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A rapid and simple method has been established for the isolation of condensed thiophenes (PASH)
and other types of aromatic sulfur compounds (S-PAC) based on ligand-exchange chromatography
(LEC). This procedure has been applied to the aromatic fractions of a crude oil, a coal extract, and
a hydrogenated coal liquid to obtain PASH and S-PAC fractions. Both fractions were examined by
capillary column gas chromatography with flame ionization and flame photometric detection and
by gas chromatography/mass spectrometry. A variety of previously unidentified S-PAC were found
in these samples. Alkyl phenyl disulfides were the major S-PAC in the crude oil, and alkyl-
phenylthiophene and propyl naphthy! sulfide were found in the coal extract, while alkyldihydro-
benzothiophenes were isolated in the hydrogenated coal liquid. Structural characteristics of the
identified S-PAC are discussed and compared with sample properties. The interaction of PASH and
S-PAC with PdCl, in LEC used in this study was also discussed.

Introduction

Sulfur is present in various forms in all fossil fuels. The
organic sulfur compounds found in these materials have
been categorized according to functionality: thiol, di-
sulfide, sulfide, and thiophene. Condensed thiophenes
(PASH) are generally the most abundant of aromatic
sulfur compounds in various upgraded fossil fuels due to
their resonance stabilities, and they have been extensively
studied.’”? In addition to PASH, crude oils, and coals are
thought to contain other types of aromatic sulfur com-
pounds (S-PAC), such as thiols, sulfides, and disulfides.*$
However, S-PAC in these samples has never been fully
identified. The relatively low abundances of these com-
pounds make their analysis extremely difficult.

The isolation or enrichment of target compounds in
selected fractions is an essential step for their unambiguous
identification. Since the properties of aromatic sulfur
compounds are very similar to those of aromatic hydro-
carbons, finding such procedures is very difficult. During
the investigation of various isolation methods for PASH,
a new isolation method based on ligand-exchange chro-
matography (LEC) using PdCl, was found to be the most
successful.” LEC has been used to identify compounds
containing two- to six-ring PASH in coal-derived materials®
and complex alkylated PASH mixtures in a catalytically
cracked vacuum residue.®

LEC was first suggested for chromatography by
Helfferich in 1961,'° and the basic principles of LEC were
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explained to some extent by him.!'"®* Recent advances
were reviewed by Davankov and Semechkin,'* and the
most recent studies are cited in Takayanagi’s paper.!®
Although a fundamental understanding of LEC is still
incomplete, it offers a unique chromatographic selectivity
that cannot be attained with conventional partition or
adsorption chromatography.

A number of anions and neutral molecules that possess
pairs of free electrons are capable of functioning as ligands
because of their electron-donation properties.’® Sulfides
readily form ligands, as do amines, alcohols, and amino
acids, and their LEC behavior has been studied.'”2 These
papers, however, deal mostly with alkyl sulfides and their
chromatographic selectivities. Many complex-forming ions
in the LEC are known, such as Cu?*, Ni?*, Co?*, Fe?*3+,
Zn?*, Cd%*, Hg?*, Ag?*, UO,?*, and VO,2*.* Recently,
CuCl, and PdCl, were selected and studied for the isolation
of aliphatic thioethers and simple sulfur heterocycles.?

In this study, an isolation method for S-PAC based on
LEC using silica gel impregnated with PdCl, was estab-
lished and applied to the analyses of a crude oil, a coal
extract, and a hydrogenated coal liquid. The isolated
fractions were analyzed by capillary column gas chroma-
tography (GC) and gas chromatography/mass spectrom-
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Figure 1. Fractionation and isolation scheme for aromatic sulfur
compounds.

etry (GC/MS). For the first time, various kinds of new
S-PAC in these samples were identified. Structural
characteristics of the S-PAC were discussed and compared
with sample properties. The interaction of PASH and
S-PAC with PdCl, in the LEC used in this study was also
discussed.

Experimental Section

Wilmington crude oil sealed in ampules under a nitrogen at-
mosphere and SRC-I process solvent were obtained from Battelle
Pacific Northwest Laboratory, Fossil Fuel Repository. Elemental
analysis and other physical-chemical data for the Wilmington
crude oil have been reported earlier.® A PSOC-521 coal (Rock
Springs No. 7, Sweetwater, WY) obtained from The Pennsylvania
State University Coal Repository has been described.?* A 25-g
portion of PSOC-521 coal was extracted with 500 mL of benzene
for 24 h in a Soxhlet apparatus before fractionation. Aromatic
fractions were isolated as previously described® from 0.3 g of the
Wilmington crude oil, 0.3 g of the SRC-I process solvent, or 0.6
g of the PSOC-521 benzene extract. These fractions containing
PAH, PASH, and S-PAC were further analyzed in this study.
Standard reference compounds (Aldrich Chemical Co., Milwaukee,
W1 and spectrometric grade solvents (Fisher Scientific, Fair Lawn,
NJ) were used without further purification.

The 5.0 g of material used for the LEC column was prepared
as previously described’ using silica gel impregnated with PdCl,.
The samples were eluted with chloroform/n-hexane (1:1), yielding
fractions P-1 (30 mL) and P-2 (50 mL), and with chloroform/ethyl
ether (9:1), yielding fraction P-3 (100 mL). The PAH were eluted
in fraction P-1, the PASH were eluted in fraction P-2, and the
S-PAC were eluted in fraction P-3. The P-3 fraction was reduced
in volume to 0.5 mL by rotary evaporation, and 30 pL of di-
ethylamine were added. This fraction was once more cleaned by
passing it through neutral alumina with 50 mL of benzene. A
diagram of this isolation method is shown in Figure 1.

A Hewlett-Packard Model 5880 gas chromatograph equipped
with flame ionization and flame photometric detectors (FID and
FPD) was used for all gas chromatographic analyses. Sample
injection was made in the splitless mode with hydrogen as a carrier
gas at a linear velocity of 100 cm s™!. Semiquantitation was
accomplished by FID peak areas of the resolved components using
a response factor determined for a standard injection of di-
benzothiophene. The capillary column was prepared by statically
coating fused silica tubing (15 m X 0.20 mm i.d., Hewlett-Packard,
Avondale, PA) with SE-54 (film thickness of 0.25 um), cross-linking
with 2,2’-azoisobutane,?® and conditioning overnight at 280 °C
under nitrogen gas flow. Mass spectral data were collected with
a Hewlett-Packard 5970 mass spectrometer system operated in
the electron-impact mode at 70 eV with the ion source and an-
alyzer temperatures held at 250 and 280 °C, respectively, and the
scan speed set at 300 amu s

(24) Mudamburi, Z.; Given, P. H. Org. Geochem. 1985, 8, 441-453.

(25) Later, D. W.; Lee, M. L.; Bartle, K. D.; Kong, R. C.; Vassilaros,
D. L. Anal. Chem. 1981, 53, 1612-1620.

(26) Wright, B. W.; Peaden, P. A,; Lee, M. L,; Stark, T. J. Chromatogr.
1982, 248, 17-34.

Energy & Fuels, Vol. 2, No. 2, 1988 215

Table I. Approximate Recoveries of Selected
Sulfur-Containing Compounds by Ligand-Exchange
Chromatography on Silica Gel Impregnated with PdCl,

recovery, wt %
structure P-1 P2 P-3
(n-CgHy1)oS 0 3 30°
IL;IUL:J >95 <1 0

SH 0 0 b
O-s<0 0 <5 >90

compd
hexyl sulfide
2,2’-bithiophene
2-naphthalenethiol

phenyl sulfide

benzyl sulfide @cu,—s—cu,-@ 0 <5 >90

phenyl disulfide @-s-s-@ 0 0 >9

2-phenyl-1,3-dithi $ 0 0 5e
pheny. ithiane @_<s>

thianthrene 0o o0 209

s
O8E©
3 Other portion remained in the column. ?Showed decomposi-

tion during analysis by GC.

Table II. Hiickel x-Electron Density and Approximate
Recoveries in Each Fraction of Thiophene Benzologs

Hiickel recovery,
relectron ___ Wt %
compd structure  density* P-1 P-2 P-3
bithiophene l—sl_l[;] (1.599)* >95 <1 0
benzothiophene

@(“n 1.663 50 20 0

s

dibenzothiophene 1.722 <1 70 20
s

benzo[b]naphtho- @ @ 1.697 <1 90 0
[2,1-d}thiophene S @

¢Reference 30. ®Value given for thiophene.

Results and Discussion

Most of the PASH eluted as PASH/Pd complexes in the
P-2 fraction.” Leaching of Pd complexes in the P-3 fraction
from the stationary phase was even greater. In fact, when
the P-3 fraction was concentrated, the S-PAC/Pd com-
plexes precipitated. Because diethylamine is a stronger
ligand than S-PAC and can replace S-PAC in the S-
PAC/Pd complexes, the P-3 fraction was treated with
diethylamine as previously described for the P-2 fractions.”
To eliminate the diethylamine/Pd complexes and the trace
amounts of nitrogen-containing compounds from the re-
leased S-PAC, this fraction was cleaned by passing it again
through neutral alumina using a benzene eluent.

Table I lists the recoveries of selected model thiols,
sulfides, and disulfides in the P-1 to P-3 fractions. More
than 90% of the phenyl sulfide, benzyl sulfide, and phenyl
disulfide were recovered in fraction P-3; however, only a
low percentage of 2-naphthalenethiol was detected by using
GC. It is known that thiols are difficult compounds to
analyze.Z? Thiols readily converted to other compounds
in the presence of air or during analysis by GC/MS. For
example, only 10% of the 2-naphthalenethiol injected into
the GC was recovered. Hexyl sulfide, 2-phenyl-1,3-di-
thiane, and thianthrene showed strong interaction with
PdCl,. They partially eluted in the P-3 fraction and
partially remained on the column. Bithiophene did not
show significant interaction with PdCl,. These results
suggest that the ligand exchange of sulfur compounds with
PdCl, depends upon their nucleophilicity.?®?®  Alkyl
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Figure 2, FPD gas chromatogram of the P-2 fraction of a
Wilmington crude oil. Conditions: temperature program from
40 to 100 °C at 10 °C min™ and then from 100 to 265 °C at 4 °C
min? after an initial 2-min isothermal period; hydrogen carrier
gas at a linear velocity of 100 cm s™. Peak assignments are listed
in Table IIla.

Table III. Aromatic Sulfur Compounds Identified and
Quantified in a Wilmington Crude Oil

molecular conen,®
peak no. ion proposed compd or isomer vg/g
(a) Polycyclic Aromatic Thiophenes
1 148 C,-benzothiophene 1
2 162 C,-benzothiophene 50
3 176 Cgs-benzothiophene 100
4 176 C;-benzothiophene 90
5 176 Cs-benzothiophene 10
6 190 C-benzothiophene b
7 190 Csbenzothiophene 20
8 190, 204 C,- and Cs-benzothiophene b
9 204 Cs-benzothiophene b
10 184 dibenzothiophene 20
11 218 Cg-benzothiophene b
12 198 4-methyldibenzothiophene 50
13 198 2- and 30
3-methyldibenzothiophene
14 198 1-methyldibenzothiophene 30
15 232 Cs-benzothiophene b
16 212 C,-dibenzothiophene b
17 226 Cy-dibenzothiophene b
(b) Aromatic Disulfides
1 172 unknown 3
2 156 methyl phenyl disulfide 1
3 170 ethyl phenyl disulfide 3
4 184 propyl phenyl disulfide 9
5 198 butyl phenyl disulfide 3
6 212 pentyl pheny! disulfide 3
7 226, 212 hexyl and pentyl phenyl 2
disulfide

8 212 pentyl phenyl disulfide 40
9 212 pentyl phenyl disulfide 10
10 252 Cz-cyclohexyl phenyl disulfide 10
11 266 C;-cyclohexyl phenyl disulfide 4

¢ Approximate concentration in ug/g of original material.
®These compounds were detected but not quantified.

sulfides and cyclic sulfides with aromatic rings are the most
nucleophilic, followed by phenyl sulfides and phenyl di-
sulfides, all of which elute in the P-3 fraction. Table II
lists Hiickel w-electron densities of selected thiophene
benzologs.®*® The elution behavior of these PASH is

(29) Ansteeg, H. P. Ph.D. Thesis, Technical University Clausthal,
Clausthal-Zellerfeld, FRG.
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Figure 3. Mass spectra of (A) peak 7 in Figure 2 and (B) peak
8 in Figure 4.
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Figure 4. Gas chromatograms of the P-3 fraction of a Wilmington

crude oil using (A) FPD and (B) FID. Conditions are as in Figure
2. Peak assignments are listed in Table ITIb.

coincident with their =-electron densities. Elemental
balances of the P-1 and P-2 fractions were checked earlier
for a petroleum-derived product.® Because S-PAC were
minor constituents, elemental analyses of the P-3 fraction
of fossil fuels were not performed. In the present work,
the efficiency of LEC method is demonstrated by GC-
(FPD) and GC/MS in the analyses of three different
natural samples.

This LEC method was applied to a Wilmington crude
oil. Figure 2 shows the FPD chromatogram of the P-2

(30) Nagai, M.; Urimoto, H.; Uetake, L.; Sakikawa, N.; Gonzalez, R.
D. Prepr.—Am. Chem. Soc., Div. Pet. Chem. 1986, 31, 857-861.
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Table IV. Aromatic Sulfur Compounds Identified and Quantified in a PSOC-521 Coal Extract and an SRC-I Process Solvent

peak no. molecular ion

conen,® ug/g
PSOC-521

SRC-I

proposed compd or isomer P-2 P-3 P-2 P-3

136
148
150
162
164
164

*

dihydrobenzothiophene
C,-benzothiophene
C;-dihydrobenzothiophene
Cy-benzothiophene
Cy-dihydrobenzothiophene
C,-dihydrobenzothiophene

176 Cjs-benzothiophene
190 C,-benzothiophene

202 Cgz-phenylthiophene
216 C-phenylthiophene

184 dibenzothiophene

e ol ol
W-IDNDO R WNHROWOE -1 U O WK -

212 C,-dibenzothiophene
212 C,-dibenzothiophene
19 208
20 222
21 222

178 Cj-dihydrobenzothiophene

202 propyl naphthyl sulfide
188 tetrahydrodibenzothiophene

198 4-methyldibenzothiophene
198 2- and 3-methyldibenzothiophene b b 2700 380
198 1-methyldibenzothiophene

0.02 20
b 0.04 b

0.03
0.01
0.02
10
0.04 0.01 11000 20
0.05 0.03 2200 20

0.02 50 b

phenanthro[4,5-bed]thiophene 80
C,-phenanthro[4,5-bcd]thiophene 40
C;-phenanthro[4,5-bcd]thiophene 30

¢ Approximate concentration in ug/g of original material. *These compounds were detected but not quantified.

fraction of this crude oil. Compounds were identified by
comparison with previous work? and by GC/MS. The
identified compounds, their molecular masses, and their
approximate concentrations are listed in Table Illa.
Alkylated benzothiophenes and dibenzothiophenes were
the major thiophenic compounds in this sample, and even
two C-benzothiophenes were detected. The mass spectra
of the alkylated compounds in this sample showed ex-
tended chain alkylation instead of multimethyl substitu-
tion because of the presence of M - 15, M - 29, and M -
43 peaks (Figure 3A).

Figure 4 shows the FPD and FID chromatograms of the
P-3 fraction of the Wilmington crude oil. Some remaining
diethylamine/Pd complexes were observed in the FID
chromatogram. Comparison of these chromatograms
verifies that aromatic sulfur compounds were isolated in
the P-3 fraction. These compounds were also identified
by GC/MS. The identified compounds, their molecular
masses, and their approximate concentrations are listed
in Table IIIb. Sulfides were not detected at significant
levels, and only alkyl phenyl disulfides were present as
major S-PAC components.

Figure 3B shows the mass spectrum of peak 8 as an
example. Aromatic sulfur compounds with a molecular
mass of 212 are probably C,-dibenzothiophenes and pentyl
phenyl disulfides. Retention times of C,-dibenzo-
thiophenes are quite large compared with that of peak 8.
Disulfides are difficult to identify from the mass fragment
patterns, because, in general, they easily rearrange under
the mass spectrometry operating conditions used in this
study.?! This peak, however, can be tentatively identified
as isopentyl phenyl disulfide because of the absence of a
M -1 peak and the observation of very weak M - 15 peaks
and very strong M - 29 peaks.

Thiols are generally not stable in air or at high tem-
peratures and tend to form disulfides by a coupling reac-
tion.2283233  Alkyl phenyl disulfides identified in this

(31) Botlino, F.; Fradullo, R.; Pappalardo, S. Org. Mass. Spectrom.
1981, 16, 289-203.
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Figure 5. FPD gas chromatograms of (A) P-2 and (B) P-3

fractions of a PSOC-521 extract. Conditions are as in Figure 2.
Peak assignments are listed in Table IV.

sample were presumably derived from benzenethiol and
alkanethiols (eq 1).
PhSH + RSH — PhH + RH + PhSSR, etc. (1)

Figure 5 shows FPD chromatograms of the P-2 and the
P-3 fractions of the PSOC-521 extract. The identified
compounds, their molecular masses, and their approximate
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Figure 6. Mass spectra of (A) peak 11 in Figure 5 and (B) peak

5* in Figure 9.
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Figure 7. Structural similarities of major aromatic hydrocarbons
and major aromatic sulfur compounds in a PSOC-521 coal extract.

concentrations are listed in Table IV. C,- and C;
benzothiophenes were major components in the P-2 frac-
tion. Some alkylated PASH eluted in the P-3 fraction,
because w-electron-rich sulfur compounds exhibit strong
interactions with PdCl,. C;- and C;-phenylthiophenes were
also identified in the P-3 fraction. If a phenyl group is
attached to a thiophene, the w-electron density of the
sulfur is high, and this type of compound may elute in the
P-3 fraction.

Very interestingly, peak 11 in the P-3 fraction is most
probably isopropyl naphthyl sulfide. In the mass spectrum
(Figure 6A), each mass fragment can be interpreted as
shown. This seems to be the first observation of sulfur-
linked hydrocarbons in coal. Diaryl sulfides might be
contained in higher rank coals.

Low-molecular-weight neutral compounds in the PSO-
C-521 coal extract were recently extensively identified by
using GC/MS.3* One of the major neutral aromatic hy-
drocarbon groups was C,- to C,-naphthalenes and C,- and
C,-biphenyls. Structural similarities between these
abundant aromatic hydrocarbons and the abundant aro-
matic sulfur compounds in this coal extract were observed
(Figure 7). Major aromatic sulfur compounds were ob-

(34) Chang, H.-C. K_; Nishioka, M.; Bartle, K. D.; Wise, S. A.; Bayona,
J. M.; Markides, K. E.; Lee, M. L. Fuel 1988, 67, 45-57.
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Figure 8. Proposed coalification for aromatic sulfur compounds
in coal.

tained by the replacement of a carbon in alkylnaphthalenes
or alkylbiphenyls by a sulfur.?

Although very little is known about the origin of orga-
nosulfur compounds, two plausible origins exist for the
occurrence of these compounds in coal.?® One origin is
the organosulfur constituents of the original plant debris,
and the other is the products from reactions between el-
emental sulfur (S,) or Fe,S, compounds such as pyrite and
hydrocarbons. Interaction between the pyritic sulfur and
the organic matrix during carbonization has been discussed
and reviewed.** Reactions between elemental sulfur and
simple hydrocarbons such as toluene and ethylbenzene
have also been studied.**2 These results demonstrate the
possible origin of aromatic sulfur compounds from reac-
tions with S, or Fe,,S,. 2,4-Diphenylthiophene, analogous
to alkylphenylthiophenes identified in this study, was
produced by the mild reaction of ethylbenzene and ele-
mental sulfur in air and water at 130 °C for 72 h.*? Also,
phenylthiophene can be synthesized from unsaturated
alkylbenzene and elemental sulfur above 170 °C (eq 2).%

C,H,CH = CH + 8y — I (2)
© -+

Our observation of structural similarities between hy-
drocarbons and sulfur compounds can be interpreted in
the following way to explain the origin of aromatic sulfur
compounds. PAH precursors derived from plant debris
during diagenesis reacted with S, or Fe,,S,. These sulfur
compounds then followed the same coalification path as
PAH (see Figure 8). On the basis of the results of analyses
of various types of polycyclic aromatic compounds in
coal-derived materials,** the possibilities of similar reac-
tions occurring during diagenesis, despite the presence of
heteroatoms, was proposed.

Although S-PAC seem to be minor constituents in up-
graded samples such as coal liquids and petroleum-derived
materials, they are present in substantial quantity in hy-
drogenated materials such as SRC-I products. Figure 9
shows FPD chromatograms of these isolated fractions of
SRC-I process solvent. The identified compounds, their
molecular masses, and their approximate concentrations
are listed in Table IV. Cyclic sulfides, C;- to Cgy-di-
hydrobenzothiophenes, present as major compounds in the
P-3 fraction, eluted in the P-3 fraction. Although the
retentions of alkylbenzothiophenes are identical with those
of alkyldihydrobenzothiophenes in GC, the alkyldihydro-
benzothiophenes were isolated and identified in this study,
some of which have been previously identified in crude
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Figure 9. FPD gas chromatograms of (A) P-2 and (B) P-3
fractions of an SRC-I process solvent. Conditions are as in Figure
2. Peak assignments are listed in Table IV.

oils, %49 ghale oils,*®*4° and coal liquids.*° Figure 6B shows
one example of a mass spectrum for C,-dihydrobenzo-
thiophenes. Alkylthiocromanes can be thought of as iso-
mers of alkyldihydrobenzothiophenes; however, they were
identified here as alkyldihydrobenzothiophenes on the
basis of their molecular masses and the fragment patterns
of the alky!l substituents.
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Whereas benzologs of dihydrobenzothiophene were not
present in significant concentration in this sample, three
isomers of tetrahydrodibenzothiophene and methyltetra-
hydrodibenzothiophenes were detected in the P-2 fraction
(see Figure 9A). These compounds were apparently pro-
duced by hydrogenation in the SRC-I process.?

R R A R
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One of the main purposes in this area is to discover
detailed information about fossil fuel structures by iden-
tifying different types of sulfur compounds. Since sulfur
is easily recognizable by using a sulfur-selective GC de-
tector and S in MS, etc., after enrichment of sulfur
compounds, sulfur acts as a tracer in complex mixtures.
LEC has great potential for the isolation and separation
of sulfur compounds with different m-electron densities,
becauses each sulfur functional group has different elec-
tronic properties. It is expected that the LEC used in this
study will become increasingly popular for isolation and
separation of sulfur compounds now that the nucleophilic
interaction of sulfur compounds with PdCl, has been better
characterized and understood.
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