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ABSTRACT

With the recent increasein concern for environmentalissuesand the
implicationof sulfur and nitrogen in coal combustionproductsas prime causes of
acid rain, it has become clear that there is an urgentneed for alternative
methods for determiningthe nature of organic sulfur and nitrogencompounds in
coal. The present study couplesmild oxidative and reductiveproceduresto
enhancethe depolymerizationof coal and its constituentmacerals and the
quantitiesof products amenableto analysis. The study also seeks to apply the
degradativetechniquesto coal asphaltenes,since they are polymericstructures
similarto the whole coal, but smallerand more readilyanalyzed.

During the last quarter sporinite,vitriniteand semi-fusinitesingle
maceralswere separatedfrom the IBC 101 coal by the densitygradient technique.
In addition,a gel permeationchromatography(GPC) systemwas assembledand the
GPC column calibratedwith four polystyrenemolecularweight standards.

A varietyof sulfur compoundswere identifiedin the dichromateoxidation
i productsof the IBCI01 coal, includinga thiazole and isomersof C2-, C3- and C4-
i alkyl thiophenecarboxylicacids. PreciseagreementbetweenGC-MS and FPD

chromatogramswere obtained for these compounds. These compoundsprobably
originatedas short alkyl chains on exterior portionsof the original peat
macromolecularstructuresand were sulfurizedby H2S shortlyafter burial. Thus
the dichromateoxidationappearsuseful for the characterizationof sulfur
compounds. Unfortunately,this treatmentyields only small amountsof products,
but the reaction is relativelymild. On the other hand the peroxyaceticacid
gives a very good yield in only a single step, but seems to be very degradative.

lt was difficultto isolatethe products after lithiumaluminum hydride
reductionof oxidationproducts, lt is believed that this is due to the forma-
tion of polyalcoholsfrom polycarboxylcompounds. Howeverpolyalcoholswere
successfullyconvertedto their parent hydrocarbonsby the LAH reductionof
tosylate intermediates. This allows for much easier separationand characteri-
zation and leads to enhanced elucidationof coal structures.

To test the hypothesisthat asphaltenesare similar in structureto their
parent coal, IBCI01 asphaltenesand the extractedcoal were subjectedto PAA
oxidationand analyticalpyrolysis. The PAA productsas well as the pyrolysates
show very good correlation. This indicatesa very strong relationshipbetween
the organic structureof the coal and that of the asphaltenesderived From them.
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EXECUTIVESUMM/_Y

With the recent increasein concern for environmentalissues,there has
been a shift in emphasis away from the determinationof carbon structuresin
fossil fuels to the characterizationQf heteroatomstructures,especiallythose
containingorganic sulfur and nitrogen."This has resulted in the developmentof
a number of analyticaltechniquesselectivefor sulfur and nitrogen. However,
these techniquesoften produceconflictingdata and consequentlythey are not
universallyacceptedwithin the scientificcommunity. Thus, there is an urgent
need for alternativemethods for characterizingorganic sulfur and nitrogen
compounds in coal. The presentstudy undertakesa combinationof oxidationand
reductiontechniquesfor the enhanceddepolymerizationof coal while increasing
the quantitiesof productsamenableto gas chromatographictechniques. In
particular,the goal is to simplifyoxidation/reductionproductsby reducingCOOH
and OH groups back to the hydrocarbonbackbone. In additionto enhancingthe
quantitiesof GC amenableproducts,this would allow for liquid chromatographic
separationof degradationproducts and allow for more compound identificationvia
mass spectralcomputer librarysearches. This study also seeks to apply the
degradativetechniquesdevelopedon whole coal and macerals,to coal asphaltenes
which are believed to be polymericstructuresimilarto the whole coal but
smalIer and more readily analyzed.

Three high sulfur coals have been obtainedfor investigationin this study.
However,the majorityof the researcheffortwill concentrateon a sampleof
Herrin No.6, (IBC 101) coal, obtainedfrom the IllinoisGeologicalSurvey Sample
Bank. The other coal samplesunder investigationare the Rasa Coal from Pakistan
and a Spanishlignite (LignitoDe Mequinenza). These lattertwo coals have a
much higher organic sulfur contentthan the Illinoiscoal. This makes for much
easier detectionand characterizationof organic sulfur structures. Thus, it is
anticipatedthat by comparingthe degradationproducts of the Illinoiscoal with
those of the higher sulfur coals, a much better understandingof the sulfur
chemistryof the Illinoiscoal will be obtained.

Maceral separationof the IBC 101 coal led to the accumulationof 9 grams
of liptiniteconcentrate,150 grams of vitriniteconcentrateand 25 grams of
inertiniteconcentrate. From these concentratessporinite,vitriniteand semi-
fusinite singlemaceralswere separated. A gel permeationchromatography(GPC)
systemwas assembledfrom purchasedunits and the GPC column calibratedwith four
polystyrenemolecularweight standards. The calibrationcurve obtainedby
plottingthe elution time againstthe log of the molecularweight is virtually
identicalto that specifiedby the manufacturersof the GPC column.

Methylateddichromateand peroxyaceticacid oxidationproductsof IBCI01
floatedcoal and Spanish lignitewere analyzedby GCMS and GC-FPD to determine
the distributionof their sulfur compounds. To identifythe sulfur compoundsby
mass spectrometry,retentiontime equivalencyhad to be establishedbetweenGCMS
and the GC-FPD. The resultingGC-FPD analysis indicatedthat the three samples
have two common sulfur products : methylsulfonicacid and ethylsulfonicacid.

A varietyof more complex sulfurcompoundswere identifiedin the di-
chromateoxidationproductsof the IBCI01coal, includinga thiazoleand, most
interestingly,a series of a homologuesand isomersof thiophenecarboxylicacid.
The thiazolewas probablytrapped in the coal matrix, protectingit from
oxidation. Three principalpeaks with strong m/z 169 ions closelymatch the
correspondingthree peaks on the FPD trace. These are identifiedas the methyl
esters of ethylthiophenecarboxylicacid, methyl ether. Similarly,two principal
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peaks having strong m/z 183 also correspondto two peaks on the FPD trace. These
are identifiedas higher homologues,having a C3-alkylthiophenecore. Peaks
having a m/z 197 ion are much weaker and it was difficultto find their match on
the FPD chromatogram. Nonetheless,they representa continuationof the
homologousseries to compoundswith a C4-alkylthiophenecore. This group may
collectivelybe termed the alkylthiophenecarboxylicacids (ATCA). The discovery
of the ATCA compounds is significant,as for the first time a sulfur compoundcan
be recognizedon a total ion chromatogram(TIC) of oxidationproducts. The ATCA
compoundsprobablyoriginatedas short alkyl chainson exteriorportionsof the
originalpeat macromolecularstructuresand were sulfurizedby H2S shortlyafter
burial of the peat.

The dichromateoxidationseems to be an interestingreaction for the
characterizationof sulfur compounds. Unfortunatelythis treatmentyields only
small amountsof products in each step and the proceduremust be repeated
multipletimes until all the reactive organicmatter is consumed. However,the
reactionis relativelymild. On the other hand the peroxyaceticacid gives a
very good yield in only a single step, but this method seems to be very
degradative. The GC-FPD and GCMS data for peroxyaceticacid oxidationproducts
do not indicatethe presenceof the ATCA compoundsidentifiedin the dichromate
products. Since the peroxyaceticacid is a very strongoxidant,the thiophenes
may have been destroyed.

As reportedpreviously it was difficultto separatepart of the reduced
organicmatter from the inorganicproducts derivedfrom the lithiumaluminum
hydride (LAH). lt is anticipatedthat the reasonsfor the poor recoveriesof
organicmatter concernthe polycarboxylgroups present in the oxidationproducts.
When these functionalgroups are reducedby LAH they form polyalcohols. Such
compoundsare readilysoluble in both water and organicsolventsand can
transportinorganicions betweenorganic and aqueousphases.

To address this problemthe polyalcoholswere convertedto their tosylated
derivativesand then reducedwith lithium aluminumhydride. AIthoughdetailed
analysisof the products has not yet been completed,a homologousseries of
alkanesand some alkyl aromaticcompoundshave been detected. The only way that
these compound could have been formed is via the successfulreductionof the
tosylatesintermediatesback to the parent hydrocarbonstructure. Thus it
appearspossibleto convertthe polycarboxylcompoundsoften found in oxidation
products into their parent hydrocarbonstructure. This allows for much easier
separationand characterizationwhich should lead to enhancedelucidationof coal
structures.

To test the hypothesisthat asphaltenesare similar in structureto their
parent coal, we subjectedIBCI01asphaltenes(from a THF extract)and floated,
THF-extractedcoal to peroxyaceticacid (PAA) oxidationand analyticalpyrolysis.
The total ion chromatogramsof the methylated PAA products show a very good
correspondencein short chain compoundsas well as with benzenetri-and
benzenetetracarboxylicacids. In addition,the pyrolyzatesare remarkablysimi-
lar for the two samples, indicatinga close structuralcorrespondence. The
salientfeatures include1) similarquantitiesof gas (methane-butane),2)
similaramountsof aromatichydrocarbons,3) dominanceby phenolsand 4) similar
distributionsof longer chain hydrocarbons(C14-C22).

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Governmentnor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumesany legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state cr reflect those of the
United States Government or any agency thereof.
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OBJECTIVES

The overall objectiveof this study is to continuethe characterizationof
organic sulfur and nitrogencompoundsin coal with greater thoroughnessthan has
previouslybeen attempted. The specificgoals are:

i. To couple mild oxidativeand reductiveproceduresto enhance the mild
depolymerizationof coal and improvethe quantitiesof products amenable
to gas chromatographytechniques.

2. To study three oxidativeand three reductivetechniquesseparatelyand
then as combinedoxidative/reductivestrategies.

3. To concentratethe analysison the Herrin No.6 (IBC 101) coal and its
componentmacerals.

4. To comparesulfur and nitrogencompounds identifiedwith those detected
in the oxidationproductsfrom peroxyaceticacid oxidation.

5. To simplifyoxidation/reductionproducts by reducirigCOOH and OH groups
back to the hydrocarbonbackbone. This would enhancethe quantitiesof
GC amenableproducts,allow for liquid chromatographyseparationof
degradationproductsand allow for more compound identificationvia
computerlibrary searches.

6. To apply the degradativetechniquesdevelopedon whole coal and macerals
to coal asphaltenes,since they are believedto be polymericstructures
similarto the whole coal, but smallerand more readilyanalyzed.

INTRODUCTIONAND BACKGROUND

Essentialto the developmentof successfulsulfur and nitrogen removal
technologiesis the need to characterizethe differentforms of organic sulfur
and nitrogenthat occur in coal. Only when this has been done will it be
possibleto design the requiredtechnologiesfor their effectiveremoval.
Research in this area has brought a good understandingof the lighter sulfur
and nitrogen species in coal extracts and oils but those speciesidentified
only accountfor a very small percentageof the total organic sulfur and
nitrogen in the coals. Severalnew techniqueshave been used to investigate
the total organic sulfur/nitrogenin coal, but these methodsoften rely on
rather harsh pyrolysisconditionsleadingto the possibilityof erroneous
assignments. Consequentlyreliablemethodsfor the characterizationof organ-
ic sulfur/nitrogenin coal are severelylacking.

Oxidativeand reductivetechniqueshave been used extensivelyin
attemptsto elucidatethe organicstructureof complexorganic solids such as
coals, kerogens,humic acids and many other fossilfuel materials. In the
vast majorityof these studiesthe emphasiswas to determinethe carbon
backboneof these materialsand as a result very little informationregarding
the structuresof heteroatomcomponentswas provided. This is especiallytrue
for organic sulfur and organicnitrogen specieswhich are typically in low
concentrationswhen comparedto hydrocarbonstructures.

With the recent increasein concern for environmentalissues,there has
been a shift in emphasis away from the determinationof carbon structuresin
fossil fuels to the characterizationof heteroatomstructures,especially
those containingorganic sulfur and nitrogen. This has resulted in the
developmentof a number of analyticaltechniquesselectivefor sulfur and
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nitrogen. However, these techniquesoften produceconflictingdata and
consequentlythey are not universallyacceptedwithin the scientific
community. Thus, there is an urgent need for alternativemethods for
characterizingorganic sulfur and nitrogen compounds in coal. The present
study undertakesa combinationof oxidation and reductiontechniquesfor the
enhancedcharacterizationof organic sulfur and organic nitrogen in coal.

RESULTSAND DISCUSSION FOR THIS QUARTER

Samples

lhree high sulfur coals have been obtainedfor investigationin this
study. The majo,_ityof the research effort will concentrateon a sample of
Herrin No.6, (IBC 101) coal, obtained from the IllinoisGeologicalSurvey
Sample Bank. The other coal samplesunder investigationare the Rasa Coal
from Pakistanand a Spanishlignite (LignitoDe Mequinenza). These latter two
coals have a much higher organicsulfur content than the Illinoiscoal. This
makes for much easier detectionand characterizationof organic sulfur
structures. Thus, it is anticipatedthat by comparingthe degradation
productsof the Illinoiscoal with those of the higher sulfur coals, a much
better understandingof the sulfurchemistryof the Illinoiscoal will be
obtained.

Sample Preparation

Demineralizationof SpanishLignite'-Insufficientdemineralizationof the
SpanishLignite samplewas obtained using standardprocedureswith the acid

_ treatedsample still containingover 30% ash. To demineralizethe sample
furtheradditionalHF and HCI treatmentswere employed using longer contact

times and periods of ultrasonicagitation. TGA ash and moisture analysisofthe product treated in this way gave a dry ash contentof 2.61% indicating
successfuldemineralizationhad been obtained.

i Maceral Separation.'-The separationof the demineralizedand micronized IBC101 coal into liptinite,vitriniteand inertinitemaceralgroups was completed
during the last quarter. The demineralizationwas performedon 200g of coal

i using HF and HCI. The yield of demineralizedcoal was 189.5g,this corre-

spondingto a loss of 5.3% on a weight basis. The density cut points for the
maceralgroup separationswere identifiedfrom the densitygradient profileas
shown in the previousquarterlyreport. The liptinite/vitrinitecut point was

i taken at a densityof 1.2350 g/mL and the vitrinite/inertinitecut point was
taken at a density of 1.3200g/mL. This separationled to the accumulationof
9 grams of liptiniteconcentrate,150 grams of vitriniteconcentrateand 25
grams of inertinite concentrate. The inertinite concentratecontainedpyrite
and other acid insolubleminerals. This mineral matter was separatedfrom the
inertinitesby centrifugationat a density of 1.6g/mL.

The liptinite,vitriniteand inertinitemaceral concentrateswhere then
examined individuallyby the DGC techniqueusing a narrowerdensityrange.
The increasedresolutionobtained,enabledthe identificationof individual
maceralson the density profile. Using this information,new cut points were
establishedfor the separationof sporinite,vitriniteand semi-fusinitefrom
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the correspondingconcentrates. The single maceralsobtained have been __
submittedfor elemental,ash and moisture analysis. Task i, sample prepara-
tion, is complete. =

Gel permeationchromatography.

A gel permeationchromatography(GPC) systemwas assembledfrom
purchasedunits. The units concernedare a ScientificSystems Inc. LC pump
model 330, a ScientificSystemsInc. Lo-Pulsepulse dampener,model LP-21,a
Supelcomixed bed gel permeationcolumn of type GMH6 and a Supelcomixed bed
guard column of the same type. These units have been integratedwith a Perkin
Elmer uv/vis spectrophotometermodel LC-55B. The GPC column was calibrated
with four polystyrenemolecularweight standards. The chromatogramsobtained
and the resultingcalibrationcurve are shown in FiguresI and 2 respectively.
The GMH6 column has a particularlywide molecularweight range over which
separationsare obtained. This is necessaryfor the analysisof sampleswith
unknownmolecularweight distributions. However, resolutionis sacrificedat
the expense of the wide operatingrange, lt is anticipatedthat once the
molecularweight ranges that are typicalto our sampleshave been established, _--
other GPC columnswith narrowerranges will be used to improveseparation.

The polystyrenemolecularweight standardswere preparedas i% (wt%)
solutionsin HPLC grade THF. Chromatographicconditionsused for the separa-
tion of the standardsinclude"iml per minute flow rate of degassedHPLC grade
THF, column at room temperatureand uv detector set at 254 nm. lt is possible
that the i% (wt%) concentrationwas slightlytoo high for ideal separation
since some of the peaks appearunusuallybroad. This is especiallytrue for
the very high molecularweight standards• Neverthelessthe calibrationcurve
obtainedby plottingthe elutiontime againstthe log of the molecularweight __
is virtually identicalto that specifiedby the manufacturersof the GPC E
column.

Oxidationwith Sodium Dichromate

2g of IBC 101 floated,THF-extractedcoal was carefullyoxidized step-
wise with 3.5g NaRCrpO7 in 80 ml glacialCH3COOH. The temperatureof the
reactionwas 50uC-andthe mixturewas stirredmagneticallyfor 22 hrs. At the
end of the reactionthe mixturewas acidifiedwith concentratedHCI to pH'1.
100 ml of water was added and stirredfrom about I hour, then filteredoff. ---
The solid was rinsed with distilledwarm water and with CHCI The filtrate
was extractedwith 3 x 50 ml of diethyl ether and 2 x 50 ml _f chloroform. -_
The combinedtotal extractswere washed with 40 ml of water and dried over T

Na2SO4. The solventwas removedby rotary evaporation. A second step was
carriedout with the remainingcoal residueusing the same conditionsas
above. The combined organicextracts from the two steps were methylatedwith z
diazomethanein diethyl ether,then analyzedby GC-FPD and GCMS.

Table 1. Yields of sodiumdichromateoxidation

Step No• Solubleacids (SA) (mg)

I 21 -
2 72

6
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GC-FPD and GCMS Analysisof OxidationProducts _._

The methylateddichromateand peroxyaceticacid oxidationproductsof
IBCI01floated coal and Spanish lignitewere analyzedby GCMS and GC-FPD to
determine the distribution of their sulfur compounds. To identify the sulfur _-
compoundsby mass spectrometry,retentiontime equivalencyhad to be estab- E
fished between GCMSand the GC-FPD. The resulting GC-FPD (Figures 3, 4 and 5)
indicate that the three samples have two commonsulfur products • methyl-
sulfonicacid (GC-FPDretentiontime about 3.7) and ethylsulfonicacid (GC-FPD _
retentiontime 4.55).

A variety of more complex sulfur compounds were identified in the i,_,.-
dichromateoxidationproductsof the IBClOI coal, includinga thiazole and,
most interestingly,a series of a homologuesand isomersof thiophenecarboxyl--
ic acid. In Figure 6, the right peak in the pair at 8.2 min. is identifiedas
a thiazole,which is a compound containingboth sulfur and nitrogen.A
thiazolewas also identifiedin the permanganateoxidationproducts,as
described in the previousQuarterlyReport. The thiazolewas probablytrapped
in the coal matrix, protectingit from oxidation. The three principalpeaks =
on the m/z 169 mass chromatogramclosely match the correspondingthree peaks
on the FPD trace, as shown by arrows. These are identifiedas the methyl
esters of ethylthiophenecarboxylicacid, methyl ether. Similarly,the two
principalpeaks on the m/z 183 mass chromatogramalso correspondto two peaks
on the FPD trace. These are identifiedas higher homologues,having a C3-
alkylthiophenecore. The peaks on the m/z 197 trace are much weaker (note
that the GCMS data in Figure6 are normalized)and it is difficultto find Z
their match on the FPD chromatogram. Nonetheless,they representa
continuationof the homologousseries to compoundswith a C4-alkylthiophene
core. This group may collectivelybe termed the alkylthiophenecarboxylic
acids (ATCA). The mass spectra of the three strongestmembers of the =
pseudohomologuousseriesand a closely matching spectrumfrom the National
Bureauof Standardsspectrallibraryare shown in Figure 7. The discoveryof
the ATCA compounds is significant,as for the first time a sulfur compoundcan
be recognizedon a total ion chromatogramof oxidationproducts (peak 31 on _-
Figure 3 is the strongestC2-ATCA). The ATCA compoundsprobablyoriginatedas
short alkyl chains on exteriorportions of the originalpeat macromolecular
structuresand were sulfurizedby H2S shortlyafter burial of the peat. GCMS =
peak identificationfor the dichromateoxidationproducts are reported in
Table 2.

The dichromateoxidationseems to be an interestingreactionfor the
characterizationof sulfurcompounds. Unfortunatelythis treatmentyields E
only small amounts of products in each step and the proceduremust be repeated
multiple times until all the reactiveorganicmatter is consumed. However, L_
the reaction is relativelymild. The peroxyaceticacid gives a very good
yield in only a single step, but this method seems to be very degradative.
The GC-FPD and GCMS data for peroxyaceticacid oxidationproductsdo not
indicate the presence of the ATCA compounds identified in dichromate. Since =
the peroxyaceticacid is a very strong oxidant,the thiophenesare may be de-
stroyed.

The distributionof the sulfur compoundsin the peroxyaceticacid oxida-
tion products of the demineralizedand THF extractedSpanishlignite are shown
in Figure 4. Many of the sulfur compoundsdetected in the IBCI01coal are
also present in the Spanish Lignite but the distribution between them is
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different. GC-MS analysisof the oxidationproductsfrom the Spanishsample
is shown in Figure 4 and peak identificationsreported in Table 4.

Direct Reductionof IBCI FloatedCoal with SodiumMetal

ig of IBCI01floatedand THF extractedcoal was dispersed in 80 ml of
ethyl alcohol. 10g of sodiumwas added slowly in small pieces at room tem-
peratureand under a nitrogen stream. The mixturewas left stirringfor 12
hrs. After the reaction,a saturatedsolutionof ammoniumchloridewas slowly
added to consume the excess sodium. The solid residuewas then collectedby
filtrationand washed with distilledwater. The filtratewas extractedwith
diethylether, then chloroform. The extractwas dried over sodium sulfateand
concentratedusing the rotary evaporator. The productyield was 9mg.

The reductionproductswere solubilizedin excess acetic anhydride. A
catalyticquantity of pyridinewas added (3 drops) The solutionwas heated
to 50 °C for 30 minutes,then hydrolyzedvith ice and stirredfor 2 hours.

The organic extract (2 x 20 CHCI3, I x 20 ml Et20) was neutralizedby a
saturatedsolutionof NaHCO3 and-then a saturatedsolution of NaCl. The
organicextract was dried over sodium sulfateand concentratedwith a rotary
evaporator.

GCMS Analysis of Direct ReductionProducts

GCMS analysisrevealedthe presenceof polychlorinatedcompoundsin the
reductionproducts,the source of which is at present unknown. The
preparationmay have to be redone.

Tandem Oxidation/ReductionReactions

Lithiumaluminumhydridereductionof oxidationproducts.:-As reported
previouslyit was difficultto separatepart of the reducedorganicmatter
from the inorganicproductsderived from the lithiumaluminumhydride. Ini-
tially the reactionwas quenched,and excess hydridedestroyed,by addinga
1:1 mixture of methanoland distilledwater. ConcentratedHCI was then added
dropwiseuntil a pH of I was obtained. In the second LAH reductionthe reac-
tion was quenchedwith a 15% aqueous solutionof sodium hydroxide. However,
in either case some of the reduced organicmattercould not be isolatedfrom
the inorganicmaterialproduced during the quenchingof the excess hydride.

lt is anticipatedthat the reasonsfor the poor recoveriesof organic
matter concernthe natureof the reductionproducts. From FTIR, NMR and GC-MS
analysis,the oxidationproducts are known to contain abundantcarboxylicacid
and other carbonylgroups. When these functionalgroups are reducedby LAH
they form alcohols. Since many polycarboxylatedproducts are found in the
oxidationproducts it is very likely that many poly alcohol structuresresult
after reduction. If this is the case it is not surprisingthat difficulties
in separationare observed. Such compoundsare usuallyreadilysoluble in
both water and organicsolver_tsand activelytransport inorganicionsbetween
organic and aqueousphases. An exampleof this behavior is the phase transfer
propertiesof glycol and its derivatives(crownethers).

To addressthe problemof complete product isolationafter LAH reduc-
tion, the organic/inorganicmixturewas derivatizedwithout the attempted
separationof the organicmaterial. In this way the alcoholicgroups are

10
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convertedto other functionalgroups which do not hinder the separation
process. The derivatizationmethod used was that outlined in the original
work plan, that is formingthe hydrocarbonfrom the alcoholvia the LAH
reductionof tosylate intermediates. In this way very little deviationfrom
the originalwork proposedhas been necessary, lt was aniticipatedthat once
the alcoholshave been convertedto their parent hydrocarbonmolecules,they
could then be extracted into such organic solventsas hexane and methylene
chlorideand very clean separationsof the organicand inorganiccomponents
obtained. The following sectiondescribesthe tosylation/reductionsequence
in more detail.

Tosylationof LAH reductionproducts:-To test the tosylation/LAHreduction
reactionsequence,the material isolatedfrom the original aqueousmethanol
quench of the tandem PAA/LAHoxidation/reduction,was used. This initialtest
was performedto establishedif the tosylatescould be formed and then
subsequentlyreduced,and to establishthe conditionsnecessaryfor reaction.

0.5 grams of the isolatedPAA/LAHoxidized/reducedmaterialwas dis-
solved in 30mls of dry pyridine. This solutionwas then cooled to O°C and 6
grams of p-toluene sulfonylchloride (tosyl chloride)added. The reaction
vesselwas then shaken before being placed in the refrigeratorat I-2°C for
1.5 days. The formationof needle-likecrystalsof pyridiniumchlorideduring
this time indicatedthat the tosylationreaction had proceeded. The reaction
productswere isolatedby pouringthem into 100 mL of stirred ice water.
After stirringfor I hour the precipitatewas filteredat the pump, washed
with 50mL cold distilledwater, and finallydried in a vacuum desiccator.

The aqueousfiltrate appearedto contain some organicmaterial and was
thereforeextractedwith two 30 ml portions of diethylether. The ether ex-
tractswere then extractedwith IN HCI to remove pyridine. The resulting
etherealsolutionwas dried over magnesium sulfate.

The ether extract and the precipitatewere combinedand reducedwith 0.4
grams of lithiumaluminum hydride in 40 mLs dry THF. After refluxingfor I
day and standingfor 3 days the excess LAH was quenchedwith the dropwise
additionof 0.4 mL water, 0.4 mL 15% aqueous sodium hydroxideand finally 1.2
mL v_ater.The resultingprecipitatewas filtered off, washed with THF and the
wasnings added to the filtrate. The THF solventwas evaporatedand replaced
with methylenechloride. The methylenechloride solutionwas dried over
anhydrousmagnesiumsulfatebefore chromatographicanalysis.

The GC-FPD and GCMS analysisof this material revealedthe presenceof
tosylatederivativesin relativelyhigh concentration. Thus it appeared that
the tosylationreactionwas successfulbut that the subsequentLAH reduction
failed to remove at least some of the tosyl groups. For this reason the LAH
reductionwas repeated on this sample for a longer period of time (four days
at reflux). The materialwas the analyzed again. This time the strong tosy-
late peaks were absent from the chromatogram. The GC-FPD and GCMS TIC
chromatogramsfor the sample are shown in Figure 8.

Although detailed analysisof the productshas not been completed,a
homologousseries of alkanesand some alkyl aromaticcompoundshave been
detected. The only way that these compound could have been formed is via the
successfulreductionof the tosylatesintermediatesback to the parent
hydrocarbonstructure. Thus it appears possibleto convertthe polycarboxyl
compoundsoften found in oxidationproducts into their parent hydrocarbon
structure. This allows for much easier separationand characterizationwhich
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should lead to enhanced elucidationof coal structures. _mu-_

Comparisonof IBC] Asphaltenesand FloatedCoal.

To test tilehypothesisthat asphaltenesare similar in structureto
their parent coal, we subjectedIBCI01asphaltenes(from a THF extract) and
floated,THF-extractedcoal to peroxyaceticacid (PAA) oxidationand
analyticalpyrolysis. We have shown in the previous QuarterlyReport that the --_
bulk organicsulfur content is close to that of the coal and if the
asphaltenesare structurallysimilar,then it may be advantageousfor future
studiesto use coal asphaltenesas convenient,easy to prepareanalogs for the
larger,more cumbersomesolid coal structures.

The total ion chromatogramsof the methylated PAA productsshow a very
good correspondencein short chain compoundssuch as peaks 5 and 8 (Figure8

and Table 4), as well as with benzenetri-and benzenetetracarboxylicacids.
As might be expected,the coal shows greaterprominenceof the benzenepenta-
and benzenehexacarboxylicacids (peaks33 and 37), as these have been ripped
from heavilycondensedregionsof the coal structureduring oxidation. L
However, as suggestedby the recognitionof ATCA sulfurcompoundsdiscussed
above, a good portion of the organicsulfur may be in exteriorpositions,to
which the asphaltenesas a startingmaterialmight providebetter access. The
GC-FPD data from these two PAA oxidationproducts(Figure5) has not as yet
been fully evaluated,but visual examinationof the chromatogramsshows that
many of the peaks correspondclosely.

As a rapid alternativeto the oxidationtechniques,we attempted
analyticalpyrolysis-gaschromatography(py-GC)of the asphalteneand floated
coal samples. A CDS 120 Pyroprobewas employed,coupledto a Hewlett Packard
5890A GC, equippedwith flame ionization(FID) and flame photometricdetectors
(FPD). As of this writing, only FID experimentshave been run. A 25 m HP-I
capillarycolumn was used and the GC was held at -20°C for one minute, then
rampedto 300o at 5°/min,,where it was held for 15 min. Pyrolysiswas at
610uC for 20 sec. The pyrolyzatesare remarkablysimilar(Figure9) for the
two samples,indicatinga close structuralcorrespondence. The salientfea-
tures includeI) similarquantitiesof gas (methane-butane),eluting at 2-3 -:
min., 2) similaramountsof aromatichydrocarbons(e.g.,toluene and xylenes,
which are the tall peaks at 14 and 16 min., respectively),3) dominanceby _=
phenols (tall peaks between22 and 29 min.) and 4) similardistributionsof
longerchain hydrocarbons(C14-C22,which are apparentas a distinct series of
peaks beginningat 36 min.). Detectionof sulfur compoundswill requirere-
analysisusing the sulfur-selectiveFPD.

--

_

CONCLUSIONSAND RECOMMENDATIONS _-_-_-_-_

r

I. Maceral separationof the IBC 101 coal led to the accumulationof 9
grams of liptinite concentrate;, 150 grams of vitrinite concentrate and
25 grams of inertiniteconcentrate. From these concentratessporinite, -
vitriniteand semi-f_sinitesinglemaceralswere separated.

2. A gel permeationchromatography(GPC) systemwas assembledfrom
purchasedunits and the GPC column calibratedwith four polystyrene
molecularweight standards. The calibrationcurve obtained by plotting
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the elution time against the log of the molecular weight is virtually
identical to that specified by the manufacturers of the GPCcolumn.

3. A variety of sulfur compounds were identified in the dichromate oxida-
tion products of the IBC i01 coal, including a thiazole and, most inter-
estingly, a series of homologues and isomers of thiophenecarboxylic
acid. GCMSanalysis gave strong ions at m/z 169, 183 and 197 which were
identified as the methyl esters of C2-, C3- and C4- alkyl thiophene
carboxylic acids respectively. The peaks on the GCMSsingle ion
chromatogram for these ions matched precisely with peaks on the FPD
chromatogram.

4. The discovery of the thiophene carboxylic acids is significant, as for
the first time sulfur compounds can be recognized on a total ion chro-
matogram of oxidation products. These compounds probably originated as
short alkyl chains on exterior portions of the original peat macromo-
lecular structures and were sulfurized by H2S shortly after burial

5. The dichromate oxidation seems to be an interesting reaction for the
characterization of sulfur compounds. Unfortunately this treatment
yields only small amounts of products in each step and the procedure
must be repeated multiple times until all the reactive organic matter is
consumed. However, the reaction is relatively mild. The peroxyacetic
acid gives a very good yield in only a single step, but this method
seems to be very degradative.

6. lt was difficult to separate part of the reduced organic matter from the
inorganic products derived from the lithium aluminum hydride, lt is
anticipated that the reasons for the poor recoveries of organic matter
concern the polycarboxyl groups present in the oxidation products which
when reduced form polyalcohols.

7. Polyalcohols were successfully converted to their parent hydrocarbon
structures by the LAH reduction of tosylate intermediates. This allows
for much easier separation and characterization which should lead to
enhanced elucidation of coal structures.

8. To test the hypothesis that asphaltenes are similar in structure to
their parent coal, we subjected IBCIOI asphaltenes and floated, THF-
extracted coal to PAA oxidation and analytical pyrolysis. The TIC's of
the methylated PAAproducts show a very good correspondence in short
chain compounds as well as with benzenetri-- and benzenetetracarboxylic
acids. In addition, the pyrolyzates are remarkably similar for the two
samples, indicating a close structural correspondence.
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