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PP._ECT ASSESSMENT

Introduction

Under contract from the DOE (ContractNo. DE-ACO6-RLO]830),and in

association with CONSOL Inc. (DOE Contract No. DE-AC22-89PC89883),

Battelle,PacificNorthwestLaboratory(PNL)evaluatedfourprincipaland

several complementarytechniques for the analysis of non-distillable

direct coal liquefactionmaterials in supportof process development.

Field desorptionmass spectrometry(FDMS)and nuclearmagnetic resonance

(NMR) spectroscopicmethods were examined for potential usefulness as

techniques to elucidate the chemical structure of residual (non-

distillable)direct coal liquefactionderived materials.Supercritical

fluid extraction (SFE) and supercriticalfluid chromatography/mass

spectrometry(SFC/MS)were evaluatedfor effectivenessin compound-class

separation and identificationof residual materials. Liquid chroma-

tography (including microcolumn) separation techniques, gas

chromatography/mass spectrometry (GC/MS), mass spectrometry/mass

spectrometry (MS/MS), and GC/Fourier transform infrared (FTIR)

spectroscopymethods were appliedto supercriticalfluid extracts.The

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

following assessment briefl) highlights the major findings of the

project, and evaluatesthe potentialof the methods for applicationto

coal liquefactionmaterials.Theseresultswill be incorporatedby CONSOL

into a generaloverviewof the applicationof novel analyticaltechniques

to coal-derivedmaterialsat the conclusionof CONSOL's contract.

Summary

This study demonstratedthe feasibilityof using FDMS, NMR, SFE, and

SFC/MS for the examinationof the tetrahydrofuran-solubleportionof the

850"F. distillationresid materialsderived from direct coal liquefac-

tion. In addition,liquidchromatographic(LC)separationswere employed

to preseparatethe resids prior to analysisby NMR and FDMS methods.

Other techniques,includingmicrocolumnLC separations,GC/MS, GC/FTIR,

and MS/MS, were tested with the supercriticalfluid extractsof the THF-

solubledistillationresids.

A heteronuclearcorrelation(HETCOR)spectroscopytwo-dimensional(2-D)
NMR techniquewas appliedwithoutsuccessto the THF-solubledistillation
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resids. Spectral-editingNMR techniquesyieldedsome informationon the

aromaticcluster size and degree of aliphaticsubstitutionin the THF-

solubleresid samples.

FDMS analysis of the THF-soluble portion of the distillation resids

showeddifferencesin the molecularweightrangesand intensitiesof the

prominent ions, and ratios of those ions, in samples obtained from

differentfeed coals and in samplesfrom differentstages in the direct

Iiquefactionprocess.

Supercritical fluid extraction reproduciblyseparated the THF-soluble

resids with high extractionefficiency (>80%). The SFE fractionswere

successfullyanalyzedby FDMS and GC/FTIR,althoughno useful structural

informationwas obtained. SFC of the unfractionatedTHF-solubleresids

was not successful;there was very littleor no peak resolution in the

chromatograms. However, SFC did resolve some components of the SFE

fractions. SFC/MSwas not successful;this was primarilyattributedto

equipmentlimitations,such as a poorlyperformingSFC-MS interface,and

not the technique. The MS/MS method, employing desorption chemical

ionization,was demonstratedwith one of the SFE extracts. The MS/MS

experiment was performed on the m/z 277 ion, chosen because it was

presumed to be m/z (276 H.);m/z 276 was found to be a prominentpeak in

the FDMS study. Although the resultsobtainedwere not those for the

predicted structure of the m/z 277 ion, the method appears to be

promising.

Program Description

This report describesthe work performedat PNL under a contractfrom the

U.S. DOE (ContractNo. DE-ACO6-76RL01830)in associationwith CONSOL

Inc., Researchand Development. CONSOL'scontractto the U.S. Department

of Energy (ContractNo. DE_AC22-89PC89883,"Coal LiquefactionProcess

Streams Characterizationand Evaluation")establisheda program for the

analysis of direct coal liquefactionderived materials. The program

involves a number of participatingorganizations whose analytical

expertiseis being appliedto these materials. This ParticipantsProgram

has two main objectives. The broad objective is to improve our

understandingof fundamentalcoal liquefactionchemistry to facilitate
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processimprovementand new processdevelopment. The specific approach

to achievingthis objectiveis to providea bridge between direct coalliquefactionprocess development af_danalytical chemistry by demon-

stratingthe application_f variousadvancedanalyticalmethods to coal

liquefactionmaterials. The methodologies(or techniques)of interest

are those which are novel in their applicationfor the support of coal

liquefactionand those which have not been fully demonstratedin this

application. CONSOL is providingwell-documentedsamplesfrom different

direct coal liquefactionprocessdevelopmentfacilitiesto the program

participants. The participants are required to interpret their

analyticaldata in contextto the processingconditionsunder which the

sampleswere generated. The methodologyemployedis then evaluatedfor

its usefulnessin analyzingdirect coal liquefactionderived materials.

Participant'sMethodoloqY

PNL used field desorption mass spectrometry (FDMS) and various NMR

techniques to analyze the THF-soluble portion of 850"F. distillation

resids. 2-D NMR and NMR spectralediting techniques,which rely on the

uniquepolarizationparametersbetweenthe protonandcarbonnuclei,were

applied to the THF-soluble resids. These techniques included the

attachedprotontest (APT)and distortionlessenhancementby polarization

transfer (DEPT). The resid materials,which are solidsat room tempera-

ture, were analyzed as THF solutions. The samplesanalyzedby FDMS and

NMR were produced at the Wilsonvillepilot plant. Two major processing

parameterswere varied amongthe Wilsonvilleruns: feedcoal and reactor

configuration(thermal/catalyticor catalytic/catalytic).Samples from

Wilsonvillewere taken fromthree locations: betweenthe reactors,after

the second-stagereactor,and at the recycleoil tank. These samplesare

expectedto representdifferentextentsof coalliquefaction. All of the

Wilsonvillesampleswere compositesof samplestaken over long periods

of single runs.

Separationtechniques,includingSFE, SFC, SFC/MS,high pressure liquid

chromatography (HPLC),microcolumn liquid chromatography,open column

liquid chromatography,gas chromatography/Fouriertransform infrared

(GC/FTIR) spectroscopy,MS/MS and GC/MS were applied to THF-soluble

materialsobtainedfrom two facilities. Four of the samplesanalyzed by
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these methods were identicalto those analyzed by FDMS and NMR. Two

additional samples, which representsingle run periods,were obtained

from the HRI processdevelopmentunit. The HRI sampleswere chosen to

represent two methods of pretreatingthe coal before it is fed to the

Iiquefactionsystem.

The FDMS experimentalprocedure is describedon page 7 of the attached

report,the NMR experimentsare describedon page 15, and the separation

techniques are describedon pages 23-26.

Participant'sMajor Findinqs

The following principal observations were reported by PNL for the

application to coal liquefactionmaterials of Field desorption mass

spectrometry(FDMS),nuclearmagneticresonance (NMR) spectroscopy,and

the assorted separation techniques inclusive of supercritical fluid

extraction (SFE), supercriticalfluid chromatography(SFC), and high

pressureliquidchromatography(HPLC),microcolumnliquidchromatography,

and open column liquid chromatography. An expanded discussion can be

found in the attached report,pages 6 through 31.

The FDMS techniqueshowsthat all the resid samplesexaminedhave roughly

the same molecular weight distribution;the bulk of the material is

within the range of 200 to 600 Da. However, many of the samples

exhibited peaks as high as 3500 Da. PNL reports that the molecular

weights of resid samples obtained at different locations in the

liquefaction process increases slightly in the order" second-stage

product sample< recycleoil sample< interstageoil samplefor each set

of samples produced during different runs at the WilsonvilleAdvanced

Two-StageLiquefactionFacility. Tentativestructureswere assignedto

several prominent ions in the 200 to 400 Da range (e.g.,m/z 242, 276,

308, and 316). The prominent peaks and their assignmentsagreed with

previous published field-ionizationmass spectroscopywork on the same

samples.I lt was noted by PNL that the ratios of these ionsdiffer among

the various samples.

Application of the heteronuclear correlation (HETCOR) spectroscopy

technique,also referredto as 2-D NMR, was not successfulwith the whole
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resid samples. This is due to the lack of peak resolutionobtainedin

both the component13C-and IH-NMRspectra. In an exploratorytest, PNL

found that it is possible to improve the resolution by preliminary

separation of the resid samples by supercritical-fluidtechniquesand

open column liquid chromatography. DEPT and APT techniquesare usedto

determine the distribution of carbon types. The experiments can

distinguishbetween protonatedand non-protonatedaromaticcarbon,and

the amount of methyl,methylene, and methine carbon. The DEPT and APT

spectra of the samplesexamined by PNL (Nos. 2, 3, and 4), show very

little aliphaticmethine (mono-protonated)carbon to be present.

Supercriticalfluidextractiongavehigh extractionefficienciesfor four

samples (>80% in all cases)with the THF-solubleresid samples. However,

HPLC of the whole THF-solubleresids and supercriticalfluid chroma-

tographyof the SFE fractionswere not successful;onlybroad,unresolved

peaks were observed. The SFE fractionswere further separatedby open

column liquidchromatographyfollowedby HPLC. Althoughpeak resolution

was greatly improved,the separatedcomponentswere not characterized.

GC/FTIR of the SFE fractions was performed; however, no compound

identificationscould be made. GC/MS of a nonpolar(hexane-eluted)HPLC

fraction of an isopropylalcohol/CO2 SFE fraction of one HRI filter

liquid was reported. Some of the identifiedstructuresare consistent

with the prominent ions identified by FDMS of the parent THF-soluble

resid.

The SFE fractions also were analyzed by electrospraymass spectrometry

and desorptionchemicalionization(DCI)MS/MS of selectedionsfrom the

electrosprayMS analyses. As most of the compoundsin the SFE fractions

were not ionizableby electrosprayionization,this techniqueappearsto

have little potential for use with these samples. The DCI MS/MS

technique,while not fully explored in this study, showedpotentialfor

further analysis of single ions in the complex MS spectra. The SFE

fractions also were examined by FDMS. The different SFE fractions

consist of materialswith distinctlydifferentmolecularweight ranges.
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CONSOLEvaluation

The FDMS technique appearsto have potential for the analysis of the
coal-derived resids. A number of unresolved issues remain to be

addressed before the method can be unconditionallyrecommended. One

issue concerns the limitationplaced upon the analysis by the intro-

duction into the mass spectrometerof only the solubilityportionof the

samples. Alternate mass spectral techniques also have limitations:

field ionization (FI) MS is limited by sample volatility, plasma

desorption (PD) MS is limited by the ability of the experimenterin

creating a thin film of samplematerial. Which of these constraintsis

more restrictive is not obvious. A second issue is the potentialfor

different FDMS responses to various compound types in complicated

mixtures that have a wide range of molecular weights (such as in a

resid); this also must be determined before the FDMS method could be

routinelyused for processdevelopmentapplication.

The use of 2-D NMR techniques and the various NMR spectral editing

techniques for coal derived resids appears feasible and potentially

useful for structure determinationif the samples are first separated

into sufficientlyspecificcompoundclass fractions. Such separations,

as demonstrated in this work, were performedfairly well by a seriesof

techniques: supercritical extraction with various organic fluids,

followed by liquid chromatographicmethods. The resultant information

from such extensive and labor-intensivework was not fully evaluatedby

PNL, although such an evaluationwould be requiredbeforethe use of such

a complicatedscheme could be recommendedas a processdevelopmenttool.

The different techniques employed in this work require large capital

investment for the equipment. Some costs reported by PNL to CONSOL

follow. The high-resolutionmass spectrometerwith FDcapabilitiescosts

approximately$800,000. A supercriticalfluid extraction system costs

about $60,000. A supercriticalfluid chromatograph/massspectrometer

costs on the order of $300,000. A high-resolutionNMR costs approxi-

mately $300,000. The expendablesuppliesused in this contractfor the

supercritical fluid systems (e.g., columns, solvents and gases), cost

about $5,000. The open columnchromatographyexperiments,as performed

in this work, used about $5,000worth of supplies(columns,packing,and
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solvents). Each of the experimentalpToceduresrequiresI - 2 hours to

prepareand run a sample.

FurtherDeyelopment

Each of the analytical techniquesdemonstratedin this study CaF,be

furtherdeveloped for use in the analysisof direct coal liquefaction

derived resid materials. Suggestionsmade by the PNL research group

in_:lude:I) furtherexaminationof the specifichydrocarbons,some of

which were tentatively identified by FDMS, that have prominent ion

intensities,2) identificationof specificcompoundsthat have molecular

weightsgreater than 300 Da., 3) the analysisof all processstreamsin

the direct liquefactionprocess by various NMR techniques, including

HETCOR,DEPT, APT,and quantitativeprotonand carbonNMR,4) application

of PNL's ultra-high pressure NMR cell for the in situ analysis of

supercritical fluid extracts from coal liquefaction resids, and

5) expandeduse of separationtechniques,especiallysupercriticalfluid

techniques, as hyphenated methods (i.e. SFC-MS, SFC-FTIR, and SFE-

desorptionchemical ionization(DCl) MS) for the analysesof the resid

materials. Other researchdirectionsbasedon this work that are worthy

of note include: I) a detailedcomparisonof the resultsand usefulness

of FDMS, FIMS and 252Cf-PDMSfor processdevelopment,and 2) development

of a systematicseparationand analysisschemefor non-distillablecoal-

derived resids utilizingthe methodsdemonstratedin this study.

Contractor'sStatementof Work

In order to better elucidate the compositionof the non-distillable

residuumportionof coal liquefactionstreamsas itrelatesto conversion

activity,a numberof novel techniqueswill be appliedto coal liquefac-

tion process derivedmaterials. These techniquesincludefield desorp-

tionmass spectrometry(FDMS),two dimensionalnuclearmagneticresonance

spectroscopy(2D-NMR),and supercriticalfluid extraction(SFE) coupled

with supercriticalfluid chromatography(SFC). FDMS is noted for its

abilityto directlyanalyze high mol_.cularweight materials. 2D-NMR is

a powerfulmethod for obtainingorganicstructuralinformation. SFE is

useful for compound class separations,especially of high molecular

weightmaterials. SFE, followedby SFC with mass spectraldetection, is

useful for the analysis of compounds with high molecular weight and
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limitedvolatility, lt is, therefore,a promisingtechniquefor analysis

of coal derivedmaterials. Q

Field desorptionmass spectrometry(FDMS)will be used for resid charac-

terization. A potentialadvantageof FDMS over other mass spectrometric

methods is that high molecularweight samplescan be ionizeddirectly

from the condensedphase without the need for vaporizationby heating.

The applicationof FDMS to a reasonably large sample set (12 samples)

will allow a demonstrationof the value of this technique. These samples

have been selected (seeattached list) so that the utilityof FDMS for

addressing the issue of resid reactivitycan be evaluated. The twelve

sampleswill be suppliedto PNL with the followinginformation(as avail-

able):elementalanalyses,ash content,ash elementalanalysis,phenolic

-OH concentration,calorificvalue, hydrogen classes by IH-NMR,resid

reactivitydata (calculated),and the full historyof the sample (plant,

process conditions,age, and storageconditions). All samplesare non-

distillableresidualmaterialswhichmay containinsolubleorganicmatter

(IOM) and ash. Samplesize will be at least O.Sg. Most sampleswill be

brittle pitch-likematerialsthat will be suppliedas approximately-8

mesh (2.4 mm) pieces.

Supercriticalfluid extraction-supercriticalfluid chromatography(SFE-

SFC) is a combinedtechniquewhich may prove useful for the separation

of the high molecularweight,polar materialsfound in coal liquefaction

process streams. These materials are primary candidates for

retrogressivereactionsleadingto poor conversionin coal liquefaction.

The extractionwill providea rough compoundclass separation. With the

use of mass spectrometricdetection,supercriticalfluid chromatography

can be used to detect compoundswith molecularweights in excess of 600

daltons. The method is not amenable to solids-containingsamples and,

therefore, _ sample set has been selected which contains only the

tetrahydrofuran(THF)solubleportionof distillationresidsand filtered

liquidsfrom differentprocessstreams. Six sampleswill be suppliedto

PNL for supercriticalfluid chromatography. Each will be suppliedwith

the followinginformation(as available):elementalanalyses,phenolic-

OH concentration,calorificvalue, hydrogenclasses by IH-NMR,and the
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full historyof the sample (plant,processconditions,age, and storage

conditions). Sample size will be nominallyI g.

Two dimensionalNMR (2D-NMR)will be used to obtain structural infor-

mation of the heavy materials found in coal liquids. The techn!queis

only amenableto liquid or solublematerial. Consol will supply to PNL

THF-soluble portions of four distillation resids for 2D-NMR. These

materialswill be suppliedwith the followinginformation(as available):

elementalanalyses,phenolic-OH concentration,calorificvalue,hydrogen

classes by IH-NMR,and the full history of the sample (plant, process

conditions,age, and storageconditions). Samplesize will be nominally

O.5g.
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O 2-D NMR Two dimensional-nuclear magnetic resonance
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EXECUTIVE SUMMARY O

Pacific NorthwestLaboratory(PNL) has analyzed a series of coal-derived

residualoils by field desorptionmass spectrometry(FDMS) and two-dimensional
nuclear magneticresonance(2D-NMR) to betterelucidatethe compositionof the non-

distillableresiduumportionof coal liquefactionstreamsas it relatesto conversion

activity. Supercriticalfluid extractionand supercriticalfluid chromatography/mass

spectrometry (SFC/MS) havealso been evaluated for compoundclass separationand
identification.The resultsof the analysesare brieflysummarizedin Table 1.

Twelve coal-derived samples, taken from the Wilsonville facility at three different

locations during each of four runs to represent different degrees of coal processing,

have been analyzed by FDMS. The molecular weight distributions obtained by FDMS

are similar for ali of the samples analyzed. The molecular weight ranges are between
200 and 800 Da. There are, however, subtle differences that exist between samples.

Qualitatively, there appears to be a slight increase in the molecular weight in going

from the product oil, to the recycle oil, to the interstage oil for each set of samples. For

some samples, there is also a difference between the ratio of extracted ions for a ,d_
specific mass range, e.g., 400 to 500 Da, and the total ion intensity. In addition, the

ratio of the intensities for several of the predominant ions varies for many of the

samples. Tentative structures for several of the predominant ions m/z 242,276,308,
and 316 have been assigned. Mass spectra for the above listed ions have been

obtained by supercritical fluid fractionation of one of the samples, followed by open

column chromatographic separations, with subsequent analysis by gas

chromatography/mass spectrometry. The tentative structures are consistent with the

observed mass spectra. Other methylated homologues have also been tentatively

assigned.

For several of the Pittsburgh seam and Wyodak samples, field desorption (FD)

spectra were difficult to obtain, possibly due to suppression of the signal from higher
molecular weight material or degree of solubility in THF. However, for the most part,

there was good agreement between the results obtained by FD and field ionization



(FI) studies conducted by SRI (1). The results also provide clear evidence for the
value of FDMS analysis of coal-derived resids.

Field desorption mass spectrometry has also shown a clear molecular weight
distribution difference between supercritical fluid fractionated high molecular weight

resids. Desorption chemical ionization (DCI), a technique similar to both FD and FIMS
except chemical ionization is utilized rather than electron impact ionization, has also

provided information on both the coal-derived resids and also the supercritical fluid-
fractionated resids.

Quantitative proton and 13C solution spectra were collected at 300 MHz and 75

MHz on four THF-soluble portions of the distillation resid. The coal liquefaction
r_sidues were found to contain aromaticities, fa, from 52-74%. Distortionless

enhancement by polarization transfer (DEPT), Heteronuclear Correlation

Spectroscopy (HETCOR) and the Attached Proton Test (APT) were used to determine

the distribution of the functional groups throughout these coal products. The failure of

the HETCOR experiments on the coal liquefaction residues is, in part, caused by the
lack of peak definition in both the 13C and 1H NMR spectra of these samples. A

O comparison of the spectra obtained in this study with those of solvent refined coal
(SRC) distillate products show a large difference in NMR signal type. In order to

effectively apply two-dimensional NMR techniques to coal products, fractionation of the

products is necessary. As an example, the samples may be fractionated with the
utilization of supercritical fluids prior to NMR analysis. Preliminary results obtained in

a study employing fractionation by supercritical fluids, followed by separation with

open column chromatography, and subsequent NMR analysis show significant
improvement in resolution compared to NMR analysis of the original material.

Four of the six samples (17-20) provided by Consol were extracted with

supercritical propane, pentane, pentane/methanol, pentane/THF, and pentane/acetic

acid in a sequential manner. The summation of the weights of ali of the extracts and
the residue added up to 99+% of the material placed in the extraction cell for each

sample. The total amount extracted by the non-polar solvents, propane and pentane,

was fairly constant at 43.6 to 44.8 wt %. The last two samples, HRI filter liquid

samples, were extracted with supercritical fluidcarbon dioxide with a modifier of 10%



isopropanol. Approximate extractionefficiencies were 20-30% for both of the last two

samples. Supercriticalfluidchromatography(SFC) was attempted on the extracts,but

met with littlesuccess. Only a broad,unresolvedhump was present; there was no
indicationof any separation or resolutionof componentsfor any of the samples. Both

packed and capillarycolumn SFC were attempted usingsupercriticalpropane,

pentane, and modifiedpentane but littledifference in resolutionwas observed.

Supercritical fluid chromatography/mass spectrometry has been used to

analyze complex hydrocarbon mixtures. Mass spectral data were obtained and the

preliminary results are very promising; however, more work needs to be directed

toward instrument development. We do feel that SFC/MS warrants further attention for

the analysis of the high molecular weight resid samples.

Supercritical fluid extraction with subsequent analysis by electrospray mass

spectrometry appears to be of little use for these types of samples. However,

supercritical fluid extraction and fractionation followed by desorption chemical

ionization (DCI) mass spectrometry or FD holds promise for providing additional
structural information. Preliminary results of the pentane and pentane/methanol

fractions by FD showed different molecular weight distributions. Fractionation by

supercritical fluid extraction with subsequent analysis by NMR may also provide

structural information on the coal liquefaction products. In addition, preliminary results

from microcolumn separations and open column separations with subsequent mass

spectrometry analysis indicate that further insight into structure elucidation or

compound class identification in the resids may be possible.
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INTRODUCTION

Under a subcontract from Consolidation Coal Company (CONSOL Inc.), Pacific

Northwest Laborary (PNL)a has analyzed a series of coal liquefaction products by field
desorption mass spectrometry (FDMS), two-dimensional nuclear magnetic resonance

(2D-NMR), and tested the feasibility of supercritical fluid extraction and supercritical

fluid chromatography/mass spectrometry for compound class separation and

identification. The purpose of this work was to provide a bridge between direct coal
liquefaction process development and analytical chemistry. Well-documented

samples were provided by CONSOL to apply methodology to a sufficient number and

range of samples to identify the value of the method to process understanding and

development. Analytical methods of interest were chosen which are novel only in that

they have not been fully demonstrated for application to coal liquefaction. The
intention of this project was not to foster development of completely new analytical

techniques, but to fully exploit the potential of existing but currently underutilized

techniques. The further intent of this project was not merely to collect data, but to

assist process development efforts. One of PNL's goals was to attempt to elucidate the

composition of the non-distillable residuum portion of the coal liquefaction streams as

it relates to conversion activity.

The project consisted of three tasks which are listed below:

TASK 1 Field Desorption Mass Spectrometry

TASK 2 , Two-dimensional Nuclear Magnetic Resonance of as received THF
soluble resids

TASK 3 Supercritical Fluid Extraction and Supercritical Fluid Chromatography/

Mass Spectrometry of THF soluble resids

The samples provided by CONSOL and the corresponding analytical

techniques are listed in Table 2.

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under
Contract DE-AC06-76RLO 1830.



TASK 1. FIELD DESORPTION MASS SPECTROMETRY OF
RESIDS

INTRODUCTION

Field desorption mass spectrometry (FDMS) is a valuable analytical tool

because of its advantage in producing high molecular ion abundances. FDMS has
proven itself to h_ an excellent technique for the screening and profiling of complex

samples. The number of components, their molecular weights, and even their

approximate relative abundances can readily be obtained. Field desorption has been

particularly useful in studies of biologically significant molecules, providing in many
cases the first unequivocal verification of structure. The technique has been applied to

antibiotics, peptides, nucleosides, nucleotides, oligosaccharides, and carotenoids (2).

In addition, FD has been applied to a Lummus Crest, Inc. (LCI) Arab heavy resid and a

coprocessed coal and heavy oil (3).

Field desorption is an alternative method of producing ions from neutral
molecules. In this procedure a sample is deposited (from solution) onto a specially

prepared emitter consisting of a 10 micron tungsten wire on which has been grown
carbon dendrites, or alternatively, single crystal silicon needles. In either case, the tips
of the emitter's microstructure exhibit submicron radii of curvature. After coating with

sample, the emitter is introduced into the mass spectrometer and exposed to voltages

which produce field strengths on the order of 108 V/cm at the needle-like tips. The

exact nature of the ionization process in field desorption is a matter of intensive study.

At least in some instances, it appears that coating the anode with sample simply

serves to provide a reservoir of sample very near the site that ionization occurs as in
field ionization. In addition, at such field strengths, the molecular orbitals of the sample

molecules are distorted to such an extent that there exists a finite probability of an

electron moving from the molecule to the emitter substrate. This process is termed

electron tunneling. Loss of an electron converts the sample molecule to a surface-

bound positive ion. Under the influence of the high field, these surface-bound ions are



evaporated from the surface and formed into an ion beam. The ion beam is then mass

analyzed in exactly the sameway as for any other form of mass spectrometry.

Field desorption has the advantage of imparting very little energy to a sample

molecule in the process of producing an ion. The technique is, therefore, far more

likely to produce an intact molecular ion than is electron impact, lt should be noted

that the presence in a sample of acids or alkali metal salts can lead to the preferential

formation of ions by protonation or alkali ion attachment. Many samples require that
the emitter be resistively heated in order to obtain ion emission. The exact
temperatures reached are unknown because the structures are so small, but the effect

of t,.,mperature is to transfer sample from locations deep within the emitter structure out

to the fine points where ion emission is occurring. Based on the thermal changes

observed in sensitive samples, it is clear that the temperatures are much lower than

those required to obtain electron impact spectra.

EXPERIMENTAL

The analyses were performed on a high resolution magnetic sector instrument.

The mass spectrometer was scanned from 0-4000 amuand 40 s scan slope at

approximately 35 s/scan. The resolution was 1000 and the instrument was calibrated
from 133 to 5000 with Csl. A small portion of each sample was dissolved in

tetrahydrofuran (THF) and placed on a silicon emitter. The ramp rate was 4mA/min up
to 50 mA. The ion source was maintained at ambient temperatures. Mass spectra

were acquired at about every 35 sec across the desorption profile and individual

scans in the desorption profile were summed to create a time-integrated mass

spectrum representing the overall sample composition. Typical total scan time was 5-
10 min.

Solubility estimates were measured by taking approximately 0.2 g of sample,

dissolving in THF, centrifuging, removing the THF soluble material, drying the residue,

and weighing the undissolved material. The weight of the undissolved material

compared to the weight of the starting material produced an estimate of the THF
soluble material.
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RESULTS

Figures 1 and 2 are spectra from two of the samples, sample 5 (Illinois No.6,

Wilsonville (W); Run 250, Thermal/Catalytic (T/C), product oil resid) and sample 6

(Illinois No. 6, W; Run 250; T/C, recycle oil resid), respectively. Figures 3-4 show the
extracted molecular weight ranges for sample 5 and sample 6. Figures 5-6 show the

spectra of samples 8 (Illinois No. 6, W, Run 257, Catalytic/Catalytic (C/C), product oil

resid) and 10 (Illinois No. 6, W, Run 257, C/C, interstage oil resid) in the mass range of

200-400 Da, respectively. The spectra were not 13 C corrected. The FD mass spectra
of ali the samples are included in Appendix A.

Table 3 lists the estimates of THF solubility for 311the samples examined by
FDMS.

DISCUSSION

The FD spectra for ali the samples were similar in that the molecular weight

distributions were typically in the range of 200 to 600 Da. There are, however, small
differences that exist between samples. As an example; in a qualitative sense, there is

a difference among samples 5,6, and 7, the product oil resid, recycle oil resid, and the

interstage oil resid, respectively. In going from the produ_ oil resid to the recycle oil
resid, there is a slight shift to a higher molecular weight distribution. The base peak,

the most intense ion, in sample 5 is m/z 426 and for sample 6, m/z 559 is the base

peak. There appears to be very little difference between sample 6, recycle oil resid,
and sample 7, the interstage oil resid. The base peak in sample 6 is m/z 559 and for

sample 7, m/z 571 is the base peak.

There are also small differences among samples 8,9, and 10. The molecular

weight distribution for sample 8 is almost identical to sample 10. Sample 9, recycle oil
resid, is somewhat different than both sample 8 and 9. However, the base peak for

sample 8 was m/z 364, sample 9 was m/z 863, and sample 10 was 490.

Differences also exist among the thermal/catalytic samples from Illinois No.6

and the catalytic/catalytic samples. There is a Slight difference in molecular weight



distribution between samples 5 and 8. The base peak for sample 5 is m/z 426, and for

O sample 8 m/z 364 is the base peak. For samples 6 and 9, there is a distinct difference
in molecular weight distribution. The molecular weight distribution is centered around

400 Da for sample 9 and approximately 550 Da for sample 6. Again, the base peaks
are m/z 863 and m/z 559, for samples 6 and 9, res2ectively. The differences between

sample 7 and 10 are not as dramatic. The molecul_'r weight distribution is centered

around 450 to 550 Da for both samples. However, the base peak for sample 7 is m/z
571 and m/z 490 for sample 10.

Samples 11, 12, and 13, Wyodak starting coal, provided the most unique field

desorption mass spectra. Sample 11 has no real distinct molecular weight
distribution; there is approximately equal intensity of ions from 200 to _000 Da.

Sample 12 appears to have a distribution centered around 300 to 350 Da and another

centered around approximately 450 Da. The base peak is m/z 451. The mass

spectrum for sample 13 has the lowest intensity, corresponding to the lowest solubility

in THF (See Table 3). The base peak for sample 13 is also m/z 450 Da.

Samples 14, 15, and 16 have very similar molecular weight distributions

centered at approximately 500 Da. However, the base peaks for samples 14, 15, and
16 are m/z 552,350, and 276, respectively.

Corrections for background intensities of ali other components that may exist at

the specific masses were not included. This may not be a large factor for a peak at 242

Da; the correction may be larger for a component at 300-350 Da. Therefore, in a

semiquantitative manner, the ratio of the various mass _rangesto the total ion intensity
varies for some of the samples. As an example, as shown in Figures 3 and 4, the

ratios of the ion intensity at 400 to 500 Da to the total ion intensity are slightly different.

The ratios for sample 5 for the various mass ranges are 400 to 500- 0.41,500 to 600-
0.30, 600 to 700- 0.18, 700 to 900- 0.22,900 to 1100- 0.10, 1100 to 1300- 0.06, and

1300 to 1500- 0.04. For sample 6, the ratios for the same mass ranges are 0.17, 0.25,
0.20, 0.28, 0.16, 0.08, 0.06.

There are several prominent ions, in the range 200 to 400 Da, present in the

FD spectra of many of the samples. The major ions include m/z 242, 276,282,300,



308, 316,330,354,380, and 382. Several of these peaks are similar to those

identified by Sullivan et al. (4) as showing an increase during hydrotreating of /
petroleum vacuum gas oil fractions. In addition, these components may be related to

the difficulty of catalytic/thermal breakdown to smaller species. As a result, the
structures of these prominent ions becomes very important. As an example, in sample

8 (Figure 5), the first prominent peak is m/z 242. Tentative structures for m/z 242 and
other ions are shown below:

MW 242

pentacylcopyrene

The structure of this component is probably pentacyclopyrene. Peaks at m/z

256 and 270 are possibly the methylated pentacyclopyrenes.

The next peak, m/z 276, may be benzo[ghi]perylene with m/z at 290 and 304

designated as the methylated benzo[ghi]perylenes. The structure of

benzo[ghi]perylene is shown below.

MW 276

benzo[ghi]p erylene



The peak at m/z 276 is a prominent ion in the mass spectra of the Pittsburgh resid

samples 11 and 12, the r(-cycle oil resid and interstage oil resid, respectively. In

addition, the intensity of m/z 276 is higher in the Pittsburgh resids, both the recycle oil

resid and the inter:rage oil resid, than for the other samples. However, the intensity of

m/z 276 in the product oil resid is only approximately 20%. The intensity of m/z 276 in

the interstage oil resid (Illinois No.6; Run 257; C/C)is approximately 20%, but m/z 276

is 75% for the product oil resid (Illinois No. 6; run 257; C/C). The catalytic/catalytic run

of Illinois No. 6 (Run 257) produced more m/z 276 by a factor of 3 to 4 more than the

thermal/catalytic run of Illinois No.6 (Run 250).

The peak at m/z 282, of almost equal intensity of m/z 276, is probably

hexacylopyrene. The methylated hexacyclopyrenes are assigned as m/z 296 and

310. The peak at m/z 308 is possibly heptacyclopyrene. The tentative structures for
m/z 282 and 308 are shown below.

r

)

MW 282 MW 308

hexacyclopyrene heptacyclopyrene

Peaks at m/z 300 and 316 have been assigned the following tentative structures.
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MW 300 MW 316

coronene

Similar compounds have been identified by Sullivan et al. utilizing high performance

liquid chromatography (HPLC) separation with subsequent field ionization mass

spectrometry (4). Malhotra and McMillen found similar components by field ionization
mass spectrometry (1). Boduszynski et al. also utilized liquid chromatography/field

ionization mass spectrometry to analyze high-boi!ing and nondistillable coal liquids

(5). Mass spectra of many of the low, <350, m/z components have been obtained by

PNL utilizing supercritical fluid extraction, followed by open column chromatographic
separation, with subsequent analysis by mass spectrometry. The structures are

consistent with the observed mass spectra. This will also be discussed in more detail

under Task 3- Supercritical Fluid Extraction and Supercritical Fluid Chromatography/

Mass Spectrometry of THF soluble resids.

The intensities for m/z 242,252, and 276 in the FD spectrum of sample 10

(Figure 6) are considerably less than that for the corresponding product oil resid

(Figure 5). For sample 10, m/z 242 is approximately 8%, 252 is 10%, and 276 is 15%.

M/Z 242 is approximately 30%, 252 is 5%, and 276 is 80% for sample 8, the

corresponding product oil resid. The ratios of the intensities for m/z 256/242,300/276,

316/242 are also quite different for these two samples. For sample 8, the ratio for the
intensities for m/z 256/242 is approximately 2.0, m/z 300/276 is approximately 0.45,

and 316/242 is 1.0. However, for sample 10, the ratio of the intensities for m/z 256/242



is approximately 1.0, m/z 300/276 is 1.1, and 316/242 is approximately 6.0. These

may reflect differences in processing and should be examined in greater detail for
these as well as the other samples.

The FD spectrum of sample 13 (Wyodak, W; Run 251-11;T/C; interstage oil resid)

is shown in Figure 7. This sample was interesting because of the limited solubility in

THF and the large amount of suspended material. The estimated solubility in THF was
approximately 55%. The estimated solubilities for the other samples are listed in

Table 3. However, the FD spectrum looks very similar to the others, but with much
lower intensity.

FURTHER STUDIES

There are qualitative differences between many of the samples. Many of the

predominant ions tentatively identified have very different intensities and the ratios of

intensities of the major ions vary. These differences should be examined in more

detail. The identity of many of the hydrocarbons and others that are yet unidentified
may affect the reaction chemistry in coal processing. There should also be an

O emphasis on the identification of hydrocarbons with higher molecular weights than350 Da.

In addition, there should be an emphasis placed on the utilization of FD and

DCI for fractionated resids, for example supercritical fluid extracts.
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TASK 2. TWO-DIMENSIONAL NMR

INTRODUCTION

Spectral editing and twodimensional NMR techniques on fossil fuel derived

samples can yield valuable structural information not obtainable by normal 1H or 13C

NMR techniques. While the normal, one-dimensional, NMR techniques yield statistical

information and can yield quantitative structural distributions, important structural

information can be obtained using spectral editing and two-dimensional NMR methods
on fossil fuel products. Spectral NMR editing techniques include: INEPT (Insensitive

Nucleus Enhancement by Polarization Transfer); APT (Attached Proton Test); DEPT

(Distortionless Enhancement by Polarization Transfer); as well as other methods.

These spectral editing methods use the unique polarization transfer parameters

between the proton and the carbon nucleus for each carbon functionality to yield the
desired spectra. Spectral editing techniques are extremely important for determining

the actual carbon functionality distribution around the 13C NMR boundaries for each
specific functional group. For example, the DEPT experiment can be used for the

determination of overlap between the methyl and methylene regions. More

importantly, this experiment can differentiate between protonated and non-protonated
aromatic carbons which unfortunately can appear in similar regions of the 13C NMR

spectrum. Spectral editing techniques can also be used to determine the amount of

methyl, methylene, and non-protonated carbons for narrow fractions of fossil fuel

products.

Two-dimensional NMR techniques such as HETCOR (Heteronuclear

Correlation Spectroscopy), HOMCOR (Homonuclear Correlation Spectroscopy),

HET2DJ (Heteronuclear two-Dimensional J-Spectroscopy), and HOM2DJ

(Homonuclear two-Dimensional J-Spectroscopy) are also used to uncover information

buried in unusual spectral regions. These techniques can also be used to determine

the hybridization about the carbon atoms, similar to the spectral editing techniques.
The 13C HOMCOR experiment has been used to determine carbon-carbon

connectivities and thereby the structure of complicated biological molecules. The
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HETCOR experiment allows the correlation between protons and carbons detected by

the NMR method. The two-dimensional J-coupling resolved spectroscopies yield

spectra which show the coupling constants on each nuclei of interest. These

techniques also yield information on connectivity and hybridization.

The NMR techniques discussed above have been successfully utilized in
determining structures of complicated biological molecules and have also been

applied to fossil fuels and their products with varying degrees of success. The best

results with fossil fuel derived materials using two-dimensional and spectral editing

techniques have come while investigating fractionated products. The types of
information to be gained using these advanced NMR techniques on fossil fuel fractions

include: uncovering "buried" structural information; determining carbon-hydrogen

connectivities; determining the degree of protonation on each type of carbon; and the

hybridization of each carbon. We have proposed to use spectral editing and two-

dimensional NMR techniques along with conventional one-dimensional methods to

investigate fractionated coal products to determine structural information important in
the liquefaction process.

O EXPERIMENTAL
Ali NMR spectra were collected on a Varian VXR-300 NMR spectrometer. The

THF soluble coal residues, approximately 30-100 mg, were dissolved in 1 mL of 99+%

deuterated THF which contained tetramethylsilane (TMS) as an NMR chemical shift

standard. The NMR spectra were collected with 0.5 mL of these samples in a 5 mm

NMR tube. The proton NMR spectra were collected at 300 MHz using a 3000 Hz
spectral window with a 2.5 s acquisition time. The 13C NMR spectra were obtained at

75 MHz with a 16,000 Hz spectral window, a 0.374 s acquisition time and a 100 s

recycle time. Gated decoupling was used along with the long recycle time to suppress

the nuclear Overhauser effect (NOE) and improve quantitation. The DEPT (6), APT

(7a-c) and HETCOR (Sa-b) experiments were conducted using the standard respective

pulse sequences. The samples studied were designated sample 1 as run 257, C/C,

2nd stage product; sample 2 as run 257, C/C; interstage oil; sample 3 as run 259, C/C,

2nd stage product; and sample 4 as run 259, C/C, interstage oil. Samples 1 and 2 are
derived from Illinois No.6 coal and samples 3 and 4 from Pittsburgh seam coal.

]5
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RESULTS

Figure 8 is a 13C NMR spectrum of sample 4, Illinois No.6, run 259, C/C,
interstage oil, in d8-THF. The remaining 13C NMR spectra are in Appendix B. The

two large offscale peaks shown in the figures are the carbon signals from the THF

solvent. The sharp resonance at 0 ppm is due to the added TMS. Ali of the other
resonances are due to the coal products. The results from the 13C NMR experiments

are shown in Table 4. The integral regions depicted in the figures and shown in the
table correspond to known carbon functionalities (8a-b). The column headed fa is the

fraction of the carbon which is aromatic as determined by the NMR technique, and is

defined as the amount of carbon signal between 90 and 220 ppm divided by the total

carbon signal. The functional group distribution data in Table 4 show that Illinois No.6

samples, 1 and 2, are very similar to one another but the Pittsburgh samples, 3 and 4,

are very different.

The proton NMR results are shown in Table 5. Figure 9 is a proton NMR

spectrum of sample 4. Other proton NMR spectra have been placed in Appendix B.

The two separate resonances from the THF solvent appear at 3.6 ppm and at 1.6 ppm

and are small compared to the coal resonances. The large offscale peak at 0 ppm is
due to the added TMS chemical shift standard. The integral regions depicted are

again selected for functional group analysis (9a-b).

The DEPT spectra for sample 4 (Pittsburgh seam, run 259,C/C, interstage oil)

are shown in Figures 10-12. DEPT spectra for sample 3 (run 259, C/C, 2nd stage

product) are in Appendix B. The large sharp peak centered at 0 ppm is TMS and the

negative peak is from the THF solvent while the other signal from the THF has been
nulled. Figure 10 shows the spectrum obtained when only the methyl carbons are

examined. Figure 11 demonstrates the ability to probe only the methine carbons

while Figure 12 shows the spectrum obtained when only protonated carbons were
selected.

The APT spectra for sample 2 (Illinois No.6, C/C, interstage oil) shown in

Figures 13 and 14 demonstrate the abilities of this technique. Parameters in the APT
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experiment can be selected so that only specific types of carbons are "tickled" by
polarization transfer. The phase of the resulting spectrum can be either positive or

negative. Figure 13 shows the spectrum resulting from the use of a general APT

parameter which allows observation of ali carbons while differentiating them. The
non-protonated and the methylene (CH2) carbons appear as positive peaks in the

spectrum while metine (CH) and methyl (CH3) are negative. The two large off-scale
peaks are due to to d8 -THF which is mainly deuterated and behaves as non-

protonated carbons. The regions denoted by the various types of APT signals are in

good agreement with the expected results.

The APT spectrum in Figure 14 shows the results of selected excitation of only

the quaternary carbons from sample 2, C/C, interstage oil. The parameters selected

for this APT spectrum allow excitation of only the quaternary carbons. The results of
this experiment show good agreement with those from Figure 13 with only the non-

protonated carbons showing signals. Again, the two large off-scale peaks are due to

deuterated THF solvent. This spectrum also shows the ability to observe only slected

carbon types, but this spectrum also demonstrates some of the drawbacks of this

technique. The negative peak in the protonated aromatic region, around 130 ppm,
shows that the polarization transfer is not always selective. Some spill over from the

proton transfer can and does occur. However, this spectrum does demonstrate the
absence of non-protonated aliphatic carbons.

No HETCOR spectra of these samples are shown since only the solvent peaks

were resolved using this technique.

DISCUSSION

The quantitative 13C and proton NMR spectra obtained for each coal product

can be used with the elemental analysis to construct a model structure for each coal

liquefaction residue. The quantitative 13C NMR spectra of samples 1 and 2 show
relatively similar functional group distributions. The differences can probably be

interpreted as being within experimental error. The analysis of the functional group
distributions show large differences between samples 3 and 4. The analysis of the

functional group distributions show large differences between the aromaticities, fa, of

]?



samples 3 (la -- 67%) and sample 4 (la = 74%). The per cent of phenolic and

protonated aromatic carbons is the same but the biggest differences between the two

samples is the percentage of non-protonated carbons, sample 3 is 17.5% and sample
4 is 24%. The difference in the non-protonated aromatics could be due to more cross

linking between the aromatic rings or more polyaromatic ring structures in sample 4
than in sample 3. The methylene functionalities is also significantly different between

the two samples. The higher methylene group fraction in sample 3 can be interpreted

as being due to longer aliphatic chains between the aromatic rings than for sample 4.
The residues from the Illinois No. 6 coal, fa= 52-55%, are distinctly different that the

Pittsburgh seam coal, fa= 67-74%, with a much higher percentage of the Pittsburgh

seam coal being protonated aromatic, approximately 45%, to approximately 32% for

the Illinois No. 6 coal samples.

Comparison of the non-protonated aromatic carbons for the two Pittsburgh
residue fractions with the almost identical proton distribution from NMR (See Table 5)

and the similar elemental analysis for the two samples leads to the conclusion that

sample 4 has larger aromatic cluster size than does sample 3, not just more branch

points for a attachment of aliphatic groups. This result is consistent with the fact that

sample 3 is the 2nd stage product and sample 4 is the interstage oil. The aromatic
cluster size is defined as the number of fused aromatic rings held together in one

structure. Rough calculations using the elemental analysis as well as the carbon and
proton NMR results show that sample 3 has on the average roughly 1.2 rings per

aromatic group while sample 4 has 2 rings per aromatic group.

The DEPT spectra of samples 3 and 4 also show very little aliphatic methine,

mono-protonated, carbon present in these samples. The APT spectra of sample 2 also

show that there is almost no methine aliphatic carbon. The DEPT and the APT spectra

confirm the chemical shift regions used for functional group analysis. Those carbons

which are designated as being from protonated aromatic carbons correlate well with

the DEPT and APT spectra showing only methine carbons.

The DEPT spectra of sample 3 show that careful consideration must be given to

the quality of the data obtained with this experimental technique. The DEPT spectra of

this particular sample do not sh'-. just the functional groups selected. There is some
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polarization transfer between carbon functionalities in the material. The errors

associated with the DEPT can usually be compensated as is shown in the DEPT
spectra of sample 4. The DEPT and APT spectra of coals and coal products are not

quantitative unless extreme measures are taken in calibrating the experiments. The

DEPT and the APT NMR experiments should be used to identify carbon containing
functional groups and not for quantification.

The proton NMR experiments can be used in conjunction with the elemental

analysis and the carbon NMR results to determine the type and amount of aliphatic

materials present. The results from the analyses of these materials show a relatively

small amount of free methylene protons which implies a short aliphatic chain length
between aromatic centers. This result is intuitive because the materi:_lsstudied are

expected to be of relatively low molecular weight due to their solubility in THF. This is

also substantiated by the results obtained from field desorption mass spectrometry.
For the most part, these results from proton NMR agree with results obtained by Burke

et al. (10) and Winshel et al. (11), particularly for samples 3 and 4. However, the

differences in results obtained on samples 1 and 2, both aromatic and methyl

percentages, may be attributed to integration over slightly different ppm region or
choice of solvent.

The failure of the HETCOR experiments on the coal liquefaction residues is ,in

part, caused by the lack of peak definition in both the 13C and the 1H NMR spectra of

these samples. The comparison of the spectra obtained in this study with those of

SRC distillate products show the large difference in NMR signal type. In order to apply

2-dimensional techniques to coal products effectively fractionation of the products by

distillation is necessary.

FUTURE STUDIES

Due to the lack of resolution, the HETCOR experiments were not successful for

the coal residues in this study. However, HETCOR is very useful for distillate products

as shown with the SRC distillate in Figures 15-17. The HETCOR experiment allows

direct correlation between the carbon NMR resonances and the proton NMR

resonances. Perhaps most importantly this technique allows the identification of
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resonances which do not fall into the broad chemical shift ranges which usually define

such functionalities. For example, in Figure 17 there is a correlation, cross peak, with

a 1 ppm proton NMR resonance (usually a free methyl group) and 31 ppm in the 13C
NMR spectrum (which usually corresponds to a methylene). This cross peak shows

that for this distillate fraction some methyl resonances are shifted out of their normal

chemical shift range and into the methylene region. These types of results can

seriously skew the functional groups distributions if quantitative results are needed for

mechanistic determinations. While we were unable analyze the residues utilizing

HETCOR, we would be able to use this technique on distillable fractions.

Quantitative solid 13C NMR of coals and insoluble coal products has been

pioneered at PNL (12a-c). This technique yields valuable structural information about

insoluble coal fraction as well as the initial coal. To reach significant conclusions about
the value of the coal liquids produced, the change between the starting coal and the

product must be determined. We are currently using a 300 MHz NMR spectrometer

with a 80 mg sample capacity, but we are in the process of purchasing a 100 MHz

spectrometer with a 2.5 g sample capacity. The large sample size will allow for more-

quantitative NMR spectra with better signal-to-noise to be obtained. The increased

signal to noise will be especially important to determine the fate of the minor functional
groups in coal during liquefaction as well as decreasing the time needed for each

spectrum. A solid proton NMR technique, CR,-,MPS,will also be available this summer
with the new instrument.

The coal liquefaction process should be examined from start to finish with

quantitative NMR techniques. The experiments will include 2-dimensional techniques

such as HETCOR, polarization experiments such as DEPT, as well as quantitative

proton and carbon NMR on soluble fractions. Insoluble fractions will be examined by

quantitative solid carbon NMR as well as dipolar-dephasing experiments (which are
similar to the DEPT solution experiments) and solid proton NMR by CRAMPS.

In addition, PNL staff have recently developed a new, inexpensive, ultra-high

pressure NMR cell that allows the observation of proton and 13C NMR spectroscopy in

supercritical fluids. The chemical shift and relaxation time pressure dependence of

ethylene up to 45,000 psi have been observed. The capability of observing dilute

2O



samples is currently being developed. The high pressure NMR cell fits in any NMR

spectrometer and allows the use of ali the usual spectral editing and two-dimensional

NMR techniques. Signals from coal liquid fractions extracted with supercritical fluids

should be observable (13).
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TASK 3. SUPERCRITICAL FLUID EXTRACTION AND
SUPERCRITICAL FLUID CHROMATOGRAPHY/MASS

SPECTROMETRY

INTRODUCTION

Supercritical fluids are not liquids,but have liquid-likedensitiesand solvating

power. At ambienttemperaturesand pressuresgreaterthan the criticalpoint,
supercriticalfluidsare gas-like and compressible.Their advantage as an extraction

fluidand as a mobile phase in separationsarisesbecause they exhibitgas-like

transfer properties while maintaining solvation characteristics of liquids. Supercritical

fluids have several properties that may make them useful for the rapid and quantitative

extraction and recovery of organic components from environmental matrices. Solvent

strength is directly related to density. Solvating properties of a supercritical fluid

toward a particular species can be easily modified by changing the extraction

pressure, and to a lesser extent, the temperature. Supercritical fluids with different
polarities are also available, and the polarity of a supercritical fluid can be changed by

the use of solvent modifiers. The ability to select and change the solvent strength of a

supercritical fluid is important for optimizing the extraction conditions for a particular

analyte species from a particular matrix. The use of different extraction pressures,

solvent modifiers, and solvents with varying polarities is particularly valuable in

allowing class-selective extraction. Many supercritical solvents are sufficiently volatile
that the concentration of the extracted species can be performed at ambient or even

subambient temperatures. This reduces the amount of solvent that requires disposal.

The supercritical fluids used in this study are also pure, inert, and nontoxic. In
addition, the utilization of supercritical fluid extraction insures that the degradation of

compounds found in the original mixture and analytical loss from the extraction

procedure will be minimal.

A supercritical pentane system equipped with fluorescence detection has been

used for the analysis of a polyaromatic hydrocarbon (PAH) standard with up to nine

condensed aromatic rings. The system was also used to separate high-molecular

weight carbon blacks, coal tars, and coal-derived vacuum still bottoms (14). The
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vacuum still bottoms had a molecular weight range of 200-800 Da, as determined by

O desorption mass spectrometry.
field

In supercritical fluid chromatography (SFC), the chromatographic mobile phase,
which can be either an inorganic or organic medium, is subjected to temperatures and

pressures near or above its critical parameters. A supercritical fluid has chemical,

chromatographic, and physical properties intermediate between those of a gas and a

liquid and can be used to perform separation of novolatile and high-molecular weight

polycyclic aromatic compounds. PNL has developed methods of introducing the
supercritical fluid into a mass spectrometer. A number of modifications of this

technique, including the introduction of capillary chroma'tographic effluent as well as
direct injection techniques have been designed. Applications of supercritical fluid

extraction, supercritical fluid chromatography, and the instrumentation used for

capillary SFC/MS and for the direct injectiontechniques have been described

elsewhere (15). Hawthorne and Miller (16) reported a simple SFC/MS capillary direct
interfacing method which allowed a single quadrupole mass spectrometer to be used
for GC/MS and SFC/MS with minimal conversion time. Methane chemical ionization

(CI) spectra of PAHs and heteroatom-containing PAHs were obtained.

EXPERIMENTAL

SuPercriticalExtraction

The general supercritical extraction method is described in reference 17 (17).

£amples 17 (IllinoisNo. 6, W; Run 257; C/C; recyclestream), 18 (IllinoisNo. 6, W; Run

257; C/C; interstagestream), 19 (Pittsburghseam,W; Run 259; C/C; recycle stream),
and 20 (Pittsburghseam, W; Run 259; C/C; interstagestream) were extracted

sequentiallywith a series of supercriticalfluids.In this case, propaneand pentane
both modified and unmodifiedwere used as the fluids. The modifiersused inthis

portionof the projectwere methanol,tetrahydrofuran(THF), and acetic acid at a
concentrationof 10 volume %. Foreach experiment,approximately0.1 g of sample

was placed into the stainless steel extractioncell. The cell was heated to 150"C, and

supercriticalpropane was introducedintothe cell at 400 atmospheres. The

propane/extractantsexited the extractioncell via a 100-1_mfused-silicacapillary. The
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propane/extractants were bubbled through pentane. The exact flow rate of the

propane/extractants was not determined but is estimated to be on the order of several

liters per minute. The propane extractions were performed for 15 min. After the

propane extractions, pentane at 300 "C and 400 atm was used as the extraction
medium. After 15 min of extraction, the fluid was changed to 10 % methanol in

pentane and the extraction again was repeated for 15 minutes. The next fluid used

was 10 % tetrahydrofuran (THF) in pentane. The final fluid used was 10 % acetic acid
(HOAc) in pentane. Each extract was collected in pentane and dried. The resulting

extract was then weighed then redissolved in THF for further analysis.

Samples 21 (Black Thunder, HRI; CC-2 [227-57], first stage, FL) and 22 (Black
Thunder HRI; CC-5 [227-62], first stage; FL) were extracted with supercritical fluid CO2

with 10% isopropanol as a modifier. At that per cent modifier and pressure, there is

still only one phase. This is illustrated in Figure 18. The specific supercritical fluids

utilized for extraction of the samples are summarized in Table 6.

Supercritical Fluid Chromatoeraohv
w

Standard SFC conditions were used with the working fluids being either

propane or pentane, typically 1900 psi. The oven temperature was 150°C or 250°C,

respectively, and detection was by a ISCO UV detector set at 300 nm. Columns were

either 1mm packed columns using 5 I_msilica (Brownlee) or 50 I_mcapillary column

coated with 5% phenyl/methyl silicon (Lee Scientific).

High pressure liquid chromatography was performed on a Waters modular
HPLC. The detector used was a Waters 494 variable wavelength UV detector set at
270 nm. A 4.6 mm X 250 mm Alltech C18 column was used for ali analyses. Elution

solvents were water, acetonitrile and tetrahydrofuran. The elution gradient started at

50:50 water:acetonitrile, proceeding to 100% acetonitrile in 10 min, and then to 100 %
THF in 10 min.
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Microcolumn Liquid ChromatograDhy

Microcolumn liquid chromatography was used as a separation technique using

an ISCO syringe pump and an in-house modified fluorescence detector. The column
employed was a Phase Separation 1mm X 250 mm with C18 coating on 5 I_mSi

particles. Fluorescence excitation was at 270 nm and emission was monitored at 300
nm to 700 nm. Flow rates for ali experiments were 50 IJ.I/min.Ali solvents used were

"LC" grade or better and filtered through a 4.5 I_mfilter before use.

Open column chromatooraDhv

Open column chromatography was performed on the SFEs in the following

manner. Pasteur pipets were filled with approximately 2 g of either 50 l_mneutral

alumina or 50 I_msilica. The columns were wetted with 10 column volumes of hexane.
The SFEs were added drop wise to the hexane. Five column volumes of hexane were

passed through the loaded columns. Methylene chloride was next passed through the
column, followed by THF, and finally methanol.

Mass SpectrometricAnalyses

Mass spectrometric analysis was performed on a TAGA 6000 using an in-house

built electrospray interface. Complete description of the interface and standard

conditions for the analysis can be found in reference 18. MS/MS analyses were

performed using argon as the collision gas at an approximate thickness of 1014

molecules/cm2 (18). The pentane and pentane/methanol fractions were also

examined by field desorption mass spectrometry and desorption chemical ionization.

Sample 22 was extracted with supercritical CO2/10% isopropanol and then

separated with open column chromatography using alumina, florisil, and silica in that
order with hexane as the eluting solvent. The resulting hexane fraction was analyzed

by gas chromatography/mass selective detector (GC/MSD). The column was a 200

I_mfilm thickness, 30m, methyl-silicon column (Lee Scientific ) with the following

temperature program: 100° C for five min., 100-300° C at 10° C/min, and then 300° C
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for 20 min. In addition, an aluminum-clad, fused-silica column (Quadrex) was used

because of its higher temperature limit (420° C- 440° C). Spectra can be found in
Appendix C.

E_GLM

The SFC/MS analyses were performed with a Hewlett-Packard Model 5988A

GC/MS. The interfacing of the SFC column to the mass spectrometer was achieved by
inserting the column through the transfer line until the restrictor tip of the column

extended to approximately 1 mm of the end of the interface probe similar to that

employed by Hawthorne and Miller (16). No modifications of the commercially

supplied GC/MS interface were made. The source temperature and the interface

probe temperature were held at 270° C. A Superbond (Lee Scientific) column ( SB-

octyle-50, 10 m X 100 _m i.d., 0.25 I_mfilm thickness) was utilized in these studies.
Supercritical fluid propane was used as the mobile phase at a column temperature of
120° C.

Methane CI mass spectra were obtained with an ion source housing pressure of

2 X 10-4 torr. The ionizing voltage was typically 100 eVand the scan rate was 450
amu/sec with a multiplier voltage of 2500. The scan range was typically 100-800 amu.

F _GLE£LB

A Nicolet 740 FTIR with a HP 5890 GC was used for ali experiments. A Supelco

SPB-1 250 micron X 0.25 micron X 30 m column was temperature programmed from

50 "C to 320 "C @ 10 "C/min. On-column ir_jectionof 1 to 3 mL of each extract was

used for each analysis.

RESULTS

Figure 19 shows the results of duplicate supercritical extractions of sample 17.

The extraction efficiency was typical of the first four samples.



An example of the Gram-Schmidt reconstruction from GC/F'TIR analysis of one

O of the components in the extract of sample 17 can be seen in Figure 20. Thepropane

corresponding infrared spectrum can be seen in Figure 21. The remaining spectra

are in Appendix C.

Figures 22-26 show the electrospray mass spectra for the SFEs from sample
17. A collision induced dissociation (CID) spectrum of the prevalent ion in the spectra

for ali of the extracts, m/z 538, is shown in Figure 27. FC spectra of the supercritical

fluid pentane and pentane/methanol extracts are shown in Figures 28-29. A

desorption chemical ionization spectrum (methane) is shown in Figure 30 for the

pentane/methanol fraction. A MS/MS study was done with m/z 277 and the results are

shown in Figure 31.

An example of SFC for sample 17 is illustrated in Figure 32.

Fractions obtained from the open column separations of the SFEs were further

separated using microcolumn HPLC. The results of one such separation can be seen

in Figure 33.

O Mass spectra for several of the components obtained by open column

chromatography of the SFEs from sample 22 are shown in Figures 34-36.

DISCUSSION

The results from the SFE experiments with sample 17 indicate that it is possible

to reproducibly extract the samples. Using a variety of supercritical fluids it was

possible to crudely fractionate the sample (See Table 7). lt is interesting to note that
the total amount extracted during each experiment with sample 17, 84.1 wt% and 85.3

wt%, are almost the same. Also, the total amount extracted by propane and pentane,
43.6 wt% and 44.8 wt % are almost the same. The results for the extractions of

samples 18, 19, and 20 and duplicates are also shown in Table 7. Efficiencies greater
than 100% reflect inability to completely dry the extract and obtain a proper weight.

The color of the extracts from the more polar fluids (methanol or THF modified fluids)

was much darker than from either propane or pentane extracts even when taken to
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near dryness. This is not a concentration effect as evidenced by the fact that more

material was present in either the propane or pentane extracts than in any of the /
modified extracts. The efficiency for the CO2/10% isopropanol extraction of samples
21 and 22 is estimated to be 20 to 30%.

SFC was attempted on the extracts from sample 17 but only a broad "hump"

was observed, no individual "peaks". This is illustrated in Figure 32. Similar spectra
were obtained for the other extracts. Both capillary and packed column SFC were

attempted using both supercritical propane and pentane; however, little difference in

the resolution was observed. Standard HPLC was attempted on the extracts using a
4.5 mm X 250 mm C18 column and UV detection. The results of these experiments

were the same as observed for the SFC experiments. Only broad unresolved humps

were observed. No conditions could be found that would separate the compounds

present in any of the extracts.

lt was felt that the samples were too complex to separate using a single

chromatographic method. Open column chromatography has been used extensively

to class fractionate PAH samples, therefore it was felt that this approach might help

solve the problem of poor or incomplete chromatographic resolution. Each extract was _I
passed first through the alumina open column, then the silica gel column, thus
producing 16 separate fractions from each SFE fluid. Most of the material was present

in the methylene chloride fraction of the silica gel column. Actual percentages of each

fraction were not obtained. Again the more polar phases in the open column

separation gave the darker fractions.

Fractions obtained from the open column separations of the SFEs were further

separated using microcolumn HPLC. The chromatogram in Figure 33 is from the least

polar of ali of the samples; many of the compounds are separated. The peak shape

observed in the chromatograms was improved when acetic acid was added to the
elution solvents. This indicates that the compounds are acidic and that the acetic acid

acted as an ion suppressing agent for that particular sample. Other than the fact that
the observed compounds fluoresce under the experimental conditions, little can be

said concerning their identity, lt is assumed that they are PAHs, but no direct

experimental evidence has been obtained to support this supposition.
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Many of the components of the SFEs were analyzed by gas

chromatography/Fourier transform infrared spectrometry (GC/FTIR). However, none of
the compounds observed in the extract were present in the Environmental Protection

Agency (EPA) gas phase spectral library.

The results of electrospray mass spectrometric analysis of the SFEs can be

seen in Figures 22-26. The propane extract is the most complicated spectrum, and

the 10% HOAc/pentane extract is the simplest. The major ion observed in most
extracts is m/z 538. No compounds are immediately assignable to the ions observed;

therefore, MS/MS was attempted on the major ions. Only the 538 amu ion produced a

CID spectrum (Figure 27). In ali other cases no ions other than the parent ion was
observed in the resulting spectrum. This results are interpreted to mean that ali other

major ions observed in the spectrum are PAHs ,and therefore not amenable to CID

under the conditions that can be produced in a standard triple quadruple mass

spectrometer. The CID spectrum of the 538 amu ion suggests that the compound may

be a substituted cyclopentadienephenanthrene. This assignment could not be verified
due to the lack of standards. The results indicate that the electrospray ionization

technique used to introduce the extracts into the mass spectrometer is a powerful

technique but it has been shown to be highly selective. Many compounds are not
ionizable by electrospray ionization; as a result, electrospray ionization does not

appear to be a very useful form of ionization detection for these types of molecules.

The mass spectra obtained from sample 22 after supercritical fluid extraction

followed by open column separations, are shown in Figures 34-36. Some of the
'structures that were tentatively identified in the FD study are consistent with the mass

spectra observed for some of the predominant ions.

A total ion chromatogram of the supercritical fluid propane/mass spectrometry of

one of the extracts is shown in Figure 37. The mass spectrum, the sum of 30 scans, is

illustrated in Figure 38. Although the chromatography leaves something to be desired,

it was felt that improvement in the restrictor would improve the chromatography and

mass spectral data.
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FURTHER STUDIES O

The major problems in analyzing the samples of high molecular weight resids

appears to be twofold; (1)separating the multitude of compounds present and (2)
determining their identity. While it can be said that these are the standard problems

encountered in analytical chemistry, these samples are particularly difficult due to their

complexity. However, these problems appear to be solvable by applying a variety of

both novel and traditional techniques.

Our results indicate that supercritical fluid extraction is a very successful first
step for the fractionation of coal-derived products into less complex mixtures for

analysis. In add._ion, it was possible to class fractionate the sample to a level where

individual compounds were resolvable by microcolumn HPLC after using a
combination of st'_ercritical fluid extraction and traditional open column

chromatography.

The results from the analysis of the extracts indicate that fractionation and

identification of components is possible. The infrared spectra and mass spectrometric

analysis agree in general; both analytical techniques indicate that the extracts consist
of a multitude of similar PAHs and polar substituted PAHs. Although few if any

standards exist for these compounds, tentative identifications were made on several of

the major ions observed in the FD spectra. The major analytical techniques used in

this part of the project, infrared spectroscopy and mass spectrometry employed sample

introduction techniques which may not be appropriate for these samples. Gas

chromatography does not typically work well on extremely polar compounds or very

high molecular weight materials, lt is possible that many of the compounds present in

the various extracts and fractions thermally decompose before they can be eluted

through the gas chromatograph. Thus, the results of these analyses could be biased.

lt is possible that many of the compounds present in the extracts and fractions never
reached the spectrometers due to discrimination in the separation/sample introduction

part of the instrument. However, mass spectra for several of the dominant ions of
lower molecular weight, <300, observed in the FD spectra were obtained by

separation by open column techniques followed by GC/MS. For these reasons,
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SFC/MS would have been the method of choice for the analysis of these types of

components, particularly the higher molecular weight PAHs. However, due to

instrumental problems we were unable to complete this analysis. Progress is being
made in addressing these problems and this technique should receive additional

attention. Other techniques such as LC/MS and SFC/FTIR may provide information

concerning structure elucidation or compound class identification in the resids.

The FD spectra of the pentane and pentane/methanol extractions clearly

indicate the usefulness of fractionation with subsequent mass spectrometric analysis.

The utilization of desorption chemical ionization of fractionated extractions also

demands further attention. The quantitation of specific components in these
fractionated samples may provide additional information to assess reactivity and

process differences.
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CONCLUSIONS AND RECOMMENDATIONS

lt is certainly apparent from our studies that one analytical technique is not

capable of providing a complete characterization or an identification of ali the

components in the resids. However, a combination of analytical instrumental

techniques and separation methodology is capable of providing additional insight into
the composition of the resids.

Field desorption mass spectrometry has provided very useful information about

the coal-derived samples. FDMS has shown qualitative differences in the molecular
ranges, intensities of the predominant ions, and ratios of the intensities of the major

ions. These qualitative differences should be examined in greater detail. FDMS has

also shown molecular weight distribution differences between the supercritical fluid
extracts.

Due to the complexity of the samples and lack of peak resolution, 2-D NMR has

provided little useful information on the resids. However, a preliminary study

employing fractionation by supercritical fluids, followed by separation with open

column chromatography, has shown significant improvement in resolution compared

with NMR analysis of the original material. The possibility of the utilization of 2-D NMR

for characterization of the resids certainly exists with prior fractionation. This area
should also be investigated further.

The results from the supercritical fluid extraction experiments indicate that it is a

valuable technique to reproducibly extract the samples with high efficiency and to

crudely fractionate the material. The use of the supercritical fluid series of propane,

pentane, pentane/methanol, pentane/THF, and pentane/HOAc should be applied to
samples 21 and 22. Also, the use of CO2/10% isopropanol should be applied to

samples 17-20.

Several of the supercritical fluid extracts have been analyzed by FD and 2D-

NMR. The FD results showed a difference in molecular weight distribution between

the supercritical fluid pentane and pentane/methanol extracts. In addition, the 2-D
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NMR results indicate much better resolution than for the original material. Further

effort should be directed for the use of these techniques on fractionated materials.

Microcolumn technology has been described by Novotny (19,20), Yang (21),

and others (22-24). This technique utilizes fused silica tubing that is slurry packed with
5-1_mparticles to provide columns that approach separation efficiencies of 100,000

theoretical plates (25). High resolution microcolumn HPLC has been applied to a

variety of complex environmental and biological samples allowing for separations that
cannot be achieved within the resolution constraints imposed by columns of

conventional dimensions. Harvey and Campbell have utilized microcolumn

techniques for the separation of taxol, a taxane diterpene amide produced by the

Pacific yew tree (26). This separation was a definite improvement over conventional

LC techniques. In addition to the enhanced resolution, microcolumn separations offer

a number of inherent advantages including minute sample requirements, enhanced

mass flow detection sensitivity, and the feasibility of utilizing expensive "exotic" mobile

phases (20). More importantly, the low flow rates characteristic of microcolumn HPLC

greatly simplify introduction of the column eluate to mass spectrometric analyzers (27).

The technique of microcolumn separations with prior fractionation by supercritical fluid
extraction and open column chromatography has been applied to the resids.

Preliminary results show many of the components are separated. This is another area
that deserves further attention. In addition, fast atom bombardment (FAB) has been

utilized for the identification of nitrogen-containing compounds in fossil fuels (28).
Microcolumn separation techniques with FAB (continuous flow FAB) may provide
additional structural information about the resids.

Supercritical fluid chromatography was applied to several of the supercritical

fluid extracted resids. Only a broad peak was observed, no individual or resolved

peaks. Both packed and capillary SFC were attempted ; however, little difference in

resolution was observed. Preliminary results of a study with SFEs, further fractionated

by open column chromatography, and followed by SFC showed marked improvement

in resolution of components.

In view of the fact that our group is responsible for many and varied programs

with different analytical requirements, it is virtually impossible to have a dedicated

33



SFC/MS. As a result, we have adapted a simple SFC/MS interface which allows a

single instrument to be interconverted routinely between GC/MS and SFC/MS with a Q
minimum of time. This interface is similar to the one reported by Hawthorne and Miller

(6). Although our initial attempts at SFC/MS on the extracted resids were not totally
successful, this area should also be examined in more detail. Improvement in the

restrictor would certainly improve the chromatography and mass spectral results.

MS/MS methods should also be a technique for consideration. In the MS/MS

method, a sample is ionized with the first mass spectrometer (MS1) and an ion beam

(precursor ions) obtained by mass analysis are sent to a high vacuum MS/MS
interface used to introduce them into the second mass spectrometer (MS2). The

precursor ions are introduced into a collision cell filled with gas, and changed to

secondary ions (daughter ions) by the gas collision method. Obtained daughter ions

are subjected to mass analysis by MS2. Mass spectra of a mixture include many

peaks of molecular ions and their fragment ions. Therefore, their spectra are

complicated, making correct moiecular weight determination and structural analysis
difficult. When the MS/MS system is used in such a case, it is possible to introduce

some of their precursor ion beams into the MS2 and thereby obtain the pure daughter

ion spectral pattern. By comparing the mixed spectrum Obtainedby the MS1 and the

daughter ion spectrum by MS2, the compoents in the sample can be identified.
MS/MS was utilized with desorption chemical ionization on one of SFE extracts;

MS/MS was performed on m/z 277 which was presumably m/z (276 + H). Although

the spectrum observed was not what one would expect from the structure predicted for

m/z 277( M+ H), further experimentation might prove fruitful. MS/MS techniques have
been used on studies of the SRC process (29,30).

O
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Table 1

SUMMARY OF RESULTS

._ _ Comments

1 & 2- Illinois #6, W; Run 257; C/C, 1H/13C 2D-NMR Lack of resolution;

2nd Stage Product & Interstage Prior fractionation

Oil by SFE improves
3 & 4-Pittsburgh Seam, W; Run 259; resolution.

2nd Stage Product & Interstage
Oil

5,6,7,- Illinois #6, W; Run250; T/C; FDMS Provides

M.WProduct, Recycle, Interstage oil M.W. Distribution;

Intensity of major
8,9,10-Illinois #6, W; Run 257;C/C; ions varies; and

Product, Recycle, Interstage oils ratios of intensities
of ions different for

11,12,13-Wyodak, W; Run 251-11;T/C; FD of SFEs;

Product, Recycle, InterstageOils Tentative structures

of majorions.

14,15,16-PittsburghSeam, W; Run 259;
Product, Recycle, InterstageOils

17 & 18- Illinois #6, W; Run 257; C/C; SFE,SFC Very good

Recyle and Interstage Stream extraction
efficiency,

19 & 20-Pittsburgh,W; Run 259; C/C; methodfor

Recycle and Interstage Stream fractionation.



]'echnim;_s Comments

21 && 22-Black Thunder, HRI; CC-2 (227-57) & SFC- unresolved

(227-62) peak
Extraction with

supercritical CO2/

isopropanol
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Table 2

SAMPLES

1

Ref.
No____.Coal Feed Source/Conditions Comments

1H/I_C ?D-NMR
I Illinois No.6 W; Run 257; C/C 2nd Stage Product
? Illinois No.6 W; Run 257; C/C Interstage 0il
3 Pittsburgh seam W; Run 259; C/C 2nd Stage Product
4 Pittsburghseam W; Run 259; C/C InterstageOil

FDM____SS

5 IllinoisNo.6 W; Run 250; T/C ProductOil Resid
6 IllinoisNo.6 W; Run 250; T/C RecycleOil Resid
7 IllinoisNo.6 W; Run 250; T/C InterstageOil Resid
8 IllinoisNo.6 W; Run 257; C/C Product0ii Resid
g IllinoisNo.6 W; Run 257; C/C RecycleOil Resid
]0 IllinoisNo.6 W; Run 257; C/C InterstageOil Resid
]] Wyodak W; Run ?SI-II;T/C ProductOil Resid
]2 Wyodak W; Run 251-II;T/C RecycleOil Resid
]3 Wyodak W; Run 25]-II;T/C InterstageOil Resid
]4 Pittsburghseam W; Run 259; C/C ProductOil Resid
15 Pittsburghseam W; Run 259; C/C RecycleOil Resid
]6 Pittsburghseam W; Run 259; C/C InterstageOil Resid

SupercriticalFluidLSeparation

]7 IllinoisNo.6 W; 257; C/C Recycle Stream
]8 IllinoisNo.6 W; 257; C/C InterstageStream
]g Pittsburghseam W; 259; C/C RecycleStream
20 Pittsburghseam W; 259; C/C InterstageStream
21 Black Thunder HRI; CC-2 (227-57) First Stage; FL
22 Black Thunder HRI; CC-5 (227-62) First Stage; FL

i

Notes"

• T/C = thermal/catalytic;C/C - catalytic/catalytic;W = Wilsonville;
FL - Filter Liquid

• Samples ]-4 and 17-20 are THF-solubleportions of the distillation
resid.

0
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Table 3

Estimated Solublities in THF of Samples Analyzed by Field Desorption Mass

Spectrometry

Estimated Solubility in THF(%_

5 95

6 98

7 98

8 86

9 93

10 96

11 71

12 65

13 55

14 87

15 82

16 88

41



Table 4

Quantitative 13C NMR in THF of Coal Liquefaction Residues

Type of Carbon %
1,6- phenolic Non-Protonated Protonated Methylene Methyl

Aromatic Arometic

1 52% 3.7% 18.4% 30.1% 35.2% 12.5%

2 55% 3.5% 17.2% 34.6% ."43.8% 10,9%

3 67% 3.6% 17.5% 45.9% 25,3% 7,8%

4 74% 3.0% 24.0% 46.7% 19.5% 6.8%

PPM.REGIONS, 13C NMR

Phenol 145-165 O
Non-protonated 145-130
aromatic

Protonated 130-90
aromatic

Methylene 50-22

Methyl 22-0

fa = Carbon Signal 90-165 ppm/Total Carbon Signal

42



Table 5

Proton NMR of Coal Liquefaction Residues

Aromatic Aliphatic Methylene Aliphatic Methyl
(oc-to-Aromatic) (I_-to-Aromatic)

1 27.4% 16.3% 14.9% 24.0% 17.4%

2 27.7% 22.0% 15.0% 22.6% 12.7%

3 34.3% 25.9% 15.0% 15.3% 9.65%

3 34.3% 25.0% 14.4% 16.2% 10.1%

F:>PMREGIONS. lH NMR

Aromatic 9-6.3

Aliphatic 3.4-2
(z-to-aromatic

Methylene 2-1.4

Aliphatic 1.4-1
_-to-aromatic

Methyl 1-0
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Table 6

Summary of Sequence of Supercritical Fluid Extraction for Samples

_ Pentane Pen/MeOH P_.e...n.Z_:_Pen/HOAc ._LIP__._

17 X X X X X

18 X X X x X

19 X X X X X

20 X X X X X

21 X

22 X
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Table 7

Extraction Efficiencies for Samples 17-22 and Duplicates

EEQ.i;z_]_Pentane Pen/MeOH Pen/THF Pen/HOAc .Be& %Rec.

17 21 23 27 9 4 16 100

17 14 31 20 13 8 15 101

18 22 28 19.4 6.9 25.3 12 113.5

18 18 24 26.8 18.8 21.9 26.2 114

19 28 23 12.3 17.3 3.3 3 87.3

19 36 36 5.9 3.5 4.5 2.3 88

O 20 34 32 10.6 42.5 7.5 0 127

20 36 30 7.6 15.4 5.9 4.5 99

21" 76 100

22* 77 100

* Samples were extracted with supercritical fluid CO2/10% isopropanol and
recoveries are only estimates. Approximately 24% was extracted from sample 21 and
23% from sample 22.
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Figure 1. Field Desorption Mass Spectrum of Illinois No. 6, W; Run 250; TIC;Product
Oil Resid
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Figure 2. Field Desorption Mass Spectrum of Illinois No. 6, W; Run 250; T/C; Recycle
Oil Resid
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Figure 3. Extracted Ions of Various Mass Ranges for Illinois No. 6, W; Run 250;
T/C;Product Oil Resid
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Figure 4. Extracted Ions of Various Mass Ranges for Illinois No. 6, W; Run 250; T/C;
Recycle Oil Resid
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Figure 5. Field Desorption Mass Spectrum, Expanded Mass Range of 200-500 Da tor
Illinois No. 6, W; Run 257, C/C; Product Oil Resid



Figure 6. Field DesorptionMass Spectrum, Expanded Mass Rangeoi 200-500 Da Ior
IllinoisNo. 6, W; Run257; C/C; InterstageOil Resid

_IP °t5_t
o

*P "J Jk_. 9_

I
]lm. ,'1,e. lM

" [30O 301
• 276 ";

r, :...;,.,_ r.a.,L I _8;

,e • 242

• ;':'.1 ,"_n _ .'_. )ep
Ipo._

• e,p)

. 51



Figure 7. Field Desorption Mass Spectrum of Sample 13, Wyodak, W; Run 251-11;T/C;
Interstage Oil Resid _b,
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Figure 8. Quantitative13C NMR Spectrumof Sample ,4,run259, In d8-THF
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Figure 9. Proton NMR Spectrum of Sample 4, run 259, in d8-THF
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Figure 10. DEPT Spectrum of Sample 4, run 259, in d8-THF Showing
Selective Excitation of only Methyl Carbons
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Figure 11. DEPT Spectrum of Sample 4, run 259, in d8-THF Showing Selective
Excitation of only Methine Carbons
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Figure 12. DEPT Spectrum of Sample 4, run 259, in d8-THF Showing Selective
Excitation of only Protonated Carbons
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Figure 13. APT Spectrum of Sample 2, run 257, in ds-THF. In this spectrum Ihe dh
quaternary and methylene carbons are up while the mglhine and methyl carbons are
inverted
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Figure 14. APT Spectrum of Sample 2, run 257, in d8-THF, tn this spectrum only the
qualernary carbons are excited
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Figure 15. Quantitative 13C NMR Spectra of a Heavy and a Middle Distillate of SRC II
in CDCI3
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O Figure 16. HETCOR Spectrum Centered Around the Protonated Aromatic Region of aMiddle Distillate of SRC II in CDCI3
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Figure 17. A HETCOR Spectrum of the Aliphatic Region of a Middle Dislillale of SRC II
in CDCI3
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Figure 18. Equilibrium Phase Compositions in the Methanol-Carbon Dioxide Binary
System (Reference 31)
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Figure 19. Results of Supercritical Fluid Extraction of Sample 17 (Illinois No. 6, W;

257; C/C; Recycle Stream
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Figure 20. Grahm-Schmidt Reconstruction of GC/FTIR Analysis of a Propane Extract of

O Sample 17
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Figure 21. Infrared Spectrum of the Second Peak Observed in Figure 20 along with

the Best Library Spectrum found in the Aldrich Vapor Library



Figure 22. Eiectrospray Ionization Mass Spectrum of the Propane Extract from

Sample 17. Flow rate into the electrospray interface was 0.5 I_L/min. Extract was

dissolved in 20% acetic acid, 10% water, and 70% THF with 0.012 M KH2PO4 added
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Figure 23. Electrospray Ionization Mass Spectrum of the Pentane Extract from Sample

17. Flow rate into the electrospray interfa was 0.5 _L/min. Extract was dissolved in
20% acetic acid, 10% water, and 7(_,oTHF with 0.012 M KH2PO4 added
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Figure 24. Electrospray Ionization Mass Spectrum of the Pentane/Methanol Extract

O from Sample 17. Flow rate into the electrospray interface was 0.5 IIL/min. Extract was
dissolved in 20% acetic acid, 10% water, and 70% THF with 0.012 M KH2PO4 added
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Figure 25. Electrospray Ionization Mass Spectrum of the Pentane/THF Extract from
Sample #17. Flow rate into the electrospray interface was 0.5 i.tL/min. Extract was

dissolved in 20% acetic acid, 10% water, and 70% THF with 0.012 M KH2PO4 added
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Figure 26. Electrospray Ionization Mass Spectrum of the Pentane/Acetic Acid Extracl

from Sample #17. Flow rate into the electrospray interface was 0.5 pL/min. Extract
was dissolved in 20% acetic acid, 10% water, and 70% THF with 0.012 M KH2PO4
added
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Figure 27. Electrospray Ionization CID Spectrum of ion m/z 538 Observed in (_
Pentane/THF Extract from Sample 17. The collision gas used was argon
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Figure 28. Field Desorption Mass Spectrum of Supercritical Fluid Pentane from

Sample 17
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Figure 29. Field Desorption Mass Spectrum of Supercritical Fluid Pentane/Methanol

from Sample 17
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Figure 30. Desorption Chemical Ionization Mass Spectrum of Pentane/Methanol

Extract of Sample 17
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Figure 31. CID Spectrum of M/Z 277 from DCI Spectrum of Pentane/Methanol Extract
of Sample 17
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Figure 33. Microcolumn HPLC Chromatogram of the Pentane SFE, Hexane/Alumina,
Hexane/Silica Fract: :Jnfrom Sample 17
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andemissionmonitoredat 370 nra. Elutionsolventis 16.7% aceticacid,
16.7% THF and66.6% acelonilzile.Flowrate---50pl/rain.
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Figure 34. Mass Spectrum of m/z 276 from Sample 22

r | ) _: c: \cIIE;HPc\ DATA\_I 11Jll5. D
Operator: W ROrt]NS
Dnt._ ^CqllitD.d: 3] H_T 97. 1:15 _m
lulnthnd r| ]_.: ,lll_lhSSl .H

$_mp]e IJ_me; _.;), IIEXAI,I_ /_I+_.O3,FI.tlOROSIL., SIO_.
HJ_C Jtlfo: _50 _I]CROI_ ._E54
ALS viii : ]

kGundence Jon 275 n0t dJH]5 n200000 • •

150000

]00nn0

50000

0 --'--_-_i ....... -"1".... _--_ ....... |'--'"_""--'i ;: " i-|-+ ,-,, i-_._-.,_--,---,--,---,--T+ . . +-11-....... t "'+-''-
[me -) 5.00 lO.0O 15.0o 20.00 25.00 30.00 35.00 40.00 45.00 SO.O0 SS.O0

_bundmnc_ $cnn 4572 52._ST"m"Jn): JII41S.D

1S0000

]00000

.%0000 207

,? 135 23_53

.+,I Ja_ -- _+s 19] I .,.j ,,...,._]_7 _ss _:_o,_:_o4+_ ,-*oso,_o +2
4/Z -) 100 150 200 250__ 300 350 400 450 500 550

79



Figure 35. Mass Spectrum of mlz 242 from Sample 22 e
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Figure 36. Mass Spectrum of m/z 300 from Sample 22
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Figure37. Total ion Chromatogram of Supercritical Fluid Propane/Mass
Spectrometry of Sample 17
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Figure 38. Mass Spectrum of SFC/MS (Propane) of Sample 17
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APPENDIX A.

FDMS SPECTRA FOR 12 SAMPLES
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Field Desorplion SpeclrlJm oi Illinois No.6, W; run 250; T/C, Product Oil Resid @
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Field Desorption Speclrum of Illinois No.6, W; run 250; T/C, P,ecyc_le Oil Resid
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Field Desorption Speclrt_m oi Illinois No.6, W; run 250; T/C, Interslage Oil Resid
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O Field Desorption Spectnim oi Illinois No6, W; Run 257; C/C, Product Oil Resid
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Field Desorption Spectrum of Illinois No.6, W; Run 257; C/C, Intersiage Oil Resid
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Field Desorption Speclrum oi Wyor.Jak.W; nun 251.11;T/C; Producl Oil Re_id
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O Field Desorplion Speclrtim of Wyodak, W; Run 251-11;T/C; Recycle Oil Resid
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Field Desorplion Speclrum ol Wyodak, W; Run 251-11;T/C; Inlerslage Oil Resid 0
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Field Oesorplion Speclrum Pillsburgh Seam, W; Run 259; C/C; Product Oil Re_id
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Field Desorplion Spectrum PiIlshurgh Seam, W; Run 259; C/C; Recycle Oil Resid O
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Field Desorplion Speclrum Pillsburgh Seam, W; Run 259; C/C; Interstago Oil Resid
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O APPENDIX B.
TWO-DIMENSIONAL NMR DATA
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Quantitative 13C NMR spectrum of sample 1, run 257, in d8-THF.
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Quantitative 13C NMR spectrum of sample 2, Run 257, in d8-THF.
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Quantitative 13C NMR spectrum of sample 3, run 259, in d8-THF. O
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Proton NMR spectrum of sample 1, run 257, in als-THF.

B-5



Proton NMR spectrum of sample 2, Run 257, in d8-THF.
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Proton NMR spectrum of sample 3, run 259, in d8-THF.
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DEPT spectrum of sample 3, run 259, in ds-THF showing selective excitation of
mainly methine carbons.
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DEPT spectrum oi sample 3, run 259, in d8oTHF showing selective excilationo!
mainly methyl c_rbons.
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DEPT spectrum of sample 3, run 259, in d8-THF showing selective excitalion of only Oprotonated carbons.
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APPENDIX C.

SUPERCRITICAL FLUID CHROMATOGRAPHY DATA
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Infrared speclrum ol Ille Ihird peak in Figure _.0along wilh the besl library /
speclrum found in lhc Aldrich Vapor Library.
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Infrared spectrum oi the lourlh peak in Figure_:) along with the best library ,_peclrum

round in the Aldrich Vapor Library.
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Infrared spectrum ol lhe litlh peak in Figure'_ along wilh the best library speclrum

found in Ihe Aldrich Vnpor Library.
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Infrared speclrum of the sixlll peak in Figure "_ along with the besl library sp0clrum

found in the Aldrich Vnpor Libra,.
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Infrared spectrum of the seventh peak in Figure "t_.©along wilh the best library

spectrum found In the Aldrich Vapor Library.
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Infrared spectrum of lhc eighlh peak in Figure "_ along with the best Iibrnry _pecttum

found in the Aldrich Vapor Library.
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Infrared speclrum of the ninth peak in Figure _ along with the best Ilbran/speclnJm

found tn the Aldrich Vapor Llbran/.
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Grallm-Schmidt reconstruction of GC/FTIR analysis of a penlane/acelic acid exlracl

from sample # 17.

o
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Grahm-SchmiclI reconslruclion of GC/FTIR analysis of a pontanefl'HF exlracl from

sample tt17.
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Infrared sp,actrum of the second peak observed in penlanefrHF oxlract along wllh the

bos! library spectrum found in the Aldrich Vapor Library.
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Infrared speclrum of the third peak observed in pentane/THF extract along with the

best library spectrum found in the Aldrich Vapor Library.. .........
..
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B-9

|
Infrared spectrum ol the fourth peak observed in pentane/THF extract along with the

best library spectrum tound in the Aldrich Vapor Library.

C-13



Infrared speclrum of lhe fifth peak observed in penlane/THF exlract along wilh lhe best

library speclrum found in the Aldrich Vapor Library.
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Eleclrospray ionizalion mass speclrum of tlm high m/z Ions In Figuro 2L_.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract Extracted

Single Ion Chromatograms of m/z 226,228, and 240 Sample 22 was extracted with

supercritical fluid CO2/10% isopropanol.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column
Chromatography (alum!na, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatograms of m/z 184,234, and 258.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatograms of m/z 252, 264, and 266.
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S_mple 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column dh.
Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatograms of m/z 276,278, and 290.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatograms of m/z 300 and 302.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatograms of m/z 179, 203, and 217.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

I Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatograms of m/z 229,241, and 253.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatograms of m/z 267, 277, and 279.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatograms of m/z 284,242, and 268.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, fiorisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatogram of m/z 300 and Corresponding Mass Spectrum Averaged
from 49.5 to 50.3 min.
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e Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open ColumnChromatography (alumina, florisil, silica) of Supercdtical Fluid Extract. Extracted

Sing;o. Ion Chromatogram of m/z 300 and Corresponding Mass Spectrum Averaged
from 45.4 to 45.7 min.
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! Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column
m Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted e

Single Ion Chromatogramof m/z 282 and Corresponding Mass Spectrum Averaged
from 50.8 to 51.5 min.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatogram of m/z 282 and Corresponding Mass Spectrum Averaged
from 46.5 to 47.1 min.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column
Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatogram of m/z 242 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatogram of m/z 276 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silic_ of Supercritical Fluid Extract. Extracted

Single Ion Chromatogram of m/z 216 and Corresponding Mass Spectrum.

.....

a0000 !

? ,
1 J:

sooo:I

!
5
I

; ' I t I iii; li'li
0 ' , i , :

7ilne -> .r.OC, "_,O;DC, 3.r..'00 2C 0_. 25 OC 30'00 .'_5.00 40.00 45.00 SO.OC _5.00

_i_nc_.nce _.'ve.-'a_t o: 3_.-_5_. :.c_ .3(.4, E.r _2.3",.: ,_2K_:5._) 1-,-,'1 0
4ooo..',

3000 --:

2000

' "_: ::_,.,'_._,I_..! j ,. , ...L. , ,, ,l_l .,o_ ...:._,_ ..,._ ,_2

C-32

iii ,



Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatogram of m/z 252 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

-":.ingleIon Chromatogram of m/z 266 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatogram of m/z 278 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with SE-54 column) of Hexane Fraction from Open Column

Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract. Extracted

Single Ion Chromatogram of m/z 290 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 350 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.
Extracted Single Ion Chromatogram of m/z 178 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogramof m/z 380 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatograms of m/z 190 and 218 and Corresponding Mass

Spectrum Averaged from 18.2 to 18.5 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatograms of m/z 190 and 218 and CJrresponding Mass

Spectrum Averaged from 21.3 to 21.9 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Cl-_romatography(alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted 5ingle Ion Chromatogram of m/z 202 and Corresponding Mass Spectrum.
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O Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from OpenColumn Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 216 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open
Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatograms of m/z 316 and 332 and Corresponding Mass

Spectrum Averaged from 37.0 to 37.2 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

e Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 276 and Corresponding Mass Spectrum.
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A
Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatograms of m/z 290 and 300 and Corresponding Mass

Spectrum Averaged from 34.9 to 35.1 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open
Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extra_ted Single Ion Chromatograms of m/z 316 and 332 and Corresponding Mass

Spectrum Averaged from 38.0 to 38.4 rain.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 380 and Corresponding Mass Spectrum

Averaged from 52.4 to 52.7 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 350 and Corresponding Mass Spectrum

Averaged from 38.0 to 38.1 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatogra; _y (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 330 and Corresponding Mass Spectrum.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 344 and Corresponding Mass Spectrum
Averaged from 36.3 to 36.4 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open
Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 354 and Corresponding Mass Spectrum

Averaged from 37.1 to 37.2 min.
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,_ Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from OpenColumn Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 356 and Corresponding Mass Spectrum

Averaged from 37.5 to 37.6 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 356 and Corresponding Mass Spectrum

Averaged from 37.3 to 37.4 min.
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S_mple 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 358 and Corresponding Mass Spectrum

Averaged from 36.5 to 36.6 min.
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Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 372 and Corresponding Mass Spectrum

Averaged from 37.5 to 37.6 min.
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Sample 22 GC/MSD (with AI clad Ouadrex column) of Hexane Fraction from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.

Extracted Single Ion Chromatogram of m/z 394 and Corresponding Mass Spectrum.

C-57

.... .., , _e . _1 ,_ . ' " ' ' ' " ' , " II " i1' " ,,, ' ,



Sample 22 GC/MSD (with AI clad Quadrex column) of Hexane Frection from Open

Column Chromatography (alumina, florisil, silica) of Supercritical Fluid Extract.
Extracted Single Ion Chromatogram of m/z 340 and Corresponding Mass Spectrum.
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