedtothedistillatefraction.However,the

productoilsamplefortheIllinoisNo.6 cat-catrunshowedsubstantialvolatilityduringFIMS

analysisevenatsubambienttemperatures.Thus,althoughallthesamplesweretoppedoffusing

thesarncprocedure,therecouldhavebeensomevariationsintheamountofthevolatiles(heavy

VGO components)leftinsampleduringthedistillations,givensubstantialdifferences'_namounts

ofthesemateriais in thesampledsur..ams.*Inanyevent,itappearsthattheproduction,inthe

second-stagereactor,oflow molecularweightproductsappearingatthedistillate-resid

"borderline'°ismuch lessforthePittsbm'ghcoal.

Insignificantcontrasttotheprominentlow-massintensityintheRun 257productoil,the

recycleoil(whichnominallydiffersfromtheproductoilonlyinthataportionofthestreamhas

beensplitoff,sentthroughavacuumflashseparator,andhadtheashandinsolubleorganicmatter

removedintheROSE-SR unit)hassubstantiallylessofthe200to400Da intensity.Whereasone

*Indeed,thespectrumobtainedbyaddinglhcsubspectracollccw._ifrom70°Candabove(i.e.,ignoringl_cfirst
twosubspcctra)doesnotshowtheprominca_clusterofpeaksaround300Da.Wc alsonotethatonsetofthe
fulltemperature-rangesumspectrumofRun257productoil(Figure4e)isatlhcsamemass(-250Da)asall
theotherresids.
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expects some of the high molecular weight organic ma:_al visible with FIMS to be reje_ed along

with the ash, and therefore for the h_'gherend of the molecular weight profile to be trimmed in the

recycle oil (as compared with the product oil), it is the lower end of the profile that has shrunk.

We suggest, in accord,withcommentsby Brandcsand Winschel, that this observationis consistent

withsignificantretrogressionbetween V1067 and V131B, in other words,withthe occurrenceof

significantcouplingre,actions whenthe high tvml_ratures are maintainedduringthe "physical"
,p

separationprocess or subsequentlyin the holdingtanks,but in theabsenceof the catalystor H2

pressure.

Thus, with the Illinois No. 6 coal (un_r cat-catconditions), the coal seems to come apart

into small pieces fairlyreadily,butalso undergoesretrogradereactionsto go backtogether again

quite readily. This scenario is entirelyconsistent with the aforementionedhighly polar or PCAH

nature of the low molecular weight components and the known proclivityof these structures for

undergoing retrograde reactions. The scenario is, however, only a rationalization and should be

testedfoi"consistency by considering the other sets of spectrafor the minois, Pittsburgh, and

Wyodak coals and the Texas lignite.

The most direct comparison here is with the Pittsburgh coal, because it was used in the

only other catalytic-catalyticrun included in the set of resid samples. Here, as we move from the

intcrstag¢ oil to the productoil (Figure4), we see that a bimodal distributionagain appears,but

that the Component B now dominates over Component A. In this case, the fresh resid seems to

be much less _y converted (in the second-stagereactor)into A; the net change in fact is for the

B to become more important asa result of reaction in the second stage. The differences between

thePittsburghproductoilandtherecycleoilse.cmtoretie,ctmainlyremovalofhighmolecular

weightmaterial,B.Thisisaswouldbcexpected,butisincontrasttothenlinoiscatalytic-catalytic

case,whcxctheeffectofputtingasidesn'camthroughtheROSE-SRunit(andtheholdingtanks)

wascuriouslytoincreasetheamountofB.

We cansummarizethesituationfortheminoisNo.6andPittsburghcatalytic-catalyticruns

bysayingthatforIllinoisNo.6,thesecondstagereactorproduces(asseenintheproductoil)

muchmoreComponentA fromaneasilyfragmcntablefreshresid,butthatComponentA is

drasticallyrezluce.,dbyretrogradereactionsduringtheat-tem_raturemanipulationsinvolvedin

splittinga streamofftotheROSE-SRunittoprovidethepartiallydeashedrecyclestrcarn.In

, contrast,forthePittsburghcoal,passagethroughthesecond.stagereactoractuallyincreasesthe

amount of Component B, reflectinggrr,atm"difficulty in reducingthe molecular weight of the fresh

• Pittsburgh resid. When a sueam is split off fordeashing, however,Component A is significantly

19
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increased, as one would expect if therejectionof organicmatteras insoluble is not overwhelmed

by rapidretrogradereactions,

Thenext appropriatecomparisonis between theIllinois catalytic-catalyticrun(Run257),

andthe Illinois thermal-catalyticrun(Run 250). Although these runsareseparatedsubstantiallyt

in time and areconfiguredslightlydifferently(apartfrom the absenceof first stage catalystin Run

250), we will, forpurposesof initial discussion,consider only the absenceof catalyst in Stage 1

and the resultingdifferences in reactortemperature.

In Run250, the level of ComponentA in the interstageoil is only abouthalf thatin Run

257, and passagethroughthe Stage2 reactordecreases ComponentA still further(rather than

increasing it as in Run 257). We conclude (since Stage2 is catalyticin both cases) that the product

of the thermalfirst stage is less reactive, Apparentlythe "fresh"resid is morerefractorybecauseof

the absenceof catalystand/orthe slightly higher temperaturesusedduringoperationof a thermal

first stage. This conclusion only reiterates thatalreadyreachedby Winscheland others based on

process yields; however, it is interestingthatwe quickly andindependentlyarrivedat the same

conclusion aboutreactivityof theresids in thecat-catandtherm-catrunsshnply by notingthe

amountsof two lumpedcomponentsin the resids.

Anotherpoint of comparisonis the changein going fromproductoil to recycle oil. The

result hereis qualitativelysimilarto the changeseen in thecat-catrun(Run257): a decreasein

amountof ComponentA. Even though thisdecreaseis smallerthanthe two-fold decrease seen in

Run 257, it is nonetheless surprising,because in Run 250, 100%of the recycle streamhas gone

throughthe ROSE-SR unit,havingits ash andpartof its heavy organicsrejected. Nevertheless,

there is a decrease in the low molecularweightcomponent. Thus,we conclude that even in the

therm-catlllinois No. 6 run, whereComponentA is not so prominentin theproductoil, the

thermalstressin the separationtrainsanddownstream holdingtankscauses retrogressionof low

molecularweightmaterials thatoutweighs removalof heavy materialsas insolubleorganicmatter

(IOM) in the ROSE-SR unititself.

Moving to the two lowerrankcoal in this series,also processedin a therm-catconfigura-

tion, we see thatfor both theWyodak coal andthe lignite, second-stagereactioncauses a decrease

in the percentageof ComponentA -- a change thatis qualitativelysimilarto thatseen for the

Illinois therm-catrun (Run250). With respect to changesbetween the productoil and the recycle

stream,thereisaslightincreaseinComponentA forboththeWyodakandthelignite,whereasin

Run250ComponentA decreased.Sincewe associatedthedecreaseinComponentA between

theproductandrecyclestreamsfortheIllinoisNo.6runswithaproclivityforretrogression,we

wouldconcludeft'oretheslightincreaseinA thattheWyodakandligniteresidsareactuallyless
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prone toretrogradereavtionthan theIllinois No, 6 resids, The observed increase in A supportsthe

conclusionthat PCAH species, whichareexpectedto be less abundantin the lower rankcoals and

theirproducts,are the prinmrycandidatesforretrogressivere,actions in these highly processed

resids, Theobservedincrease in ComponentA is thusmo_;tl_ely dueto a greaterrejectionof
+ I

' ComponentB as was observed with the Pittsburghcoal,

, Finally, with restmct to changes observed between the recycle oil and the interstage oil,
we see that in some cases there is an increaseand in some a decrease in the %Aas a result of the

addition of fresh coal and reaction in the first stage reactor. The most notable increase is in Run

257, where a highly reactive coal (Illinois No, 6) and a catalyticallyproduced fresh resid combine

to yield substantial component A "directly" from the coal. There is even an increase, albeit a
smaller one, in the themVcat run for the same coal. On the other hand, the Pittsburgh coal, in Run

259 shows a decrease in Component A, even though a catalytic first stage is being utilized. This

result is consistent with our earlier observation that the upgrading of Pittsburgh resid (including

the conversion of resid component A to resid component B) is rather difficult. In the case of the

Wyodak, there is a slight increase in Component A (though smaller than for the Illinois No. 6

Therm/cat, Run 250). lt is not clear whether this difference fits exactly with the generalization of

harder-to-conven-but-easier-to upgrade for the Wyodak coal. For the lignite, there is a substantial

decrease in Component A as a result of coal additionand firststage reaction, This decrease could

be associated with ease of upgrading the lignite ComponentA to distillate,an expected behavior.

However, we note that the Pittsburgh cat/catrun (Run 259) also shows a decrea_ in component A

as a result of first stage reaction, and it was there ascribed to a difficulty in converting from

Component B to Component A within the resid manifold.

In closing this discussion, we wouldsay that while the correspondence is not perfect, the

deconvolution of FIMS spectra into lumped components, A and B, leads to conclusioas reasonably

in concert with what is alreadyrecognized in low-rank coal liquefaction, lt is satisfying to see

so many observations about reactivity reiterated, not on the basis of yields, but on the basis of
differences in molecular weight distributionof streams that are already constrained by process

conditions andproduct fractionation to be as similar as possible.

' Examination of Prominent Individual Peaks

While most of the Fl-mass _ectral profiles are basicallyquite smooth, with noprominent

masses, it is noteworthy that at the low mass end (240 to 350 Da), there is substantial "structure"

. in the spectra. Moreover, the same peaks appearas prominent in spectra of ali the fifteen resids.

The six major series apparent in the spectra of these resids begin atm/z 242, 276, 282, 300, 308,

and 316. As an example we show in Figure 8 the spectrum of the resid portion of the recycle oil
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deriv_fromthePittsburghcoal(Run259)withtheseprondncntpe_tkslabeled.Figure9 shows,

in the normal $RJ, tabular form, the intensities up to m/z 776 for this same spe,cn'urn. In this table

the intensities of thedifferent peaks are arranged in fore'teen columns such that members of a

• homologous series fall one beneath the other. Thus, bcno[ghi]pcrylenc (mass 276) and its alkyl

homologs (at masses 290, 304, and so on) lie in the same column and arc quickly identified.

' Curiously enough, the six major peaks apparent in these resid spectra are either the same

as, or closely related to, those recently identified by Sullivan, Boduszynski, and Fctzcr I as

showing substantial increases during hydrotrcating of petroleum vacuum gas oil fractions. While

this Correspondence does not promise an instant unraveling of the mysteries of resid behavior,

it must be more than coincidence and clearly offers threads that should be followed through.

lt 7hould be noted that in the case of petroleum VGO, FIMS analysis of the whole oil did

not allow speci.eic series to stand out from the MS profiles, let alone: to be identified on the basis of

nominal mass. lt was only after Boduzynski performed chromatographic separations based on the

number ot"double bonds and eliminated the overlapping of various naphthenes with PCAH having

the degree of unsaturation (i.e., being in the same Z-series), that it hrcame possible to make defini-

tive identification in the vacuum gas oils of the compound classes listed above. 3 lt is fortuitous

that these series stand out as much as they do in these coal-derived whole residLml oils. This

fortunate circumstance is presumably the result of distillation of most of the naphthenic series

that overlap with (have the same Z number) with various PCAH series in this MW range.

The first general observation to be made about the six major series listed above is that they

are ali oxygen-free. This conclusion in not inconsistent with a level of oxygen in these resids that

corresponds to an O/C ratio of about 1/80, so that on average there would be about one oxygen

associated with, say, every third coronene (C24) species, lt also reiterates that it is the PCAH

structures that are probably responsible for the coking and production of IOMs.

The major peak in Run 259 intcrstage oil is m/z 276. Benzo[ghi]perylene, m/z 276, was

identified by Boduszynski as one of two peaks that increased markedly during resid desulfurization

between the star,, of run (SOR) and end of run (EOR) as the catalyst degraded, and the temperature

had to be increased in order to maintain a relatively constant level of desulfurization. Moreover,

subsequent catalytic hydrocracking using EOR desulfurized VGO requixed higher temperatures and

resulted in significantly higher hydrocracking 0-1CR) catalyst degradation rates. These increased

' difficulties were cncount;red even though the EOR desulfurized product actually had an overall

lower aromatic content than the SOR product!

The intensity of the ion corresponding to the next step up from benzo[ghi]perylene,

coronene (m/z 300), is considerably less than that of m/z 276, typically about half. Previously,
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_09816,SUM 1336 PKS M HIN, 10 CNTS, 15-MAY-91 13558:55 SUM 1:0,1119E.06

RESID e16 F'ITTS_IJR6 V-1318 0-18 N AU MW_ 597,2
ACOUIRED 5-15-91 13135138 CNAN,eS O- 8191; 6 MS/CHAN, WT AV MWI 691,3
NAG, RET, TIME_ 9999 MS, 12 S_ANS/SF'ECTRM, 30 TO 501DE_, C SF= I
INTENSITIES NORMALIZED TO 100000, CI3XN, 86,00%_ F'G, 1

0 1 2 3 4 5 6 7 0 1 2 3 4 5
MASS AR U3 U? MASS> U1 RH RnH

48> 0 0 0 0 0 0 0 15: 56> 32 50 4 0 0 0
62> 0 0 0 0 0 0 0 10: 70> 14 PP 4 9 0 0
76> 0 0 0 0 0 0 5 12: 84> 9 15 6 6 4
90> 4 0 0 0 5 2 4 9: 98_" 5 12 0 0 0 0

104> 0 0 6 0 6 0 4 5: 112>' 0 7 0 0 0 5
118::,' 0 0 4 2 4 0 0 O: 126> 4 10 3 4 0 3
132> 3 0 6 0 6 0 4 O: 140>' 4 6 4 0 3 4
146> 4 0 3 0 0 0 6 2: 154> 3 5 3 4 4 3
160_" 5 0 0 4 4 2 3 2: 168> 3 4 3 2 3 4
174::,. 3 0 3 0 5 5 4 5: 182> 6 5 3 3 3 3
188::,' 5 3 0 0 5 3 5 5: 196> 5 5 6 4 3 3
202> 6 2 4 3 5 2 6 4: 210> 4 6 5 5 3 4
216_,' 8 4 5 5 5 5 5 3: 224> 7 5 5 5 _ 9

230> 14 7 10 5 8 8 6 8: 238> 6 7 8 26 _ 21
244 ::,' 38 14 18 11 13 12 9 6: 252> 30 6 26 28 59
_58> 100 18 32 21 15 13 27: 266> 76 3_ 68
:72':,, 14s 30 s8 3_ 33 70 31: 2_0_. 76 3_ s2 _37 _R
286> t4.7__ 37 86 37 42 13_ 35: 294> _ 52 76 343 67

300_, ['_8--'J 5? _14,5 49 64 191 6]: 308> _ 63 B5 PBO 81314;_. R6 _ 72 301 65 228 75: 3_.- 81 275 93 344 87
_28_" _13 79 96 426 68 247 84: 336> 97 P97 111 363 9]
3421:,' 260 75 99 396 8_ PRP 99: 350> 1_3 308 111 268 94
356'::. 338 71 349 90 348 100 307 104: 3641:,' 381 111 345 117 _49 87
370;:, 297 96 359 109 360 96 P9R 106: 378> 354 120 3_7 11P 258 94
384:::.272 102 324 91 307 97 3_4 101: 39P_,' 306 109 275 98 _62 93
3981:,.P86 94 314 100 272 95 294 94: 406> 305 103 252 109 231 86
412> 258 96 299 10_ 255 94 250 98: 420> 268 98 243 98 277 96
426> 242 9R 266 95 24_ 9_ P37 92: 434> 232 94 2_7 93 267 10_
4401::. 237 101 23_ 90 2_4 87 _4 93: 448_ _ _R 99 POB 96 _]3 95
454::," 232 92 _16 93 204 94 210 92: 4_2> _22 99 _33 89 201 94
468> 223 90 212 9_ 205 94 P21 97: 476_:" 199 103 _03 93 205 86
482> 197 98 IRR 90 194 100 222 I041. 490> 191 96 190 98 196 101.
4961:,. 1B7 97 214 100 184 103 197 106: 504> 199 105 182 96 183 98
510_:. 181 10_ 206 9_ 188 100 182 I0_ 518> 184 100 189 92 19_ 101
524::,. 17_ 102 19_ 103 192 104 184 105: 532> 175 98 177 100 186 110
538> 198 107 174 106 1R4 107 181 105: 546> 18_ 11_ 180 111 173 113
552> 182 105 180 106 178 10_ 172 109: 560_,' 17_ I08 186 114 175 115
566::,. 176 114 173 106 176 106 1R9 106: 574> 184 112 181 114 181. _I0
580> 171 112 171 108 174 103 181 I08: 5BB_,' 184 114 172 111 167 114
5941::. 178 105 173 110 178 110 177 110: 60_> 179 116 179 11P 173 117
6081:_. 163 115 169 110 168 114 167 110: 616> 172 116 171 114 ;67 _.4
622'::' 175 111 165 112 170 110 171 I05: 630::,' 175 119 166 110 16_ I_1
6361::. 164 108 167 105 161 115 160 110: 644_,. 163 110 1A5 10_ 164 113
a50::,. 158 109 164 112 162 104 164 106: 658> 166 103 163 107 155 11.3
664':,. 154 105 151 114 158 110 154 114: 67P::_. 150 I0_ 154 10_ 150 I_3
6781:,. 149 109 150 105 155 100 157 103: 6_6::,.143 105 146 107 140 107
6921::, 142 103 149 104 142 105 141 104: 7001:,.137 102 138 105 140 100
706:,. 145 103 140 108 135 103 142 99: 714> 137 94 135 101 133 101
7201:= 133 95 139 103 128 100 125 99: 7281:,. 126 100 122 97 124 1_?
734> 122 94 128 95 124 98 ]19 94: 742> 119 92 12_ 89 131 93
7481:,. 122 92 123 92 114 93 119 89: 756> 116 87 115 93 108 95
762> 110 B? 107 89 114 88 110 86: 770> 108 BR 115 83 104 8_

0A-2177-5

Figure 9. Example of a pa_crn table showing the arrangement that places members of a
homologous scncs in a single column. Example shown is for Pittsburgh (Run 259)
rccyclc off.
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Clarhad concluded4 thatthefommtionof a new ring byadditionof a four-CHunitpiece (ortho

ring closure) was kinetically favored,butthat formationof a new ring by closing a two-carbon

bridgeover a "bay" regionwas thermodynamicallyfavorecLThis conclusion was also supported

• by subsequent estimatesof the heats of formation of largePCAH by Stein.5 Thus, the greater
buildup of benzoperylene than coronene illustrates a bottleneck in the ring closure to form coro-

nene. In any event, Sullivan et al.l were able to show that those RDS VGO streams thatwere

more difficult to catalytically hydrocrack were precisely those that had 10 to I00 times more

benzo[ghi]perylene and coronene in them than the original RDS feed.

Mass 242 is the first prominent peak in ali of the spectra. Its prominence is partlya result

of the cut point in removalof distillate, butonce again, the identity of the major contributor goes

beyond coincidence. The mononaphthenic pyrene of molecular weight 242 shown in Figure 8 is

an odd-carbon molecule, which cannot form a stable fully aromatic species. Its abundancewas

noted by Sullivan et al. with some curiosity.1 In their case, the most abundant member of the class

was the unsubstituted rn/z 242 itself (rather than a C3 or Ca derivative as is usually the case with

even-carbon species), making m/z 242 look less like it was derived by breakdown of a larger

molecule than by buildup from a smaller species. Regardless of which of these is thecase, the

abundance of mass 242 is undoubtedlyconnected with the fact that the odd radical species is fully

aromatic and a member of the class of radicals homologouswith phenyalenyl radical, C13H9"

which are extremely stableradicals andubiquitous in thermallyprocessed hydrocarbonstreams and

sooting flames. The intensity at mass 316 is probably accounted for largely by another odd-carbon

molecule, the naphtholog of rrfz 242.

Based on the evidence presented by Sullivan et al.1and the very striking correspondence

betweenthemajorpeaksseenhereandsomeofthoseidentifiedbythem,we considerittobc

, very likely that most of the prominent peaks noted here are causally related to the difficulty of

catalytic/thermal breakdown to smaller species (distillate)and to the buildup of more refractory

resid and IOM. At present, it is difficult to make a more quantitative statement regarding the

importance of these peaks. We report in Table 5 the intensity (as a percent of the total ion count) of

the six ions discussed above for each of the fifteen composite resids, listed in the same order as the

spectra are shown in Figures 3 and 4. A few of the trends that emerge from an initial examination
are listed below.
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Table 5

INTENSITIES OF THE DOMINANT PCAH AND HYDRO-PCAH PEAKS IN
COMPOSITE RESID SAMPLES

LIGNITE Run WYODAK ILLINOIS ILLINOIS PITTSBURGH

Oil m/z 255 Run 251-11 Run 250 Run 257 Run 259

InterstageOil 242 0.19 0.22 0.15 0.34 0.28

276 0.37 0.19 0.23 0.32 0.58

282 0.33 0.27 0.23 0.37 0.29

, 300 0.24 0.20 0.17 0.33 0.24

308 0.29 0.23 0.24 0.21 0.18

316 0.35 0.24 0.30 0.38 0.36

ProductOil 242 0,12 0.12 0.18 0.30 0.24

276 0.31 0.14 0.14 0,43 0.44

282 0.31 0.23 0.23 0.43 0.37

300 0.23 0.17 0.19 0.38 0.20

308 0.24 0.17 0.13 0.28 0.14

316 0.31 0.21 0.27 0.47 0.33

RecycleOil 242 0.11 0.12 0.08 0.13 0.31

276 0.35 0.14 0.12 0.19 0.50

282 0,41 0.19 0.19 0.15 0.40

300 0.24 0.18 0.17 0.18 0.26

308 0.28 0.14 0.12 0.16 0,17

316 0.34 0.22 0.21 0.26 0.58

.,
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• Consistentwith the fact that the Pittsburghresid is the most difficult to upgrade,
the intensifiesfor m/z 276, benzo[ghi]perylene, observed for the Pittsburgh coal
(Run 259) are generally higher than those for any ot the other samples.
However, this relationship appears not to always hold. In the interstage and
recycle oils for Run 259, the levels are 2 to 2.5 times higher than the respective

" samplesfor Run 257, the catalytic/catalyticIllinois No. 6 mn, but for the product
oil the levels are essentially equal.

' • The cat/cat run with Illinois No. 6 coal (Run 257), produces more of m/z 276 by
about a factorof two than the thenn/cat run (Run 250), even though the resid
producedin 250 was considered to have been more difficult to upgrade. If the
large PCAH areproduced in significantpart by the cracking activityof the
alumina-supportedcatalysts, we might rationalize that without the first stage
catalyst, less benzo[ghi]perylene is formed. But ff we accept this rationalization,
we are then forced to say that the difficulty in upgrading the Illinois therm/cat
fresh resid is not due to benzoperylenes, coronenes, etc., but is due instead to
the fact that less cracking occurred in the first stage. Thus, it is apparent that the
situation is complex and not susceptible to analysis by simple inspection.

• .If instead of comparing the absolute levels, we,,compare the ratios of peaks at m/z
276 and 300 we find that in going from the rex,Tclestream to the interstage oil the
relative amount of benzo[ghi]perylene inerea,,_esin the more difficult-to-process
Runs 250 and 259, while it decreases in Run 257.

• Changes in the ratios of hydroaromatic/aromatic pairs as the resid moves through
the system provide an additional point for comparison. We find that of Runs
250, 257 and 259, only Run 257 shows an increase in the ratios of hexahydro-
benzo[ghi]perylene to benzo[ghi]perylene as well as of octahydrocoronene to
coronene. Runs 250 and 257 show a decrease in these ratios as expected from
the addition of the more "aromatic" coal to therecycle resid.

These trends do not extend to the entire set of runs. In other words we were not able to

construct a consistent set of correlations between the most prominent homologous series and the

processing behavior in the five runs. However we believe it is very likely that the difficulty in

significant part is that the run-to-run comparisons attempted are anything but all-other-things-

being-equal comparisons. A more careful examination of these data is warranted. One correction

that ought to be included in this analysis is for the background intensity of ali other components

that might be present at these specific masses. The background could be adequately represented

by the "fit" to the profile described in the previous section. The correction is small for peaks at

242 Da, but probably substantial for those at 300 Da. An alternative strategy would be to perform

a factor analysis on this set of peaks and identify the major trends. We suggest that these tasks be

. undertaken in a future effort.
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TASK 2. DERIVATIZATION ANALYSIS USING IODOTRIMETHYLSILANE

The objective of this task was to determine the concentration of oxygens attached to

aliphatic carbons in coal liquids. Iodotrimethylsilane is known to react with such structures and

produce alkyl iodides. 6 Our approach consists of treating samples with a known quantity of

' iodotrimethylsilane followed by an aqueous workup. Any unconverted iodosilane would be

transf_ to inorganic iodide ions during workup while iodosilane used to cleave ethers or esters

will not produce inorganic iodide. Other reactions of iodosilane not involving Cal-O, such as

reduction of sulfoxides to sulfides, also result in formation of iodide ions. 6 An estimation of the

iodide ions by ion-selective electrodes or ion-exchange chromatography should therefore provide,

' by comparison with a control, an estimate of the Cal-O structures.

We prepared a calibration curve for the iodide-selective electrode and found a good linear

response over the range of concentrations we expected to encounter in actual analyses. Control

runs with iodosilane resulted in the expected concentration of iodide ions. However, we were

puzzledtofindthatwhen iodosilanewas allowedtoreactwithseveralmodelstructuressuchas

benzylphenyletherandmethylbenzoate,theresultantsolutionsgavereadingscorrespondingto

no consumptionofiodide.We followedsomeofthesereactionsinanNMR tubeandclearly

observedtheexpectedchemicalreaction.Thus,eithertheresultingorganiciodideishydrolyzing

veryrapidlytogiveinorganiciodide(anunlikelyscenario,butneedstobetested)orsome other

ionsinthesolutionareinterferingwiththeelectrode.

By isolatingorganiciodidesfromtheorganiclayer,we convincedourselvesthatthe

organiciodideswerenotbeinghydrolyzedtoinorganiciodideions.Hence,theinabilitytodetect

anydifferenceusingion-selectiveelectrcxlemustbcduetointerferenceBom sorncotherionor

combinationofionsinthemixture.We thereforeabandonedtheion-selectiveelectrodeapproach

andusedion-exchangechromatographytoestimatetheiodideions.

Usingthisprocedure,we wereabletodeterminetheamountsofCal-Oinstandard

solutionsofbenzylphenyletherinchloroform.The resultsvalidatedtheanalysisscheme,but

alsoshowed aconsistentlossofabout10% oftheiodideevenwhen noetherwas present.Wc

conductedthereactionofthesixcoalresidswithiodosilancinduplicate.Followingaqueous

workup,theiodidecontentwas determinedby ion-exchangechromatography.The resultsare

giveninTable6."lhcresultingdeficitiniodideshouldcorrespondtotheCal-Ocontentofthecoal

resid;however,asmentionedabovetherewas alsosornc(-10%)backgroundreactioninthe
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control. The observed deficits were corrected for the background reaction. The corrected deficits

arealsogivenin

_ iiiii [ i iii i iii i ii iii ii i j i ii ii i i ii iiii i iii i i i ii i iiii i i IIIg I

Table 6

, IODOTRIMETHYLSILANE ANALYSIS OF COAL RESIDS

CoalResid Me3SII I [1"] &a wt*/. Corr,&¢_ Corrwt*/.
Expt, No, _ (mcj) _ (mmol) 100 mL..... (mmol) _(al)b_ (mrnol) O-C(al).....

Blank 0 93,94 0,47 3.80.3 0,09 ......

18aW 89,79 143.46 0,72 5.60.3 0,16 2,80 0,02 0,36

, 18b 55.87 73,04 0,37 2.90.3 0,08 2.15 0,01 0,16

19aL 106.34 137.90 0,69 5,60.3 0,13 1,,95 0,00 -0,03

19b 55,38 68.39 0,34 2.90.3 0,05 1,50 -0.01 -0,39

20al 98.30 140.06 0,70 6.00.3 0,10 1,63 -0.03 -0,54

20b 72.48 85.41 0.43 3.40"3 0,09 1,92 0.01 0,12

21a P 100.66 129.40 0,65 5,00.3 0.15 2.34 0,02 0,37

21b 85.96 104.64 0.52 3.90.3 0.13 2,48 0.03 0,62

22a BT 99.53 144.10 0.72 6.10.3 0.11 1.78 -0.03 -0,44

22b 83.83 101.78 0.51 3.70.3 0.14 2,65 0.04 0,80

23a BT 109,93 145.10 0.73 6.00.3 0.13 1.83 -0,01 -0,19

23b 90.21 101.54 0.51 4.00.3 0,11 1.91 0.01 0,19
i ,1= i iii = i i i ii i = i i i i

a Initial[I] -100x [1"],
b100x (A x 16/(samplewt.))
cProportionalto theamountof iodotrimethylsilaneusedintherunrelativeto blank,

Table 6. They are very small, and sometimes negative, indicating that these processed oils do not

contain any significant amount of Cal-O bonds. Thus, any oxygen other than phenols is present in

diaryl ether structures such as benzofurans.

Iodotrimethylsilane reactions are best conducted in acetonitrile solvenL 7 However, the coal

resids were not appreciably soluble in acetonitrile. Tetrahydrofuran would be a good solvent for

the resids, but not iodotrimethylsilane, which will convert it to diiodobutane. We conducted a few

. experiments in pyridine, but soon realized _at the strongly nucleophilic solvent reacts with organic

iodides, forming quaternary salts and liberating ionorganic iodide ions. Therefore, this solvent

would not be suitable for our purpose. Hence, we settled on chloroform as the solvent. There
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appears to be some background reaction in this medium that consumes iodotrimethylsilanv, and we

could only correct for it, If we could suppress this re.action,we could haw reliably estimated even

small_ amounts of Cal-O linkages. In the presence of this background reaction, the precision of

the n_thod is compromise_, and we can only conclude that the amount of Cal-O linkages is less
0 )

than 20% of the oxygen.

The finding of only a small fraction of the oxygen in these liquids to be either ethers or

esters of aliphatic alcohols is, in retrospect, not t_'ibly surprising. The phenylO-Me bond strength

in anisole (the strongest o_"phenyl-alkyl ethers) is 63.5 kcal/mol. 8 At 420°C (788°F) rids translates

to a homolysis half life of 7 hours, a value that can be taken as a reasonable upper limit for this

class of bonds under the Wilsonville operating conditions. Given the expected electronic and stvric

effects of substituents on the phenyl ring 8 it would not be surprising to find most such bonds to be

gone in the liquefaction products. Howevm', this could not have been predicted with any certainty

because of the expected variations in bond strengths, and because we know nothing that would

precludetemporaryre-formationofanisole-typeethersthroughradicalrecombination.

ltisalsopossiblethatthecun'_ntfindingscarrysonicimplicationsaboutanotherclassof

oxygenatedstructures,bcnzylicphenols.Thesestructures,eventheyarcnotethers,arcpossibly

subject,throughnuclcophilicattackontheirrcsl)ectiveketoforms,tocleavagebyiodotrimcthyl-

silanc.Suchcoupledphenols,althoughthemselvesonlymoderatelystable,arcpotentialretrograde

intermediatesinthethermalreactionsofvirtuallyanyphenolicsubstrates,sincetheirformation

hasbccnshown tobcveryfacileinmixturesofbenzylandphenoxyradicals.9 Owing tothe

unexpecteddifficultiesencounteredinusingion-specificelectrodesforI-measurement,andthe

backgroundreactionbetweeniodotrimcthylsilaneandchloroform,we didnothavethetimeto

determinewhetheranysuchbcnyzylicphenolstructuresarcreactiveundertheethercleavage

conditionsusedinthiswork.Suchadeterminationmay beworthwhileinthefuture,be,cause

informationon theirpresenceorabsenceofbcnzylicphenolsinliquefactionproductstreamsis

relevanttotheproblemofunderstandingretrogressiverr.actionsofphenolicslructurcsduring

liquefaction.

Finally,thefindingthatalkyloxygenisnomore thanabout2(P/(_oftheoxygen(by

difference)inthcscsamplesisnotinconsistentwiththefactthatthehydroxyloxygenanalyses

typicallyshow levelsthatarchalftothreequartersofthenominal(i.e.,bydifference)oxygenin

thecompositcresidsamples.
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ASSESSMENT AND RECOMMENDATIONS

Neither FIMS nor any other single analytical technique can provide a complete chemical

description of vacuum resids; however, FIMS does provide, in a single measurement, substantial

information about these materials. A very large fraction of the resids is vaporized and hence

analyzod by FIMS. The fractional volatility during FIMS analysis corresponds closely to the THF-

solubility of the sample; hence it is fair to say that essentially ali of the THF-solubles are analyzed

by FIMS. The FI-mass spectra of the set of resids analyzed in this project look very similar (as

well they might since product fractionation and process conditions have been adjusted in order to

make them similar). However, the accuracy and reproducibility of FIMS allows for distinctions

to be made at several levels.between these superficially similar-looking spectra.

During this research effort we found that FIMS of many of the whole liquefaction resid

samples exhibited a bimodal molecular weight distribution. This bimodal distribution can be

considered to result from the superposition of two components having molecular weight distribu-

tions that peak at about 350 and 600 Da. The relative amounts of the low and high molecular

weight components differ significantly from sample to sample, and simple mathematical deconvo-

lution into Components A and B has revealed a correlation between the variations in A and B on

the one hand and coal type, process condition, and process performance on the other.

Although the H-mass spectral profiles arc generally smooth and devoid of features, the low

mass ends of the spectra exhibit substantial "structure" or evidence of homologous series. More-

over, the same peaks appear as prominent in spectra of all the fifteen resids. These homologous

series clearly carry information on chemical structure, but useful speculative assignment of

chemical structures to nominal masses in the 240-350 mass range, without benefit of additional

information, is essentially impossible. However, recognition of some of the same prominent

masses previously associated by Sullivan et al.1 with increased difficulties in hydrotreating vacuum

gas oils prompted us to seek correlations between processing variables the intensity of these

peaks. Several trends were identified. Examples include the generally greater amount of

benzo[ghi]perylenes and coronenes in the more difficult-to-convert Pittsburgh resids, and the

smaller ratios of PCAH to corresponding hydroaromatic structures in the more easy-to-convert

resids. However, these trends do not extend to the entire set of runs, and suggest that a more

detailed examination of such data be undertaken. We believe that such an examination, coupled

' with the deconvolution into lumped low and high molecular weight components, will provide
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substantialindependentiltformationforcross-correlationwithotherresidpropertiesandprocessing

parameters.

TheuseofiodotrimethylsUaneasanethercleavagereagentrevealedthatthelevelsof

oxygenboundtoalkylcarbonintheresidsarequitelow,typicallylessthan20% ofthetotal

oxygen.An unexpectedbackgroundreactionoftheiodotrimethylsilanewiththechloroform

solventlimite_theaccuracyofthedeterminationsfortheselowlevelsofalkyl-Ostructures,and

controlexperimentswereusedtocorrectforthisreaction.Theobserved_¢_.atterlimitstheaccuracy

ofanysinglemeasurement,buttheresultstakentogetherclearlyindicatelowlevelsofalkyl

oxygen.Suppressionofthebackgroundreactionmightbeworthwhileffitwerefoundthat

iodotrimethylsilanecouldcleavebenzylicphenols,apotentiallyimportantclassofintermediate

retrop:_cproducts.

FUTURE STUDIES

Two linesofinvestigationaresuggestedbythepresentwork.We haveseenthatthereis

valuetodescribingtheFINISprofilesintermsoflumpedcomponentsandthatthiseffortnce_to

berefinedandpursuedfurther.Also,we haveseenthatthelowmassendofFIMS oftheresids

that has a few prominentpeakscorresponding to specific PCAH components. These components

have previously been associatedwithprocessing difficulties. Ourpreliminaryexaminationof their
relative intensifiessuggests has revealed certaintrends. We believe thatamore detailed examina-

tion of these and similar datawill lead to an understandingof how chemicalcomposition of resids

impacts processing.

Furthermore,even though the behaviorof the resids is of primaryinterest here, we

recommend thatFIMS analysesof the vacuum distillatebe perfortmdin conjunctionwith the resid

analyses. Analysis of distillates will help ascribean apparentdecrease in, say, Component A either
to conversion to distillate materialor retrogressionto residComponentB.
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Appendix A
o

FI.MASS SPECTRA OF THE FIFTEEN COAL RESIDS
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, Appendix B

VACUUM EVAPORATION CURVES FOR COMPOSITE RESIDS

(Note that 100 on these curves is not 100% of sample, but
100% of that volatilized during analysis)
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