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Introduction 
The chemical nature of products derived fran -1, whether resulting 

fran liquefaction at- saw form of chemical degradation, is of particular 
interest 1) as a reans of prcbing the chemical structure of coal, and 2 )  in 
at-der to optimize the products for potential uses, for exarrple as a fuel or 
chemical feedstock. Studies of this nature on be enhanced by tandem mass 
spectraretry (MS/MS) which is particularly well-suited to the analysis of 
carpla mixtures (1-4). previcus investigations have sham the applicabil- 
ity of %/MS to the analysis of both polynuclear aramtic hydrocarbons 
(PNAs) and related ccrrpcunds. Particular -1es include hydrodenitrogena- 
tion products including tetrahydro nitrogen-containing PNAs ( 5 ) ,  long chain 
alkyl PNAs in a boghead coal (6), and sulfur-containing PWLS in a -1 
liquid examined after chemical reduction (7). These analyses have mde use 
of all three of the principal scanning d e s  (8) of MS/MS: daughter spectra 
for identification of specific constituents, parent spectra for characteri- 
zation of carponents having a carmon substructure, and neutral loss spectra 
€or characterization of constituents having a m n  functional grcup. A 
daughter spectrum is cbtained by selecting the ion of interest in the first 
stage of mss analysis and passing it into the collision cell where it 
undergoes collision induced dissociation (CID). The resulting fragmnt 

parent spectrum, the second mass analyzer is set to pass a selected frag- 
ment ion which results fran CID and represents the substructure of 
interest. The first mass analyzer is scanned aver the entire mass range of 

zers simltaneausly with a mss offset between the two analyzers correspond- 
ing to the mass of the selected functional grmp which is lost as a result 
of CD). Cunbining M/MS with specific chemical degradation reactions as 
well as using differing d e s  of ionization, further enhances the utility 
of i%/M as a means for addressing the anplex nature of fuel materials. 
The focus of this paper is an attapt to tie a nunber of investigations, 
including characterization of products of specific chemical degradations, 
liquefaction processes and qtimization of processing conditions, to a 
central thane; characterization of the chemical nature of coal. 

ions are then mss analyzed with the second mss analyzer. To cbtain a 1 
\ 

interest. Neutral loss spectra are cbtained by scanning both mass analy- I 

ExpERIMF3rJTAt 
The E/MS results were cbtained using a FiMigan MAT triple suadrupole 

mss spedraneter (9,lO). The saples G e  admitted into the mass spectro- 
meter via the direct insertion probe. Idutane chemical ionization was 
employd at a sou~ce pressure of 0.4 torr for a typical case. Argon was 
used as the collision gas and multiple collision ccnditions, 2 mtorr, were 
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chosen to increase the extent of fragmntation. The collision energy 
chosen was 20 ev. 

The specific chemical degradation reactions which have been aployed 
include: ruthenium tetroxide aidation using ruthenium (111) trichloride in 
a fixture of water, acetonitrile and carbon tetrachloride at ambient tenper- 
ature (111, &cium/mixed amine reduction (12), supercritical ( s t e m )  
extraction (13) and patassi&cram ether reduction (14). In each instance 
the collaborators referenced prwided the chenically degraded materials. 

T(ESULTS AND DISaTSSICN 
Central to this work has been the identification of specific ccmpo- 

nents not only to characterize then for their intrinsic inportance but also 
to use this informtion to probe the nature of their possible precursors. 
Ildditionally, this work has focussed cn the value of */E as a rnethod for 
capring product distributions 1) as a mans of inprwing processing condi- 
tions for cbtaining the desired end product, and 2 )  to better understand 
the chemical nature of the original starting mterial, coal. With these 
cbjectives in mind, the differing types of specific chemical degradations 
as well as scan d e s  and ionization techniques -le to K/MS can be 
seen to represent an integrated approach to a well-defined pr&lan. 

A novel approach to the analysis of sulfur-ccntaining PNPs used a 
calciunl/mixed amine reduction of an SC I1 middle heavy distillate (7). 
Using negative ion chemical ionization (MCI), a series of alkylbenzothiw 
phenes Were identified fran their reduction products by cbtaining a parent 
scan of m/z  122. The ion at m / z  122 corresponds to the thiotrcpylium 
radical anion which is a characteristic fragnrent of o-ethylthicphenol, the 
reduction product of benzothiophene. This methodology has been extended to 
an SRC I1 heavy distillate fraction as well as fax coal sanples with vary- 
ing degrees of both total and organic sulfur content. Interestingly, the 
heavy distillates did not shm the presence of alkylbenzothiophenes but 
rather displayed a series of alkyldibenzothicphenes, again characterized 
using a parent scan of m/z 122. (The ion at m/z 122 is also a characteris- 
tic fragmnt ion of 0-cyclohexylthiophenol, the reduction prduct of 
dibenzothiophene.) Furthermore, a nuntber of higher molecular weight 
sulfur-containing pNAs have also been tentatively identified (using differ- 
ent parent scans) including a series of akylnaphthothiophenenes as well as 
akylbenzonaphthothicphenes. The reduced coal -le with the highest 
organic sulfur content, psa3 740, was fmnd to have a large abundance of 
dibenzothiophene, as indicated by the presence of the reduction product at 
m/z 191 in the parent scan of m/z 122 (Figure 1). This brings up an 
interesting question with regard to the dibenzothiphene in the coal - is it 
part of the mcramlecular network or interstitially trapped mterial. The 
amxlllt of dibenzothiophene identified in the other three coal sanples was 
negligible. All fax -1s had a significant arrnunt of Sx present as 
detdned by a NICI parent scan of d z  64, which can correspond to 
S2 . The amount of S found can be rmghly correlated with the 
inorganic sulfur content 0% the fax coal sarrples (see Table 1). 

Another chenical reduction schgne, involving potassidcram ether in 
tetrahydrofuran, has been used in a similar type of investigation. The 
emphasis of this work has been to pr& the chdcal structure of coal 
because this reaction, carried m t  at roan tenperatwe and n o d  pres- 
sure, m y  reduce the extent of breakdm of the mcramlecular structure. 
Detailed carbon and hydrogen NMR studies fran the reduction products of an 
Illinois No. 6 coal have indicated an abundance of extended chain 
methylenes, partially hydrogenated PNAS and significant amounts of the 
hydrw functionality. Figure 2 is a carparison of the daughter spectrum 
of m/z 131 an abundant ion in the Spectrum of the reduced coal product, 

- 
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With the daughter spectrum of protonated dihydronaphthalene. The dihydro- 
naphthalene, the presence of which is inferred fran the similarity of frag- 
mtation with the authentic caqxund, and its alkyl hanologs m y  result 
fran a Birch-type reduction of the carresponding alkyl naphthalenes. A 
series of protonated alkyl phenols extending to 5 was identified in the 
same sanple using a parent scan of d z  95 (Figure 3). The first two 
nentxxs of the series protonated phenol ( 4 2  95) and protcmtd mthyl- 
phenol (m/z 109) do not undergo to dz 95 and therefore are not present 
in the parent spectrum. Hmt~er, the presence of these two ccrrponents as 
well as the other protonated alkyl phenols, m/z 123, 137, 151, 165, 179, 
and 193, w e  confirmed using daughter spectra. The principal caponents 
identified by ra/Ms therefore correlate with structures determined in the 
NMR studies. Considering the mild reaction conditions it is pxsible the 
identified mrpanents result fran enhanced solubilization and not breakdm 
of the macramlecular structure. 

In addition to the hS/hS analysis of reduction products, the ruthenium 
tetroxide axidation products of an Illinois No. 2 ccal have been examined 
(15). In this study the carboxylic acids resulting fran oxidation have 
been identified using both positive ion chemical ionization (PICI) as well 
as NICI. The -hasis of this work lies not in the identification of given 
catponents per se but rather in correlating the caponents identified 
with possible precursor structures present in the unreacted coal. Ebr 
exanple, aliphatic dicarboxylic acids are a rmjor reaction product of 
ruthenium tetroxide aidation. Since this reaction OCCUTS via oxidation of 
an armtic carbon, these dicarboxylic acids can be postulated as resulting 
fran alkyl bridges, for exanple, axidation of tetralin can result in a 
significant amcunt of adipic acid (Figure 4). Canparison of the daughter 
spectrum of protonated adipic acid with the daughter spectrum of m / z  147 
fran the oxidized coal sanple confirms the presence of adipic acid. Table 
I1 lists the mst abundant types of -s which have been identified. 
The presence of araratic di, tri, and tetra carboxylic acids, can be 
carrelated with axidation of fusd-ringed systems. It shculd be noted that 
araratic carboxylic acids are detected as the corresponding anhydrides as a 
result of dehydration occurring in the hot mss spectraneter ion scu~ce. 
The absence of mlonic acid in the widation product does not indicate the 
absence of Ethylene linkages but rather arises because of the added reacti- 
vity of the enolizable protons which can pranote further oxidation. 

In addition to the identification of specific canponents, tandem mss 
spectranstry is valuable as a tool for ccnparing the character of different 
sanples. An exanple involves the analysis of the liquefaction products of 
hand-sorted coal mcerals (161, exinite and vitrinite, in order to assess 
possible chemical differences. Three different fractions of the tetralin- 
liquefied mcerals w e  examined by %/E; mltenes, asphaltenes, and p r e  
asphaltenes. The mss and %/M spedra of the mltene and asphaltene frac- 
tions indicated that mceral-related differences were quite d 1 .  parent 
scans, however, provided ample informtion with regard to the presence af 
alkylbenzenes and naphthalenes. Likewise, the preasphaltene sanples also 
producd little in the way of mceral-related differences. While the 
carpcunds identified in the two preasphaltene -1es m e  essentially the 

differences in the relative amcunts between the two samples were 
cbserved. Twelve different series af alkylhydroxyar'anatics, including 
phenals, pyridinols, dihydraxykenzenes, indenols, indanols, naphthols, di 
and tetrahydronaphthols, dihydraxynaphthalenes, acenaphthols, anthracenols, 
and Mphthylphenols, were confirmed using both parent and daughter scans. 
The sam series of canpcunds were present in each mceral sanple tmt the 
Sinite sample had rcughly ten times the concentration of hydrcsxyaramtics 
as did the vitrinite. 

I 

. 
U 
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=/I% can also be used as an aid to maximizing the infonmtion 
obtained fran a chenical process. Che such process on which this apprmch 
has been tested involved the supercritical steam extraction of sulfur fran 
tal. Studies of this type are aimed at finding both econanical and 
efficient mans for reducing the sulfur content in ccal prior to its being 
burned. Initial W/MS studies used a parent scan of m/z 184 to identify 
the targeted species - alkyl dibenzothicphenes. m e r ,  no effect on the 
relative abundance of dibenzothiophene in the extracted residue was famd 
when either the pressure or extraction time of the process was varied, in 
spite of large differences in total sulfur rgnwed. Further studies in 
progress are air& at extending the number of forms of sulfur being tested 
as wdl as including additional process variables in the sanpling 
schane. 

Tandem mss spectranetry is an efficient way of seeking differences in 
fuel samples. This can be illustrated by a case involving nine different 
samples cbtained fran the same -1, Illinois NO. 6, using a variety of 
extraction and liquefaction conditions. This mrk is aim33 at providing 
information on the guest-host nodel for ccal structure. That is, axe there 
conditions which can release a signficiant concentration of -11 molecules 
which are entrapped in the mcratlolecular network. The hexane-soluble 
extracts of these nine samples were analyzed by IS/=. While the amount of 
hexane-soluble mterial extracted varied fran sample to sanple, the mjor 
alkyl series identified were essentially the sam in all nine sanples, 
being daninated by a series of alkyl acenaphthenes (Figure 5). The alkyl 
chain extends to C as s h m  in the parent spectrum of m/z 155 fran one 
of the tetralin-lyquefied sarrples. The C -C alkylated acenaphthenes 
(m/z  183, 197, 211, 225) appear to be the ?‘I&?. abundant. This is also 
consistent with the chemical ionization mss spectrum. These results inply 
that while progressively harsher extraction/liquefaction conditions can 
release mre material, the chemical nature of that material, in term of 
ccnpnents as well as the alkyl mture, is very similar, at least within 
the narrcw confines of this investigation. 

Tandem mss spectretry has k e n  used to probe a number of questions 
involving the chemical nature of fuel-related mterials. With the avail- 
able scan d e s  - daughter, parent, and neutral loss - and ionization tech- 
niques it is possible to probe increasingly carpla questions concerning 
the structure of coal. This allaws the identification of specific carpo- 
nents in coal-derived mterials for coal structure characterization and 
liquefaction product analysis, in addition to ccnparative studies for 
process optimization, mceral-related cfnparisons and investigation of the 
guesthost -1 structure d e l .  
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Table I. c m p ~  ison of the amcrunt of S-. determined f r an  a parent 
Spectrum of m/z 64 (S2-) with the inorganiZ sulfur content of the  four 
ccals studied. - 

t 

counts of Sx(XlO 3 1 
\ Caal Inorganic sulfur 

ps(x: 685 
ps(x: 1300 
ps(x3 740 
PSE 1143 

1.3% not detected 
2.2% 2 
2.3% 7.5 
3.9% 38 

Table 11. Daninant carboxylic acids identified i n  the  ruthenium 
tetroxide oxidation of an I l l i no i s  No. 2 coal. 

Dibasic Aliphatic Acids 

Dibasic Armtic Acids 

Tribasic Armtics Acids 

Tetrabasic Armtic Acids 

Hoa3(~)xCa3H,  x = 0,2-8 

c0-c2 

c0-c2 

c o q 2  

Parent Spectrum 
M/Z 122- 

w 260 
M/Z 

0 
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