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Introduction

The research performed this quarter involved evaluating the resid as the solvent in

coprocessing.Since the objectiveof this researchcontract is to determine if the naphthenicportion

of resids isable to transferhydrogento coal, the residwas fractionated in order to obtain different

compositionalfractionsfor liquefactionreactions.Inorder to evaluatedifferent fractionsof resids,

the fractions must fh'st be separated by liquid chromatography.The literature was surveyed as

described below to determine the most feasible of effecting the separation. Methods used to

analyze the fractions were also examined. On the basis of the information obtained, an

experimentalprocedure was developed for separatingthe resid into fractions and then analyzing

the fractions by Fourier transform infrared spectroscepy (FTIR) and by 13Cnuclear magnet,:

resonance.

Background

Theobjectiveof this literaturereview is to describepossible methods for separatingresids

into saturateand aromatic fractions andfor obtainingdetailed compositionalinformationon the

resids and their fractions. Some preparative chromatographic separation methods are also

reviewed.The analysesof residcompositions by infrared spectroscopy (IR), massspectrometry

(MS), tH and 13Cnuclear magneticresonance (NMR) are also included.

The increasing rate of energy consumption requires that coal and petroleum resids be

furtherprocessedandconverted into liquidfuels via feasible treatment processes. Compared with

other fossil fuels, such as coal, petroleum resids are rich in hydrogen contentand thus can



potentiallydonate hydrogento coal when resid and coal are reacted together; this simultaneous

reactionconstitutes the basisof coal-residcoprocessing.

Many coprocessingstudieshave demonstratedthat simultaneous upgradingof both resid

and coal into liquid fuels is feasible.1,2For example, naphthenic model compounds, such as

perhydropyrene,havebeen shown to be able to donate a small amount of hydrogento coal in

coprocessing.3 This potential donation is encouraging since resids contain rich naphthenic

components.Nevertheless,residsare morecomplicatedmixtures of hydrocarbonsand heteroatoms

than the model compoundsused to simulate them in studies, so that the role of resids and the

mechanismsof hydrogentransfer in coprocessingmust be determined. The difficultypartly arises

from insufficient ka_owledgeof resid compositions, e.g., the structures ard the amount of

naphthenes, hydroaromatic, aromatics, and heteroatoms in the resid. Although qualitative

characterizationof residshasbeenpreviously performed by IR,7 quantitationof different types

of hydrogen in the resid that can be transferred is still difficu,.. _3 With the advent of _HNMR

andFourier transform_ NMR, better methods for analyses of skeletalcarbon-hydrogengroups

havebecome available.

Before the resid is subjected to sophisticated structural analyses, the resid is usually

separatedinto morespecificfractions containing similar chemical structures. The subfractions

are classified as saturates, hydroaromatics and aromatics. The separation is carried out by

preparative liquidchromatographywith silica gel as stationary phase. For the purpose of this

surveyof backgroundinformation,an overview of preparative chromatographyis described first,

followedby an overviewof the analysesof the subfractions of resids by IR, MS, IH NMR, and

1_2NMR.



PreparativeLiquid Chromatography

Resids are high boiling point mixtures of naphthenes, hydroaromatics and aromatics.

Residsalsocontainheteroatomslike O, S, and N thattogether amount to 6 wt% of the total resid.

The contentsof heteroatoms in resids vary with different types of resids. For example, oxygen

contentsvary from 0.3-4.9 wt%, sulfurcontentsvary from 0.3-10.3 wt% and nitrogen from 0.6-

3.3 wt%.la

Residis usually separated by preparative liquid chromatography before further analyses.

All thepreparativeliquid chromatographic methods reviewed in this survefl "8,_°.11are basically

thesame: residis dissolved in nonpolar and polar solvents sequentially, eluted from a silica gel

or _!uminagel packedcolumn, and collected _:.sthe said fr,_ctions. The commonly used packing

substratesin the preparative chromatographiccolumn is silica gel, although alumina gel is used

occasionally.Thesesubstratesmustbe activatedfor at least 24 hr at elevated temperatures(> 225

°C) beforebeingused.

In allof the surveyedpreparative liquidchromatographic methods,7"9the sample resids to

be analyzedare first dissolved in a small amount (10-20 ml) of nonpolar solvent, e.g., pentan_

or cyclohexane.After the column isprewettedby the nonpolarsolvent, the dissolved sampleresid

is addedto the top of the column. Then fresh nonpolar solvent with a volume of 200 ml, which

is contained in a reservoir mounted on the top of the column, is added onto the column

successively.Whenresidmoleculescontactthe poroussilica gel particles, the polar aromaticsare

more likelyto be adsorbed on the silica gel particles than the nonpolar saturates; therefore, the

saturatecompoundselute from the column first. After the nonpolar solvent in the reservoirhas

completelypassedthrough the column, a polar solvent such as chloroform, benzene, ethyl ether,
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or alcohol is added to the reservoirand elutes through the column. The eluates are collected as

thearomaticfraction, if the cut point between the different fractions is well controlled, the resid

can be separated into the desiredfractions with little contamination from the other fraction.

Qian et al4examined structural parameters of some petroleum aromaticfractions by IH

NMR/IRand13CplusaHNMR. In theirstudy, the resid was treatedby n-heptaneat 45 "C, then

the heptane solubles were subjected to a separation using a silica gel liquid chromatographic

columnat a solute/solventweight ratioof 1"100. The saturate fraction was collected with heptane

as eluent and the aromatic fraction was collected using benzene. The eluates were analyzed by

NMR and IR. Theanalyticalrangewas spread over 150 ppm with 13CNMR and4,000-600 cm"x

with IR. The results of NMR and IR showed that the separ_tior_was acceptable in that the

saturates were separated from the aromatics. In their report, no operating parameters, such as

column length, radius, and substrate packing weight, were reported.

Rahimi et als studied the hydrogen donor ability of oils/bitumen and its effect on coal

dissolution by using sulfur as a hydrogen acceptor and 13CNMR as an analysis tool. In their

study, the pentane soluble fractionsof the resids were separated into saturates, aromatics and

polars on a silica gel column. The saturates were def'medas pentane eluate; the aromatics were

definedas tolueneeluate;and the polars were defined as methylene chloride eluate. The column

was back flushedwith methyl-tert-butylether in order to remove any residualmaterials from the

column. The saturate fraction and the original samples (asphaltene free) were subsequently

analyzedby t3CNMR. The amountof transferable hydrogen was calculated from the integrated

intensifiesin the 21-37ppm range, the carbon contents of the original and the saturate fractions,

and the weightpercentof the saturate fractions. The fractions obtained were more detailed and



specific than those obtained by Qian.4 The authors also used elemental sulfur as a hydrogen

acceptorand measuredtheamount of hydrogen transferredfromresid to sulfur. The intentionwas

to compare the amountof transferredhydrogenobtainedusing the sulfur methodand using the t3C

NMR method.

Inpreparativechromatography,carefullyselectedmodel compounds are requiredto verify

that theseparationissuccessfuland applicable to the more complicated resids. This process was

well illustrated by Aiura et al.6 In their study, two mixtures that were composed of model

compounds chosen from naphthenes to aromatics in a wide polyaromatic ring range were used.

Then the theoretical transferable hydrogen of the mixtures was calculated as a reference to

examinethe accuracyof the results obtained by 13CNMR. When the mixtures were analyrx+Jby

_3CNMR, an acceptableagreement between the theoretical amount and the analyzed resultof

transferable hydrogenwas observed. Then a 1.5 g resid sample was charged on a preparative

chromatographiccolumnpacked with 70 g of silica gel using equivalent conditions as the model

separation. After eluting the resid sample with 200 ml of cyclohexane, the eluates were

concentratedbelow50 °C in vacuo for weighing.

Some researchers7a were not satisfied with the simple preparative chromatographyin

which eluates wereclassified only as saturates and aromatics. They performed more thorough

and specificseparationby sequentialion-exchange,coordination, and adsorptive chromatography.

The advantage of these methods was that the nature of resids were more likely to be elucidated

withoutinterferenceof other fractions. Thesesequencesremoved nonhydrocarbons suchas acids,

bases and t_eutral-nitrogenfractions before the resids were further separated by preparative

chromatographyandenabled further analysis of the resulting fractions.



Jewel andcoworkers4developeda separationscheme to characterize4 heavy end petroleum

distillates with ion-exchange, coordination and adsorptive chromatography. In their study, the

anions were first removed from the residwith anion-exchange resin (Amberlyst-29 resid), then

the cationswere removed with cation-exchangeresin (Amberlyst 15). The anion and cation-free

samplewas thencontactedwith ferricchloride supportedon Attapulgusclay to remove the neutral

nitrogenfraction.Ion-exchangeproc_ures were performed in a column that was 1.4-1.75 cm in

diameter and 116cm in length. With the same size column, the sample that was flee of anions,

cationsandneutralnitrogenfractionwas separatedby a silica gel packed column with pentane and

methanol as eluents, into saturates and aromatics, respectively. The components separated by

preparativechrom_.tographywere monitoredwith a UV detector at 270 nr _.The authors claimed

that the advantageof theseparationschemewas itsreproducibility (:t:4%) and recovery (96% and

higher).

Hirschet al.s examined the processof separating petroleumdistillates (b.p. 330-540 *C)

into saturates, monoaromatics, diaromatics, and polyaromaties. In their study a dual packed

column (1 in. by 8 ft.) was used for this purpose; the top half of the column was packed with

silica gel andbottomhalfwith aluminagel, which were activated at elevated temperaturesof 400

•C and 265 "C, respectively, for 16 hr. The authors explained that if the partially deactivated

silica gel was used as proposed by Snyderl's to achieve some degree of adsorption isotherm

linearity,the sampleadsorptivecapacity of the gel would be reduced by 10 to 100 times, and the

retentionvolumeswouldbe too closeto control the cut points. In their experiment, the cut points

of thedesiredfractionswere monitoredby radioactive tracer techniques. The report claimed that

there were advantagesof subdividingthe aromatics and polar compounds:The three individual



aromatic fractions were easier to analyze by low resolution mass spectrometry; and further

separation by gel permeation chromatography (GPC) and other techniques was much less

complicated. However,this separationmethod was tediousand time consuming because the total

solventvolume,upto 10 L, wasrequired at 200 ml/hr in the large column(1 in. in diameter and

8 ft. in length), althoughthe processing capacity was high (25-50 g).

Preparative chromatography can be readily performed by ASTM standard test method

D2549.9 The summaryof this method is (1) A weighedamount of sample is charged to the top

of a glass chromatographic column packed with activated bauxite and silica gel. n-Pentane is

added to the column to elute the nonaromatics. When all of the nonaromatics are eluted, the

aromaticfraction is eluted by addition.,;of diethyl ether, chloroform, and ethyl alcohol. (2) The

solventsare completelyremoved by evaporation, and the residues are weighed and calculated as

the aromatic and nonaromaticfractions of the sample.

Analysis of Resid Fractions

Structural information of resid can be obtained when the subfractions arising from

preparativechromatographyare analyzed further by advanced methods. These analysis methods

are IR, MS, and IHand laC NMR.

1. Infrared Spectroscopy(IR)

Of all the current instrumental analytical methods capable of precise molecular

structuralanalysis,1Hand _C NMR are the mostpowerful. However, in comparison with

NMR, IR is easier and quicker to operate.

rr_57sm,r.qrR.m,r 7
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SincedifferentC-H bondvibrationaland rotational movementscan be detected by

IR, the relativeanaountof methyl, methylene, and methine groups present in a sample is

obtainable by IR. Qian4 used IR as an analytical method and resolved the combined

equations proposedby Yenet al. Isand Haleyts separately so as to obtain the molecular

average parameters of resid. 'l'ae parameters included total carbon atoms per average

molecule,H/C atomicratio of alkylsubstituents,aromaticity index, and aromatic rings per

averagemolecule,etc. The combined equation correlated the absorbenciesof two peaks

that appeared at 2920 cmq and 1380cm1. The peak at 2920 cmq was assigned to C-H

stretching of the methylene group and the peak at 1380 cm"1was assigned to C-H

symmetrical beqding vibration of the methyl group, m1"heauthors compared the results

obtainedfrom tH NMR/IR, _3Ccoupled _HNMR and that from Brown-Ladnermethods.

It was concluded that IH NMR/IR was the _nost precise method for obtaining average

molecularparameters. Butfor thoroughcharacterization of resid, _3Ccoupled tH NMR

was the best to date.

The IR spectraof saturatesdiffer from _ obtained fromaromatic fractions. For

aromatics, absorbencieswill occur at 3030 cmq for =C-H stretching vibrations and at

1650-1450cm"tfor the ringC=C v_ratiom. Absorbeneies for saturates and naphthenies

occur in the range of 1460-1467cm"t for methylene scissoring vibrations, but seldom is

vis$1ebelow 900cmq for C-H out-of-planebending, t7 To determine if the separation of

residsby preparativechromatographyisacceptable, the IR aborbances of the spectra from

the different fractions are determinedand compared. The spectrum from the saturate

fractionshouldnot contain any absorbenciesfrom aromatic compounds.
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2. Mass Spectrometry

Mass spectrometrycoupled with gas chromatography is seldom used in the

characterizationof resids,althoughother methods such field ionization mass spectrometry

can beused.AsstatedbyClarF°"NMR isaconvenientmethodofmeasuringthe changes

in solventcomtx_itionthatresult from hydrogendonationto coal duringextraction. The

useofgas-liquidchromatographyandmassspectrometryforthispurposeisdifficultas

these techniques measure individual constituents rather than average properties."

However, if the appropriate method and relationshipare utilized, MS is ableto identify

molecules, as demonstratedby Jewel7as follows.

In the study of Jewel and cogorkers, 7 MS were employed to ch_aclerize the

saturate and the aromatic fractions of four heavy-end petroleum distillates. The

characteristicsof thedistillatesmeasured by MS were the numbersof rings presentin the

saturateand the aromaticfractions,the weight distributions of each composites containing

the same ring numbers,and the amount of sulfur present in the distillates.

The authorsuseddifferentmethods to characterize the saturateand the aromatic

fractionswith MS. For thesaturate fraction, the methoddeveloped by Hood and O'Neal

was used. This methodwasa high-ionizing voltage, low-resolution method and allowed

thedeterminationof zero tosix condensed-ringsaturates. For the aromaticfraction,one

low-voltageand twohigh-voltagemethodswere used. The two high-voltage methodswere

developed by Hastings and Robinson and Cook, and allowed the determinationof 12

aromatic compoundtypes, three sulfur aromatic compound types and six unidentified
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On the basis of the results of the saturate fraction, the authorsclaimed that the

application of Hood and O'Neal's method to Wilmington heavy-enddistillate was in

agreementwiththe resultsobtainedby otherworkers9and by usingextensiveNMR in the

author's lab. For the aromaticfraction, the results were given in the average derived

fromthethreemethods:(I)Hasting's,(2)RobinsonandCook's,and(3)low-voltage

method,becausenone of the threewas reliably accurate. The deviationof theanalyzed

parameters,i.e., numberof ringsin thesaturate and the aromatic fractionsand theweight

percentof the composites containingthe same rings numbers, were within 20% for most

of the hydrocarbon componentspresent.

3. 1H7_4R and IsCNMR

Of all the instrumentalanalytical methods capable of precise molecularstructural

analysis,ZHNMR and Ly_NMRare the mostpowerful. Between _HNMR and 13CNMR,

IH NMR is more convenientfor characterizing aromatic heavy fractionsof resids if the

propercorrelationbetweenhydrogenand skeletalcarbons are known: But the information

of skeletal carbon atoms, especially those not containing hydrogen atoms, such as

bridgeheadaromaticcarbon,carbonyland aromaticether, cannot be readily obtained from

IHNMR. This problem was solved by the development of _3CNMR.

Not long after z3CNMR was recognized as a tool for characterizing the carbon

skeletonin organiccom_',agls, thecouplingof protons, as well as the nuclear Overhauser

enhancement effect and long thermal relaxation times, was seen as obstacles to its

application. Fortunately, with the advent of Fourier transform NMR and proton

decoupling,it was possible to obtain the desired structural informationwith L_CNMR.

_5_swr-crurr 10
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The use of a relaxationreagentand the gated decoupling techniquegreatlyshortened the

thermalrelaxationtimefrom 1 min to 0.1 sec and suppressedthe Overhauserenhancement

effect,tt

In 1979 Shape and Ladnert2proposed a plan to assign tsC NMR chemical shifts

basedon thepublisheddatato date and solved theproblemsof insufficientdatathathad

hamperedtheapplicationof t_ NMR to coal-derivedmaterials. Theauthorsclaimed that

the plan was also applicable to a majority of coal-derived materials and resids. This

publication was the underpinning of later t3C NMR analysis work.

Qia# performedtH NMR on petroleum aromatic fractions. Different proton types

were definedby the followingchemical shift ranges (relative to TMS): aromatic protor,,

6.35-9.0 ppm; t-protons on alkyl side chains, 2.0-4.0 ppm; p-protons on alkyl side

chains, 1.05-2.0ppm;v-protomon the terminal CH3groups,0.5-1.05 ppm; and olefmic

protons,4.0-6.0ppm. The authorsalso performed _C NMR with CDCI3as a solventand

Cr(AcAc)3as the relaxationreagent and obtained the spectra in which the aliphaticcarbon

absorptionrangedfrom10 to 70 ppm and aromatic carbon absorptionranged from 110to

160ppm.

To obtainthe transferablehydrogenin hydroaromaticsby tsC NMR, the intensities

in 21-37ppmwere integratedand then calculated with the carbon contentsin the original

and saturate fractions and the weight percent of saturate fraction,s,6'1°The equation of

transferablehydrogencor :_nt fill) was given as following:

TH(wt%) = [(CxCha-SaxCsxSex10-2)/ 12]x10.2

_sTsm"r-Q'm.m,r 11
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where: C andSc = carboncontent (wt%) in the original solvents and in the fractionated

saturates, respectively; Cha andCs = the integrated intensities (%) in21-37 ppm range

in the spectraof the original solvents and fractionated saturates, respectively;and Sa -

the wt% of thesaturate fraction.

In orderto obtaina rapidand automaticanalysis methodusing 13CNMRfor resids,

BouquetandBailleult3 proposeda routine method in which no assumptionson chemical

shiftswere needed. They employedtwowell established pulsed techniques, i.e., inverse

gateddecoupling with a relaxationreagentand spin echo experiments with a relaxation

reagent. This method applied to four resid samoles and was verified by tH NMR, with

standards,d,:,monstratingthat themethod is able to determine fJaehydrocarbonunit (CH,

groups, n=0-3). Still, a long time was needed to conduct the analysis; vacuum resid

required 2 hr and asphaltenes 10 hr. This method also required a slowspectra editing

processthat was less than 6 hr for vacuum distillates and more for resids.

Summary. Thorough anddetailedcharacterizationof the structuralgroups in resid is

importantfor theunderstanding of coal-residcoprocessing.A prerequisiteto characterizingresid

isto separateresidsinto fractions from saturatesto aromatics. From the literaturesurveyed, it is

concluded that the separation can be carried out by preparative chromatography as described in

ASTMD 2549. Somesimplification and alteration are applicable, such as changingthe column

lengthand substrateweight. The qualityof the separation can be achieved bycontrolling the cut

points betweendifferent fractions using IR as monitor.

The structural information of resids, e.g., aromacity and CH, (n=0-3) content, can be

carriedoutby IH NMR and t3CNMR alone,or withthe help of IR. Since _3CNMR can directly



analyzethestructuresof skeletalcarbons,it is theoreticallyfeasiblebut time consuming, nHNMR

is a simplerand easier methodif the relationbetweenhydrogenand carbonatoms is known,

especiallywhen combinedwith IR.

EXPERIblENTAL

Materials, Mayaresidwas obtained fromAmoco andwas used as the test resid in this

study. The eluting solventsused in the liquid chromatographicseparationwere HPLC grade

cyclohexane,chloroform,andTHFobtainedfromFisherScientific. The solid packing, silica gel,

hada mesh size of 100 to 200 andwas obtainedfromAldrichChemicalComl_any. The model

compounds,anthracene(99.9%purity), di_lydroanthracene(97% purity), hexahydroanthracen_.

(99+% purity), and pyrene (99+% purity), were used as received for a test liquid

chromatographicmixture.All modelcompoundswereobtainedfTomAldrichChemicalCompany.

Chromatographic Separation. Maya resid was fractionatedinitially into hexaneand

toluenesolublematerials.To effect the separation, 150 ml of hexanewere addedto 2.0 g Maya

resid and the mixtureof hexaneplus resid was sonicated. The hexane and resid were then

centrifugedat4,000 rpmfor 10 min. Aftercentrifugation,theliquidlayerat the topof the bottle

consisting of hexaneand hexanesoluble resid was removed. At this point another 150 ml of

hexanewasaddedtotheresidandtheprocesswas repeatedtwiceuntila total of 450 ml of hexane

hadbeenused. The hexanewas removedby usinga rotaryevaporator.The hexanesolubles were

dried in a vacuumoven at 60 "C for 12 hr. The materialremainingwas defined as hexane

solubles. The hexane soluble fraction was then separated further by preparative liquid

chromatographyintosolubilityfractionas describedlater in the experimentalsection.



4-
• , •

• •o • .

Forthe liquidchromatographic separation,silica gel was activated in a dryingoven at 240

"Cfor at least 24 hr before use. The pyrexchromatography column was washed with detergent

and waterand was thoroughlyrinsed with distilledwater prior to use. The silica gel was poured

intoa pyrex column with an AI-Mg filterat thebottom of the column to retain the silica gel and

was packed by tapping the column gently. Two different sized chromatographycolumns were

usedduringthis quarter,one column was76.2 cm long and 9.5 mm ID, while the other column

was 30 cm long and 9.5 mm ID. The silica gel column was wetted with cyclohexane prior to

introductionof the model test mixture•

The fast experiment performed involvedevaluating two model test mixtures which were

compo:_ of naphthenic, hydroaromatic and aromatic species. Each test mixture contained

different amounts of each species. The species contained in the test mixtures were decalin,

anthracene, dihydroanthracene, octahydroanthraceneand pyrene. The procedure used for the

separation was to dissolve 2.0 g of modelmixture in 5.0 ml of cyclohexane. The model test

mixture was placed on the top of the prewetted silica gel column. Two hundred ml of

eyclohexaneare theneluted through the columnand the eluate was collected as saturates. When

thecyclohexanehad passedthrough the column,200 ml of chloroform were addedto the column

and the eluate collected was labeled aromatics. The eluate collected immediately after the

chloroformwas addedwas defined as intermediates. The recoveries from model mixture No. 1

and No. 2 were 100and 99.5 %, respectively.

The elements obtained from the chromatography column was analyzed by gas

chromatography using a Model 3300 Varian GC equipped with an Al-clad HT-5 fused silica

columnfrom SGEand FID detection. The temperattLr¢program employed in the analysis was a

_s'tsm,'r.qrR.m,r 14



column initial temperatureof 60 "C,an initialhold time of 5 min, a final program temperature

of 190 "C and a temperature program rate of 2.5 "C/min, A second program increaseof 15

*C/min was then instituted ending at a final temperature of 320 *C. The species tn the model

mixturewere quantitativelyanalyzedby using the internal standardtechnique with biphenylas the

internal standard. The recoveries and separations of the components agreed better with the

theoretical calculations where the longercolumn was used.

The hexanesolublefractionof the resid was then separatedusing silica gel as the column

support material and three different solvents, cyclohexane, toluene, and THF as the eluting

solvents. One separation was performed with the 30 cm column and four separations were

performed with the 76 cm colu_m. Two gra.,nsof the hexanesoluble fraction from Maya resid

wasdissolved in 10 ml of cyclohexaneand was placed on top the silica gel column prewetted by

cyclohexane. Two hundred ml of cyclohexane was then eluted through the column. The eluate

was collected and labeledas saturates. Aftercyclohexane hadpassed through the column, 200

ml of chloroform was added and the eluate was collected and defined as aromatics. The eluate

that eluted immediately after the solvent was switched from cyclohexane to chloroform was

collected separatelyand was definedas intermediates which, in fact, contained aromatics. Any

of the hexane soluble material that remained adsorbed on the silica gel surface after chloroform

was eluted was removedfrom thecolumnby eluting THF. The eluate fractions underwent rotary

evaporationand were then dried in a vacuum oven at 60 "Cfor 24 hr. The dried fractions were

then weighed and recoveries calculated.

Analysis of Resid Samples by FTIR. Four different resid samples were analyzed by

FTIR: whole resid, saturate fraction, aromatic fraction and the intermediate fraction. The



werekept in 20 ml samplevialsand dried in a vacuumoven at 60 °C until a constant weightwas

obtained. The samples were diluted to a concentration of 0.025 g/ml by adding the nec_sary

amountof THF to achieve that dilution. The samplesof resid fractions were prepared as a thin

filmon a NaCIsaltplate. To prepare the NaCI salt plate for infrared analysis, the NaC! salt plate

waswashedwithTHF and dried in an oven at 60 *Cfor 15 min. The salt plate was then removed

fromtheovenand placed in a desiccator where the salt plate was allowed to cool for 5 rain. The

NaCIsaltplate was then placed in the FTIR and a background spectrum was scanned. The thin

film was prepared by placing 12 drops of sample, diluted in THF onto the salt plate. The

introductionof the sample was done methodically to insure that an even film was produced. The

thinfilmwaspreparedon the salt plate in the fume hood so that a st_bstantialamount of the THF

evaporatedas theTHF and resid solutionwas placedon the plate. The wet sample on the saltplate

wasdriedin an ovenat 60 "Cfor 15rain; the salt platewas then removed and allowed to cool in

a desiccatorfor 5 min. The thin f'tlmwas then analyzed by FTIR by placing the salt plate in the

cell holderof the instrument. The sample was scanned 12 times and the spectrum was obtained

and recorded. Eachfraction was duplicated and each thin f'tlm was analyzed twice. Subsequent

sampleswere prepared after washing the NaCI salt plate with THF.

Analysis of Resid Samples by IH and lsC MR. The whole resid and resid fractions

wereanalyzedby IHand 13CNMR. IHNMR and t_ NMR samples were prepared by dissolving

0.4 g of resid or resid fraction in 3 g of CDCI3(99.5 % from Aldrich). TMS was used as an

internalreference.The resid samplewas 10 to 15 wt% while the TMS concentration was 2 wt%.

For the analysis0.5 ml of sample was placed in a 5 mm I.D. NMR tube for analysis. A Bruker
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AC250 FT NMR spectrometerwas used for the t3CNMR analysis. The parameters set for the

analysisare given below:

Frequency: 62.9 MHZ

Pulse Width: 2.3 #s

DataPoints: 32,000

SpectrumWidth' 300 ppm

Filter Band Width: 25,000

Pulse repetition: 1.8 sec.

RF_UL?'S AND DISCUSSIONS

The purposeof theresearchperformed this quarter was to developmethods of separating

resids in order to obtain samples in which the naphthenes were concentrated so that liquefaction

reactions could be performed. This quarter's work consisted largely of developing a means of

separating the resid into fractions and, subsequently, analyzing those fractions as well as

developingan experimentalmatrixby which to determine the effect of different resid fractions on

the conversion of Illinois No. 6 coal. The literature was surveyed to determine the most

expeditiousprocedure to effect the separation. The f'u-stset of experiments that was performed

involved model mixtureswhich tested the efficacy of the separation method. The second set of

experiments involvedperforming the separation of reskt.

Separation of Model Mixtures. Two model mixtures were prepared which contained a

naphthene, decalin; hydroaromatics, 9,10-dihydroanthracene and hexahydroanthracene; and

aromatics,anthraceneand pyrene. _ model mixtures were separated on a 30 cm and a 76 cm



silicagel liquidchromatographycolumn. Model mixture No. 1 contained 70.3 % naphtheneand

wasseparatedon the shortercolumnwhile modelmixture No. 2 contained 40.4 % naphthenes and

was separated on the longer column. The separation was effected by first eluting with

cyclohexaneand then with chloroform. The amount of each model compoundobtainedin each

fraction was determined by gas chromatography. The recoveries of the different model

compoundswere nearly 100%. The deviations of these recoveries from 100% resulted in error

in recoveryof the material as well as from inaccuracies in the gas chromatographic response

factors.

The results obtained from the liquid chromatographic separation of two model mixtures

are eiven in Tables 1 and 2. The cyclohexane eluted over the silica gel was very effective in

separatingthedecalinfrom the hydroaromaticand aromaticspecies. This separationwas effective

in both theshorterand longercolumns. The longer column, however, appeared to separate more

effectively thearomatics.

The theoreticalweightpercentof saturates in model mixture No. 1 was 70.3 %; the weight

percent of saturates obtained from the separationwas 67.1%, which resulted in 95.5 % of the

decalinbeingrecoveredin saturatefraction. The theoretical weight percent of saturates in model

mixture No. 2 was 40.4%; the weight percent of saturates obtained from the separationwas

32.4 % whichresulted in 80.1% of the decalin being recovered in the saturate fraction. After

these analysesthe hexane soluble fraction of the resid was separated on both the 30 and 76 cm

chromatographicsilica gel column.

Separationof the HexaneSoluble Fractionof Maya Resid. '['nehexane soluble fraction

of Maya residwas separated usinga 30 cm silica gel chromatography column. The separation



achievedis presentedon Table3. The appearanceof the different bands eluting down the column

indicated that incomplete separation of the saturates and aromatics had occurred. Therefore,

separationon the 70 cm columnwas begun.

The separations of hexane soluble Maya resid using the 70 cm columnare presentedin

Table4. The separations are numbered in sequential order. Separations 2, 3, and4 gave fairly

highrecoveries,94 to 97%, and the resultswere fairly consistent, though more consistency in the

separationis being sought in the separations performed in the upcoming quarter.

Analysis of the ResidFractions. The residfractions were analyzed by FTIR analysis and

by tH and _3CNMR. The eluate fractionsobtainedby liquid chromatographywere cast into a thin

film and analyzed by I"TIR. Representative spectra obtained for the different fr_'ctiom are

presented in Figures 1-4. The primary peaks obtained in the spectra are presented in Table 5.

T'newavenumbersand intensity for each peak of each fraction are given; however, the intensity

values should only be compared within a given fraction. The peaks obtained in every fraction

were nearly identicaland all result from C-H absorbances. A summary of characteristic infrared

absorptions of methyl, methylene, and aromatic absorbances are given in Table 6. The peak at

2922, 2852 and 1456 cm"t are all representative of -CH2 vibrations while those at 2949-2951,

1375, and 1456cmt are representativeof-CH3 vibrations, r_

Since the direct measurementof the intensity of infrared bonds could not be compared

fromfractionto fractionbecauseof differences in the thickness of the thin fdms of each fraction,

twodifferentmethodsfor thecomparison of the intensities of the IR absorbance bands have been

developed. At this time, both methodswillbe included,but as more separations are achieved and

analyzednextquarter,one methodof comparisonwill be chosen. InTable 7a, Re absorbanceof

........................ ..................................... ..++.............. +.++_.+ ..... + =,=.,.,,_a,,_,,,;,+,+r.................... at,,+++............... ..... iii¢ ......



each particular bond is divided by the sum of the absorbances of all of the bands. In Table To,

theabsorbanceat -2950 cmt was takenas 1.00 and the relative ratiosof the absorbances at the

other wavenumberswerecalculated. The differences among the peak intensities in the different

fractionsare mosteasilyobserved in Table To. The 2922 cmt band which representssymmetric

vibration of H in -CH2was stronger in the saturates fraction than in either the aromaticor

intermediate fractions.

In the IRspectraof all the fractions, the peak at 2920 cmt was more intense th,.a anyof

the other peaks. The second strongest peak was 2852 cm"1which is the symmetric vibrationof

H in -CH2. The methylpeak at 2950 cm"1was less intense than the methylene peak at 2922 cm"1.

The spectraindicatedthatMaya containedappreciableamounts of methylene groups present either

as straight chainalkanes or naphthenichydrocarbons.

13CNMR of Chromatographic Fractions. Although no appreciabledifferences were

observed among the FTIR spectra of the saturate and aromatic fractions, the chemical shifts

observed in the uC NMRspectra for the two fractions were quite different as shown in Table8.

Maya residwasobviouslyseparated into two distinct fractions as can be observed by comparing

the quantity of peaks between 14 and 37 ppm. The saturate fraction had 12 peaks while the

aromatic fractionhadfour peaks. The relative intemity of the peaks along with an assignmentis

given in Table9. Using the 14.1 ppmpeak as the referenceshows that parent resid usuallyhad

the most intensepeaksalthough the intensityof the saturate peaks was very similar. The intensity

of the peaks in the aromatic was less. Further experimentation is underway using 13CNMRas

an analysis tool for the fractionated resid.



SUMMARYAND FUTURE WORK

The research this quarterresultedin the developmentof a chromatographicseparationand

an analysisscheme which enablespreparationof samples for coal liquefactionexperiments. An

experimental matrix (Table 10) has been developedto study the role of resids ineoproeessing.

The first setof experimentswillbe performedby reacting resids with hydrogenacceptors.

Anthracene will be used as a hydrogen acceptor and will be reacted with resid fractions that

includehexane solubleoils and hexaneinsolubleasphaltenes as well as their combinations. Since

naphtheniccompounds are present in the oil fraction, the satm'ate fraction of the oil obtainedby

preparative liquid chromatographywill be also employed to evaluate its effect oncoprocessing.

The aromatic fraction as well as ec,mbinationsof the saturate and aromatic f;actionswillalso be

used. After the anthracene experimentsare completed, coal will be introduced into the system

as a hydrogen acceptor in orderto evaluate the effect of the different resid fractionson coal.

The reactions will be conductedin stainlesssteel tubular microreactors. Theproductswill

be analyzed by several methods including (1) determining the amount of hydrogentransferred

from the various residfractions to anthraceneand (2) determining the conversionof coal and the

productsproduced from the coal.
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Figure 2. Arcuatlc Fraction of Maya Resld.
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Table I. Liquid Chromatography of Model Mixture No. I.

Table la. Composition of Model Mixture No. 1
H ,,,., • ill i,i

Model Compound"b DEC DHA HHA ANT PYRii i i i i

wt% 70.3 5.5 4.6 9.8 9.7
i i IH i i i i i i i iii i

'ANT =anthracene; DEC=decalin; DHA=dihydroanthracene;HHA=hexahydroanthracene,
PYR=pyrene

bTotalmixtureweight-2.0041 g

Table lb. Distribution of Model Mixture No. 1 Components
after Chromatographic Separation"

Fraction DEC DHA HHA ANT PYR
i w, i i ,. nl

Saturates*' 99.8 0.0 0.0 0.0 0.2
i t i m i i J .|l i i

Intermealiatesc 12.3 18.0 13.9 26.8 28.9
i i| lll.i i .

Aromaticsd 8.1 18.2 9.9 29.5 31.0
H i i i iH

Component
Recovery % 101.9 106.4 96.8 87.4' 98.3

i i i ii

") , .

'Column length = 30 cm; silica gel loading = 12.6 g.
bSaturatesare compoundseluted with cyclohexane.
Clntermediatesare compoundseluted whenchloroform begins eluting.
"Aromaticsare compoundselutedwith chloroformonly; all cyclohexane has been

removedfcomthe column.

Table lc. Fractional Distribution of Model Mixture No. 1
i

Saturates Intermediates ,, Aromatics
i i

Theoretical wt% of Fractions 70.3 29.7
I I III II'

Recovered wt% of Fractions 67.1 31.2 1.7
i H lal i i



Table l d. Weight Percent of Each Compound Type Recovered

i i . . RillII I J I _ All _ II] __

................................................. lilllllllllliil ..... I IIJ................ I ]llil ............ ii[ ........................

Wt%of Saturated
Components 95.4 31.2 1.7
Recoveredin Each Fraction

Wt% of AromaticCompound
Recoveredin Each Fraction 0.7 89.1 5.3

' ' IIII



Table2. Liquid Chromatographyof Model Mixture No. 2

Table 2a. Composition of Model Mixture No. 2

__ Illl Illlllll II Ill I I I I I III I I II Ill

Model Compound',b DEC DHA HHA ANT PYR

wt% 40.4 15.1 15.0 14.4 15.1
ii Him

'ANT=anthracene; DEC=decalin; DHA=dihydroanthracen¢; HHA=hexahydroanthracen¢;
PYR=pyrene
t'Total mixtureamount= 2.0012 g.

Table2b. Distribution of Model Mixture No. 2 Components
after Chromatographic Separation"

. ._ a0 =_ III I
i

Fractions [ ....DEC DHA HHA . ANT _ PYR _

Saturatest' 99.0 - - - 1.0
,ll i i

Intermediates' 54.5 7.9 15.2 7.4 14.9
i i i i

Aromatic# 1.3 26.0 23.8 24.9 23.9
i , i ,ll

Component
Recovery% 100 98.4 98.2 98.6 100i

'Column length = 76 cm; silica gel loading = 36 g.
bSaturatesarecompoundseluted with cyclohexane.
qntermediates are compoundseluted when chloroformbegins eluting.
eAromaticsare compoundseluted with chloroformonly; all cyclohexane has been

removedfromthecolumn.

Table 2¢. Fractional Distribution of Model Mixture 2

,.........................L................::-,........,..............................,,......,.. iL i' . ......
'::': - : ::: .::::';:::;b':.::>•: :::._" "::'"":_..... :":ci::.>:<.":'::'."::":'-":'.':':".:':'.':'-_<.... t_ _ "_

........ ,,_,_ " _,__ tI_ ........................"..............................................._ 59.6 l=Theoretical wt% of Fractions 40.4

Recoveredwt% of Fractions 32.4 14.4 53.1 I
I . I Ill I II II I
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Table 3. Preparative Chromatography for Maya Hexane Solubles
Using a 30 cm LiquidChromatography Column"

,,,,,,,,, ±_L , i i i i ira| i i i i

Fraction Saturatesb Intermediates¢ Aromatics© Recoveryn am_ I i I n I I l lmllll i ,,, ,ii i I

wt% 72.9 4.8 22.4 89.0
i iiii i i ii i i iiill i iiIlllll I II I I I I I

'Column length - 30cm; silica gel loading = 12.6 g
bSaturatesarecompoundseluted with cyclohexane.
°Intermediatesare compoundseluted whenchloroformbeginseluting.
dAromaticsarecompoundseluted with chloroformonly; all cyclohexane has been

removedfromthe column.

Table 4. Preparative Chromatographyfor Maya tlexane Solubles
Using a 76 cm Liquid ChromatographyColumn"

• Saturat_ I Intermediates' Aromatics't

................ II i111111il II ..... I .................................................. IIIIIIIIIi ......

1 45.4 40.7 13.8 NDf 79.1
i i ..,

2 59.4 23.3 19.5 ND 97.4

3 57.2 27.8 7.0 7.9 94.3
i ii ii i ,, ,,,

4 67.3 20.9 2.2 9.6 95.6
Ji I IIIIIIII "=' ' ,HH

'Columnlength = 76 cm; silica gel loading = 36 g; ND = no_determined
bSaturatesare compoundseluted with cyclohexan¢.
*Intermediatesarecompoundseluted whenchloroformbegins eluting.
dAromaticsare compoundseluted with chloroformonly; allcyclohexane has been

removedfromthe column.
q'HF eluent
rND - not determined.
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Table 5. Summary of Characteristic Infrared Absorptions

_]L. U ......... ii

<:. ;_7;:::7 ' e __ _:ii,:7i:ii711_777ii7i]:_7:7!7.".:ii:<7_Tt::;;;;
Ill l Illlll Illllllllr- ...... I .................................................

1380-1370(s) symmetricC-H deformation , ,
-CH3inalkane

29624-10 (s) C:H stre_hing doublet ........

1450±20(m) asymmetricC-H deformation
,,,, i i i ,i i i,i ii

2853,:!:5(S)..... symmetricvibrationof H atom
-CH2 in alkane

29265:5 (s) asymmetric v!bration of H atom ........

,, 1465+ !5 (m) C-H bending; sharp ....

-CH in alkane 28905:10 (w) C-H stretching
Iil I I I I III I I II _-. -- 41

C=C (nonconj.){nalkene I'370-i615 C2C stretching,intensityquitevariable,,

C=.C (.cp.nj.) in alkene , 16OJ-1590 .... C..=Cstretching,inte_!ty enhance_,,,'

aromatic ringvibrations 1600, 1500(s) ring vibration due to the conjugated
C=C C =C bond

m, ,_ , i i

Note: * (s) = strong intensity; (m) = medium intensity
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Table 7a. Comparison of Infrared Absorbance Distributions of
Maya Resid Fractions

' ......Group cm"_ Saturates A :! :_! i

II ....... lllll,I I lltll If ill I ......................................................... III ........ III ............. I1[............... Iil I Ilifil

1376 7.5' 11.5 0
,,,,,,,i , lllll i i i i i

1456 ll.l 14.7 13.8
-CH3 -

2950 19.0 21.5 21.5

2853 21.9 20.7 22.8
............ ,. .,, ,,,, , ,, , ,

-CH2 2922 40.5 31.6 41.9
I I _1 Illllll I II II I Illll I II Ill I., Illl __

' The number is the absorbance at 1376 cm"t divided by the sua_ of absorbances at all
wavenumbers of the specific fraction and multiplied by 100%. The absorbances are listed in
Table 6.

Table 7b. Comparison of Absorbance Ratios of Maya Resid Fraction"

i-Illl ............... Ill II Ii I H

1376 0.39 0.53 0.00

1456 0.58 0.68 0.64
-CH 3

2950 1.00 1.00 1.00
, i J . H

2853 1.15 0.96 1.06
, ill . i i,.i

-CH2 2922 2.13 1.47 1.49
I I I II

'The values were obtained by taking the absorbance at 2950 cm t as 1.00, and calculating the
relative ratios of absorbances at other wavenumbers with respect to 2950 cm| in Table 6.
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Table 8. JSCNMR Chemical Shifts of Maya Resld and
Saturate and Aromatic Fractionsof Maya Resid

i ii i i1_ i im ii ii ii z._ r i T c ii I1'1111ii...,..i --- - i iq I i . illl i 111 ifll .... :.

Fraction Chemical Shifts (TMS=0)
II I II II IIIII Illl I I I I I I IIII

Maya resid 14.1, 19.7, 22.7, 27.1, 29.4, 29.7, 30.1, 32.0, 34.3, 37.5, 158.9
,, ,. ,, .......... ,., ,........... ,..,, i i .

Saturates 14.1, 19.8, 22.7, 24.5, 26.7, 27.1, 29.4, 29.7, 30.1, 32,0, 32.8, 37.1
,,,, ,, i ,,,. ,,

Aromatics 14.1, 22,7, 29.7, 31.9
'" v: r i '" ' _ "'" " ' '"" ' |,,, ' ,,

Table 9. Relative Intensity Ratios of UCNMR of Maya

Asslgnmentb Shift (ppm) Maya Saturates Aromatlcl
_iIII - IIIIIII | ALL I II III I IIIII I

end ,_H_ 14.1 1.00' 1.00 1.00__ ............ ,,, ,,, , , ,,, .__

-CH2. 29.7 ......... 6.52 6.74 5.14

-CH2-CHa . 22.7 1.12 1.04 1;07

-CHfCH2-CI-If(_H2).-, n> 2 29.4. 1.12 0.87 0.93,, i ,,,,,

-CHfCH2-CH_ ..... 32.0 0.81 0.74 0.71

' The listed chemical shifts have the relatively strongest intensities. Other chemical shifts with
weak intensitiesare not given.

bThe numberis obtainedbytaking intensity at 14.1 ppm as 1.00 and calculating intensityratios
at other chemical shifts with respect to 14.1 ppm from 13CNMR.



Table 10. Experimental Matrix of Coal and Resids

dro$ no : : ::: :::!Hy en Do r :::i i irma ] i r lllf .i....... i .._

....... Ilill[ ............ ...... I1[I....... II ...................... Ill _ :- il I

ANT' 1 0
II I I III II I I IllIlllll Illl I I

ANT 0 1
i iH |l ii ii i i ii

.... ANT Maya resid (oil'asphaltene = 1.8:1)

ANT 5 1
,i |. i Hi i i

Aromatics Saturates
, i| i i,,J i,ll H,i i i / |l ii _ ll|l

ANT 1 0
_ ,,,, .,,., ,,, , ,,,, __ ,. , ,,, ...... ,, .

ANT 0 1

ANT 5 1
.... ,, ,, , ,,,,, ii

ANT 1 5

, Oil (hexane soluble,s) AsPhaltene (hexane insolubles)

Coal 1 0
I lie I I

Coal 0 1
I De I Ill HI i

Coal Maya resid (oil:asphaltene = 1.8:1)
I1_1 ii I III II IIII

Coal 5 1
III II I I I I

Aromatics Saturates
i me I

Coal 1 0
III Ill l

Coal 0 1
lie I I I I

Coal 1 5
Ilil II I I I _ II Ui il I I I

Coal 5 1
III i . ' ' I I I I IIIII III

° ANT = anthracene.

bLoading: the ratio of anthracene or coal to the sum of oil and asphaltene or the sum of aromatics
and saturates is 1:2.
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