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A newly synthesized biphenylpolyslloxane was found to be a
highly selective stationary phase for the separation of sulfur
heterocyclic Isomers by caplllary column gas chromatogra-
phy. In conjunction with flame photometric detectlon, the
sulfur heterocycles In varlous heavy olls and tars were de-
termined. Phenaleno[6,7-bc Jthiophene and 2-methyl-
phenanthro|[4,5-bcd lthiophene were identified for the first time
in these materials.

Sulfur, in various forms, is present to some extent in all
fossil fuels, petroleum residues, and coal-derived products.
The detailed characterization of the polycyclic aromatic sulfur
heterocycles (PASH) in these materials is important for several
reasons. Many of the PASH are toxic (1) and/or mutagenic
(2-5) in various biological test systems. Since noxious gases
are produced during combustion of sulfur-containing fuels,
it is desirable to remove the sulfur during the refining of the
fuel. Furthermore, sulfur is notorius for poisoning of certain
catalysts used in the upgrading process. An understanding
of the forms of sulfur present is essential for the designing
of the most efficient methods for removing sulfur from the
final end products.

The PASH have not been characterized as extensively as
the polycyclic aromatic hydrocarbons (PAH) and polycyclic
aromatic nitrogen heterocycles (PANH) in heavy oils. The
PASH have generally been determined using gas chroma-
tography with sulfur-selective detection (6-11) or with mass
spectrometry (12-15). However, positive identification of
individual compounds is often difficult because of the large
number of interfering compounds and PASH isomers that are
present. Prefractionation steps are usually necessary before
final analysis, even when using high-resolution gas chroma-
tography. This laboratory has employed a modified procedure
of Drushel and Sommers (16) to isolate the PASH fraction
from coal liquids and shale oils (17). Relatively clean fractions
were obtained, and many new PASH were identified for the
first time. However, it was found that the recoveries of se-
lected PASH varied from 0 to 70%, depending on the
structures of the compounds (18).

Recently, Joyce and Uden (19) described a liquid chro-
matographic method for the isolation of thiophenic compounds
from shale oil. Separate one-ring and two-ring aromatic
fractions were first obtained by silica adsorption chroma-
tography, and the thiophenes were then separated from these
fractions by argentation chromatography on a silver nitrate
coated silica column. Although complete separation was
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achieved for one-ring thiophenes, the benzothiophenes were
enriched by approximately 96% in comparison to the naph-
thalenes. While no results were reported for higher molecular
weight fractions, it is expected that this method would prove
less satisfactory for compounds containing more than two
rings. '

Because of the complexities and shortcomings of the
methods used for isolating PASH-rich fractions, recent efforts
have again focused on high-resolution gas chromatography
with sulfur-selective detection. High efficiency capillary
columns coated with selective stationary phases have been
found to be essential for resolving the numerous isomers
present in various samples studied. In addition to the me-
thylphenylpolysiloxane stationary phases (SE-52 and SE-54)
normally used for the separation of polycyclic aromatic com-
pounds, improved resolution of certain PASH isomer groups
has been observed using capillary columns coated with a
mixture of Superox 20M and SE-52 (found useful only for
low-molecular-weight PASH in which the polar sulfur het-
eroatom exerts a significant effect on retention) (20), a mixture
of N,N"-bis(p-butoxybenzylidene)-a,o’-bi-p-toluidine (BBBT)
and SE-52 (20), and a mesogenic polysiloxane phase (21). No
single column has yet been found that is capable of resolving
all PASH isomers, but most compounds have been resolved
by using two different selective columns.

In this study, a newly synthesized (22) biphenyl polysiloxane
stationary phase was applied to the separation of PASH
isomers in heavy oils and tars. The biphenyl groups in this
stationary phase polymer could be polarized by the slightly
polar PASH solutes, resulting in a unique selectivity.

EXPERIMENTAL SECTION

Four different heavy oils or tars were analyzed: (a) a coal tar
sample, (b) a PAH/PASH fraction of a solvent refined coal (SRC
II) heavy distillate, (c) a PAH/PASH fraction of a Wyoming
Recluse crude oil, and (d) a PAH/PASH fraction of an Occidental
shale oil. The PAH/PASH fractions were isolated as previously
described (23). -

Most of the PASH standard reference compounds were syn-
thesized as described elsewhere (24). Capillary columns were
prepared by coating fused silica capillary tubing (0.31 mm i.d.;
Hewlett-Packard, Avondale, PA) with SE-54 and a 25% biphenyl,
75% methyl polysiloxane (17.2 m and 20.8 m, respectively, and
0.25 um film thickness) which was synthesized in this laboratory
(22). The biphenyl stationary phase was cross linked with azo-
tert-butane (25). Both columns were conditioned overnight at
280 °C under nitrogen gas flow.

An HP 5880 gas chromatograph equipped with a flame pho-
tometric detector (FPD) and operated in the splitless injection
mode was used. The hydrogen carrier gas was adjusted to a linear
velocity between 40 and 100 cm s71, and the detector sensitivity
was set to give full-scale response for 30 ng of benzo[b]-
naphtho(1,2-d]thiophene. Compounds were identified by com-
parison of retention data of the standards and samples on the
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Table I. Peak Assignments and Selected Concentrations for Identified Sulfur Heterocycles

concentration,” ppm

peak coal Wyoming Occidental
no. compound tar SRC-II crude oil shale oil
2 benzo[b]thiophene 740
3 C,-benzo[b]thiophene 1600
4 Cy-benzo[b]thiophene 5900
5 C;-benzo[b]thiophene 4200
6 dibenzothiophene and/or 4700 8500 2.2 210
naphtho[1,2-b]thiophene
7 naphtho([2,1-b]thiophene 230
8 naphtho([2,3-b]thiophene 190
9 4-methyldibenzothiophene 30 1900 9.1
10 2-methyldibenzothiophene 13 1700 0.4
11 3-methyldibenzothiophene 21 780 0.6
12 1-methyldibenzothiophene
13 Cy-dibenzothiophene 570 8.1
14 phenanthro[4,5-bed]thiophene 780 310
15 phenaleno[6,7-bc]thiophene 100
16 2-methylphenanthro(4,5-bed]thiophene 34
17 benzo[b]naphtho[1,2-d]thiophene 1700 460
and/or benzo[blnaphtho[1,2-b]thiophene
18 phenanthro{9,10-b]thiophene
19 phenanthro(4,3-b]thiophene and/or 400
anthra(1,2-bjthiophene and/or benzo[b]naphtho[2,3-d]thiophene
20 phenanthro[1,2-b]thiophene and/or 130
phenanthro(3,4-b]thiophene
21 anthra[2,1-b]thiophene
22 phenanthro[2,1-b]thiophene
23 phenanthro{2,3-b]thiophene and/or
phenanthro[3,2-b]thiophene
2Concentration given in ppm of organic extract.
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Figure 1. Chromatogram of coal tar on 25% biphenylpolysiloxane column: temperature program from 40 °C to 265 °C at 4 °C min™! after
an Initial 2-min isothermal period; hydrogen carrier gas at 50 cm s™'. Peak numbers refer to compounds listed in Table 1.

two different selectivity capillary columns and confirmed by gas
chromatography/mass spectrometry (GC/MS). GC/MS was
accomplished with an HP 5982A GC/MS system operated with
70-eV electron beam energy.

Since the FPD in this study was not equipped with a linearizer,
semiquantitation of PASH in the samples analyzed was accom-
plished by comparing peak areas of the resolved components with
the peak areas of a standard injection of benzo[b]thiophene,
dibenzothiophene, and benzo[b]naphtho[1,2-d]thiophene under
the same chromatographic conditions.

RESULTS AND DISCUSSION

Recent studies (26) have demonstrated that the 25% bi-
phenylpolysiloxane stationary phase is superior to other
stationary phases for the separation of polar polycyclic aro-

matic compound isomers such as the alkylated carbazoles and
dibenzothiophenes. The polarizable biphenyl group in the
stationary phase is more sensitive to structural differences in
these isomers than are other functional groups. In this study,
the chromatographic retention of a number of isomeric PASH
were compared by using SE-54 and the biphenylpolysiloxane
as stationary phases. Neither the SE-54 or the biphenyl
column was able to resolve dibenzothiophene and naphtho-
[2,1-b]thiophene, which were easily resolved on a mixed phase

" consisting of 50% Superox 20M in SE-52 (20). Furthermore,

there appears to be little difference in the resolution of
four-ring PASH isomers on either phase. Presumably, as the
molecular weights of the PASH increase, the interaction of
the slightly polar sulfur functionality with the biphenyl phase
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Figure 2. Chromatogram of SRC II PAH/PASH fraction on 25%
biphenyipolysiloxane column: temperature program from 120 °C to
265 °C at 4 °C min™" after an initial 2-min isothermal period; hydrogen
carrier gas at 100 cm s~'. Peak numbers refer to compounds listed
in Table I.
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Figure 3. Chromatogram of Wyoming Recluse crude oil PAH/PASH
fraction on 25% biphenylpolysiloxane column. Conditions are given
in Figure 2. Peak numbers refer to compounds listed in Table I.

contributes less to the retention of the solute, and they elute
principally according to vapor pressure. All four of the me-
thyldibenzothiophenes were resolved on the biphenyl phase
and identified in this coal-derived product.

In comparison to previous work (18) in which oxidation/
reduction steps were used to isolate a “clean” PASH fraction
from this same coal liquid, a number of compounds in which
the thiophene ring is annellated only on one side were de-
tected. These compounds include naphtho[2,1-b]thiophene,
naphtho[2,3-b]thiophene and phenanthro[2,3-b]thiophene. In
previous work, these compounds were removed during the
fractionation steps. Table I lists the PASH identified in this
study. In most cases, the compound identifications were
confirmed by comparison of retention data on two different
polarity stationary phases (SE-54 and the biphenylpoly-
siloxane) and mass spectral data with the same information
from standard compounds.

Figures 1-4 show chromatograms of the sulfur heterocycles
in a coal tar, an SRC II heavy distillate, a crude oil, and a shale
oil, respectively. Differences exist in the PASH content of
each of these samples. The coal tar contains principally un-
substituted PASH, while the coal liquid, shale oil, and pe-
troleum crude contain increasing relative concentrations of
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Figure 4. Chromatogram of Occidental shale oil PAH/PASH fraction
on 25% biphenylpolysiloxane column. Conditions are given in Figure
2. Peak numbers refer to compounds listed in Table I.

alkyl-substituted PASH, respectively. The shale oil contains
a relatively large concentration of low molecular weight PASH
(alkylated benzo[b]thiophenes), while the coal tar contains
the highest relative concentration of higher molecular weight
compounds.

Two new compounds have been identified in this study:
phenaleno[6,7-bc]thiophene and 2-methylphenanthro[4,5-
bed]thiophene.

Registry No. Benzo[b]thiophene, 95-15-8; naphtho[2,1-b]-
thiophene, 233-02-3; naphtho[2,3-b]thiophene, 268-77-9; 4-
methyldibenzothiophene, 7372-88-5; 2-methyldibenzothiophene,
20928-02-3; 3-methyldibenzothiophene, 16587-52-3; 1-methyldi-
benzothiophene, 31317-07-4; phenanthro[4,5-bcd]thiophene,
30796-92-0; phenaleno(6,7-bc]thiophene, 79965-99-4; 2-methyl-
phenanthro[4,5-bed]thiophene, 88114-00-5; phenanthro[9,10-4]-
thiophene, 236-01-1; anthra[2,1-b]thiophene, 227-56-5; phenan-
thro{2,1-b]thiophene, 219-25-0; anthra[2,3-b]thiophene, 22108-55-0.
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Thermoanalytical, GLC, and spectrometric data have provided
evidence that the observation of analytically useful peaks
from the direct gas chromatographic analysis of otherwise
involatile malelc acid salts of a family of tertlary amines is the
result of thermal dissoclation of the salts to thelr respective
free base and free acld moleties. The efficiency of the dis-
soclation achleved upon Injection of the salts into
“unmodified” GLC systems Is dependent upon the Injection
port temperature (IPT), as deduced from measurement of the
molar responses of the peaks arising from both of the eluted
components. Optimum response Is obtalned over only a
narrow IPT range (near 200 °C in the case of the antihist-
amine salts tested). DTA and TGA experiments provided data
which proved to be rellable predictors of the GLC behavior
of the salts.

Despite their relative involatility, certain classes of amine
salts (alkaloids and nitrogenous drugs) have been found to
yield analytically useful peaks upon direct injection into
gas-liquid chromatographic (GLC) systems (1-9) without prior
conversion to their free bases or the use of alkali-modified
forecolumns, analytical columns, or carrier gases. Based on
the retention times of the peaks obtained by using such un-
modified systems, it has been postulated that thermal dis-
sociation of the salts in heated portions of the GLC system
may be occurring to liberate the conjugate free bases, which
then elute in the normal manner (1, 3-5, 10). If so, however,
the fate of the acid part of the salts, even where the acid may
be organic, has not been accounted for experimentally. Also,
the quantitative reproducibility of the postulated thermal
conversion has been questioned (11, 12), although attempts
to exploit the direct salt injection procedure for quantitative
purposes have been reported (8, 13).

In order to establish the general utility of determining amine
salts via direct injection under nonextraordinary GLC con-

ditions, the experimental limitations of the technique as well
as further proof of the mechanism responsible for the observed
GLC behavior were sought. For this purpose, the thermoa-
nalytical and GLC characteristics of maleic acid salts of a series
of commonly available antihistamines, viz., pheniramine (1),
chlorpheniramine (2), and brompheniramine (3), have been
examined. The maleic acid salt of N,N-dimethyl-n-propyl-

X
4 1, X=H
NG HOOC—CH 2X=Cl
l + - o 3X=Br
CH,CH,NHICH3), ~00C—CH

amine (4) is also included in this study, since it serves as a
simple experimental model for 1-3, representing the “side
chain” of the latter devoid of the substituents on the w-carbon
atom. The tertiary amine and organic acid which would be
the products of the thermal dissociation of these compounds
are readily detectable chromatographically. Detection and
quantitation of the acid moiety as well as the basic portion
of the salts under the GLC conditions employed would provide
further confirmation of the thermal dissociation mechanism
as the source of the GLC peaks obtained from these intrin-
sically involatile analytes. The thermoanalytical experiments
were intended to provide a basis for explaining and predicting
the observed GLC behavior.

EXPERIMENTAL SECTION

Chemicals. The following chemicals were obtained from
commercial sources and were used without further purification:
pheniramine maleate (Hexagon Laboratories), chlorpheniramine
maleate (H. Reisman Corp.), brompheniramine maleate (A. H.
Robins), N,N-dimethyl-n-propylamine (Alfa Products), maleic
acid (Alfa Products), maleic anhydride (J. T. Baker), propionic
acid (Amend Drug Co.), octadecane (Chem Service), and hexa-
decane (Poly Science). Solvents employed were all reagent grade.

The maleic acid salt of N,N-dimethyl-n-propylamine (4) was
synthesized by mixing a solution of 0.050 mol of the acid in 10
mL of acetone with 5 mL of a solution containing 0.055 mol of
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