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Aromatic constitutents in Wandoan coal-derived distillate were analyzed by means of capillary gas
chromatography/mass spectrometry (GC/MS) in order to clarify their aromatic skeletal structures. The major
aromatic skeletons could be classified into several groups, the molecular weights of which were represented by

78+50n, 118+50n, 154+50n, 166+50n, 202+50n, 242+50n (n=0,1,2,.--), and so on.

The increase by 50

corresponded to an additional benzene ring fused to the original skeleton. Some new types of aromatic
skeletons, such as dihydrophenalene and benzindan, were found to be present in significant amounts.

Coal-derived liquids are very complicated mixtures,
but the elucidation of their chemical structures is
necessary for their utilization as fuels, chemicals, and
process solvents in coal liquefaction. Capillary GC
and GC/MS have been used by many researchers to
analyze aromatic compounds in coal-derived lig-
uids.1-7

The skeletal structures of hydroaromatic fractions
from fossil fuels are constructed from benzene ring and
naphthenic rings. Synder showed the structural range
of petroleum hydrocarbons as a three-dimensional,
continuous array.® Similar diagrams have also been
presented for coal-derived hydrocarbons.?:1®  The
hydroaromatic fractions in coal-derived liquids consist
of alkylated homologues of several common aromatic
skeletons, such as benzene, naphthalene and phenan-
threne, and their hydrogenated derivatives. Therefore,
it is very important to clarify the fundamental
aromatic skeletons for a better understanding of their
chemical structures. Although many aromatic ske-
letal structures are well known, there remain some
aromatic skeletons which can be expected to be present
in coal-derived liquids but which are as yet uncon-
firmed because of the lack of authentic standards.

In this work, the existence of some aromatic skeletal
structures which are probable but which are as yet
uncertain were investigated by means of capillary
GC/MS analysis combined with separation by means
of high-performance liquid chromatography (HPLC)
and dehydrogenation treatment.

Experimental

Preparation of Coal-Derived Samples. Figure 1 shows
the diagram for the preparation of coal-derived samples.
The liquefaction of Wandoan coal was carried out at 450°C
for 1h over a-FesOs(sulfided) under an initial pressure of
9.8 MPa H; and using toluene as the solvent. A nonpolar
distillate (bp 180—430°C) was obtained from the heptane-
soluble product by distillation and separation on an
alumina column; it was then divided into saturates (Fr. A),
monoaromatics (Fr. B), diaromatics (Fr. C), and tri/tetra-
aromatics (Fr. D).» Furthermore, Fr. C and Fr. D were
separated into seven aromatic subfractions (Fr. C-1, Fr. C-2,

Fr. D-1, Fr. D-2, Fr. D-3, Fr. D-4, and Fr. D-5) by the use of a
HPLC apparatus equipped with a semipreparative uBond-
apak-NHj; column (19 mm>X150 mm).

The nonpolar distillate was dehydrogenated over a
Pt/AlxOs catalyst at 325°CIV to ascertain which peaks were
hydrogenated derivatives. In addition, the nonpolar
distillate was first hydrogenated and then dehydrogenated to
clarify the existence of benzonaphthofuran skeletons. Upon
this treatment, the quantities of benzonaphthofurans de-
creased markedly, while the other aromatic hydrocarbons did
not decrease.

Preparation of Standard Samples. The methylation of
aromatic compounds was performed at 350—400°C over
Ni-W/S102-Al203 in an excess amount of 1,2,3,4-tetra-
methylbenzene,'? while the ethylation of aromatic com-
pounds was done at 250—300° C over SiOz-Al203 with twice
as many moles of ethanol.

The hydrocracking of naphthalene, phenanthrene, an-
thracene, chrysene, benz[a]anthracene, and benzo[e]pyrene was
individually performed at 470°C over a MoSz catalyst and
under an initial pressure of 4 MPa Hs.

Wandoan Coal
450°C, Toluene
a-Fe,05(S), 9.8MPa

Coal-derived Liquid

[ Nonpolar Distillate | 10.0 wi%

100% (d.af. coal basis)
Fl{A FIJ".B Fr.C F}:.D
33.5% 1.9% 11.8% 3.3%
18.8% 6.0%
8.3%
4.5%
LFrD-5] 0%
Fig.l 1. Preparation of Wandoan coal-derived sam-
ples.
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Analysis by Means of Capillary GC/MS and GC. The
samples were analyzed by the use of a GC/MS apparatus
(Hewlett-Packard 5890A g.c.+5970 MSD) equipped with a
OV-1 fused silica capillary column (50 mX0.2 mm). The
oven-temperature programme was; 50°C (25min), 5°C
min~!, 100°C (5min), 3°Cmin~!, 150°C (3 min), 2.5°C
min~1, 260°C (hold). All the spectra were recorded in the
electron-impact-ionization mode at 70 V. The constituents
of the seven aromatic subfractions were quantified by the use
of a GC apparatus (Hewlett-Packard 5890A) with an FI-
detector. The oven temperature was programmed from 50°C
to 300°C at 2°C min~! for GC analysis.

Results and Discussion

Analysis of Aromatic Subfractions. The seven aro-
matic subfractions were analyzed by means of capillary
GC and GC/MS; the results are shown in Table 1
according to the molecular weight. Naphthalene,
phenanthrene, acenaphthene, biphenyl, phenylnaph-
thalene, dibenzofuran, fluorene, benzofluorene, fluo-
ranthene, pyrene, benzopyrene, and so on were easily
confirmed to be present by comparing the mass spectra
and the retention times with those of commercially
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available standard compounds. The aromatic skeletal
structures present in coal-derived liquids could be
classified into several groups, as diagrams previously
proposed.?-1® The most abundant group was com-
posed of benzene, naphthalene, phenanthrene, chry-
sene, and so on, the molecular weights of which were
represented by 78+50n(n=0, 1, 2, 3, ---). The increase
by 50 corresponded to an additional benzene ring fused
to the original skeleton. The existence of such skeletal
groups as biphenyl/phenylnaphthalene/binaphthyl
(MW 154+50n), fluorene/benzofluorene (MW 166+
50n), and pyrene/benzopyrene (MW 202+50n) were
also established. Since indan, acenaphthene, and
dibenzofuran were detected in coal-derived samples,
benzindan, benzacenaphthene and benzonaphtho-
furan should also be present. However, those aromatic
skeletons were not confirmed to be present because of
the lack of authentic standards. In later papers, the
existence of aromatic skeletons of MW 168, 204, 218,
and 242, which correspond to benzindan, benzace-
naphthene, benzonaphthofuran/dihydrocyclopentaphe-
nanthrene, and dihydrocyclopentapyrene respectively,

Table 1. Major Compound Types of Each Aromatic Subfraction
Abundance (GC area/%)
Fr. Major compound type M.W.
n=0 1 2 3 4 5 Total

C-1 Benzenes (134+14n) 4.7 3.5 1.3 0.4 1.6 0.2 12.3

Indan/tetralins 132+14n 9.7 16.6 21.1 17.0 5.5 3.0 73.2

Unknown 158+14n 1.0 3.6 3.2 2.3 1.1 0.6 12.3
C-2  Naphthalenes 128+14n 7.2 17.3 22.2 14.8 4.6 2.9 68.9

Acenaphthenes 154+14n 0.8 7.2 8.4 6.5 2.0 0.1 24.9
D-1 Biphenyls 154+14n 0.7 49 14.5 ] 21.1 11.6 3.1 68.4

Acenaphthenes 154+14n 0.2 2.7 9.6

Naphthalenes 128+14n 2.0 11.1 7.1 0.2 20.4

Unknown 208+14n 0.9 2.0 0.5 3.4
D-2  Biphenyls 154+14n 1.0 4.1 7.2 6.7 5.0 0.9 45.4

Diphenylmethanes? (154+14n) 1.2 4.0

Diphenylethanes? (154+14n) 1.7

Dibenzofurans (154+14n) 2.7 4.8 6.2

Fluorenes 166+14n 4.0 11.9 11.5 9.8 5.0 1.3 43.5

Unknown 206+14n 0.4 2.1 1.6 1.2 5.2
D-3 Fluorenes 166+14n 0.9 1.6 1.6 0.7 4.8

Phenanthrenes 178+14n 16.7 17.7 15.8 8.4 2.3 0.3 61.2

Phenylnaphthalenes 204+14n 2.6 7.3 9.4 2.5 21.7

Pyrenes 202+14n 1.8 2.6 2.3 0.6 0.9 8.1
D-4  Phenanthrenes 178+14n 1.1 0.8 0.2 0.4 2.5

Phenylnaphthalenes 204+14n 3.0 7.7 6.7 1.5 18.9

Fluoranthenes 202+14n 19.0 24.3 17.5 8.5 1.3 70.7

Unknwn 242+14n 4.0 2.7 6.7
D-5 Unknowns 208+14n 0.9 1.4 0.8 0.4 3.5

Bnzofluorenes 202+14n 1.0 4.9 6.0 2.6 14.5

Chrysenes 228+14n 13.6 15.8 8.1 1.0 38.5

Benzopyrenes 252+14n 6.4 5.3 1.0 12.6

Binaphthyls 254+14n 4.6 6.4 11.0

a) These compounds were probably produced by the dimerization of toluene.
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Fig. 2. Single-ion chromatograms of m/z 168 for
Fr. C-2 and Fr. D-1.

will be investigated.

Skeletal Structures of MW 168. Figure 2 shows the
single-ion chromatograms of m/z 168 for Fr. C-2 and
Fr. D-1, in which benzindans are contained if they
exist. The first four peaks in the chromatogram of Fr.
C-2 were identified as 1-methylacenaphthene, diben-
zofuran, dihydrophenalene, and methylacenaphthene.
A standard sample of dihydrophenalene was prepared
by the hydrogenation of perinaphthenone available
commercially. Methylacenaphthenes have four iso-
mers; the remaining two isomers were eluted at the
same retention times as Peaks a(=c) and b(=d). Peak c
was identified as one of the methylacenaphthenes
because of the agreement of the mass spectra. How-
ever, the mass spectra of Peaks a, b and d were different
from those of methylacenaphthenes, but were similar
to that of dihydrophenalene. These three peaks
(probably Peak b was the same compound as Peak d)
were supposed to be benzindans.

The hydrocracking of naphthalene at 470°C over
MoS; provided methylindans and indan in yields of
7.4% and 1.0% respectively. Therefore, phenanthrene
and anthracene were hydrocracked under the similar
conditions to convert them into methylbenzindans and
benzindans. Figure 3 shows the gas chromatograms of
the hydrocracking products and also the mass spectra
of the three peaks, A, B, and C, of MW 168. Similar
compounds were produced from the two feed samples,
which showed that isomerization between hydrogen-
ated phenanthrene and hydrogenated anthracene
occurred under the present reaction conditions. Peak
A was identified as dihydrophenalene by comparing it
with a standard sample prepared from perinaphthe-
none. Peak C was produced in a greater yield from
anthracene than from phenanthrene; it should be
indentified as benz[flindan. Peak B must be benz[e]-
indan. Five peaks, D—H, had molecular weights of
182; they were all supposed to be methylated homo-
logues of dihydrophenalene and benzindans.
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Fig. 3. Gas chromatograms of hydrocracking prod-
ucts from phenanthrene and anthracene, and mass
spectra of peaks A, B, and C of MW 168.

By comparison with the retention times and the
mass spectra of Peaks B and C, Peaks a and b(=d) in
Figure 2 were indentified as benz[elindan and benz[f]-
indan respectively. Dihydrophenalene and benzindans
have first been reported to be present in coal-derived
liquids in this paper.

Methyl-dihydrophenalene/benzindans were also ex-
pected to be present in coal-derived liquids. Figure 4
shows the single-ion chromatograms of m/z 182 for Fr.
C-2 and Fr. D-1. The peaks donated by O and ¢ had
the same retention times as the dimethylacenaph-
thenes and ethylacenaphthenes respectively thus pre-
pared. Therefore, the peaks donated by @ were
supposed to be methyl-dihydrophenalene/benzindans.
The five peaks (@) eluted before 74 min corresponded
to Peaks D—H in Figs. 3 and 4; they would have a
methyl group on the naphthenic ring. There are many
aromatic compounds which have naphthalene ring
and molecular weights of 168+14n(n=0, 1, 2, ---); they
have previously been considered to be alkylated
homologues of acenaphthene. However, it has here
been shown that alkylated homologues of dihydro-
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Fig. 4. Single-ion chromatograms of m/z 182 for Fr.
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Fig. 5. Single-ion chromatograms of m/z 204 for
nonpolar distillate and the dehydrogenated product,
and mass spectra of peaks a and b.

phenalene and benzindans are more abundant than
those of acenaphthene.

Skeletal Structures of MW 204. Figure 5 shows the
single-ion chromatograms of m/z 204 for the nonpolar
distillate obtained from Wandoan coal-drived liquid
and the dehydrogenated product. Some peaks in the
chromatograms were assigned to 1- and 2-phenyl-
naphthalenes, 1,2-dihydropyrene, and methyl-4H-cyclo-
penta[def]lphenanthrenes by comparison with stan-
dard samples commercially available or prepared in
this work. The remaining peaks, a and b, must be
benzacenaphthenes. Peak b did not exist in the
nonpolar distillate, but appeared in a significant
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Fig. 6. Single-ion chromatograms of m/z 218 for
nonpolar distillate and the dehydrogenated product.

amount after the dehydrogenation treatment. In a
previous paper,!? it was shown that anthracene and
2-methylanthracene were scarcely present in coal-
derived hydrocarbons, but they increased remarkably
after dehydrogenation, while significant amounts of
phenanthrene and methylphenanthrenes were present
even before dehydrogenation. These results showed
that anthracene rings were easily hydrogenated during
coal liquefaction and existed as hydrogenated homo-
logues in coal-derived liquids. Therefore, Peak b
must have an anthracene ring. The mass spectral
fragmentation patterns of Peaks a and b were similar
to that of acenaphthene, the major ions of which were
M+, (M—1)*, and (M—2)+. It could be concluded that
Peaks a and b in Fig. 5 were benz[e]acenaphthene and
benz[d]acenaphthene respectively.

Skeletal Structures of MW 218. Figure 6 shows the
single-ion chromatograms of m/z 218 for the nonpolar
distillate and ‘the dehydrogenated product. The
possible structures of MW 218 were dihydrobenzo-
phenalenes, dihydrocyclopentaphenanthrenes, benzo-
naphthofurans, and methylated homologues of phenyl-
naphthalenes, dihydropyrenes, and benzacenaphthenes.
The methylation of 1- or 2-phenylnaphthalenes
provided exactly the same product compositions,
which implied that the migration of the phenyl group
occurred easily under the present reaction conditions.
The peaks eluted before 93 min were assigned to
methylphenylnaphthalenes, while the small peaks
eluted around 95 min and 98 min might be Co-4H-
cyclopenta[def]phenanthrenes and methylbenzacenaph-
thenes respectively. The peak disappearing upon the
dehydrogenation treatment is probably methyldihy-
dropyrene. The four peaks donated by ¥ may be
assigned to benzonaphthofurans because of the mark-
ed decrease upon the hydrogenation-dehydrogenation
treatment, but the number of the isomers are three.
One of them must have another structure, but this
problem could not be clarified. The three peaks, a, b
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Fig. 7. Gas chromatograms of hydrocracking prod-
ucts from chrysene and benz[a]anthracene, and
mass spectra of peaks A and B of MW 218.

and ¢, might be dihydrobenzophenalenes and dihydro-
cyclopentaphenanthrenes. Dihydrophenalene de-
creased substantially after the dehydrogenation treat-
ment; Peak a also decreased, as is shown in Fig. 6,
which might indicate that Peak a was dihydrobenzo-
phenalene. Peak c, appearing after the dehydrogena-
tion treatment, must have an anthracene skeleton as
has been discussed above.

Chrysene and benz[a]anthracene were hydrocrack-
ed over a MoS; catalyst at 470 °C to convert them into
dihydrobenzophenalenes and dihydrocyclopentaphe-
nanthrenes. Figure 7 shows the gas chromatograms of
the products and the mass spectra of Peaks A and B of
MW 218. Peaks C—G of MW 232 would be methylated
homologues of Peaks A and B. Since Peaks A and B
were produced from chrysene, they should have a
phenanthrene skeleton. The only significant differ-
ence in the mass spectra of Peaks A and B was the
intensity of m/z 203. As is shown in Fig. 3,
dihydrophenalene had a larger fragment ion at m/z
153 than did benzindans. Therefore, Peak A may be
assigned to dihydrobenzo[f]phenalene, and Peak B, to
dihydrocyclopenta[a]phenanthrene and/or dihydro-
cyclopenta[b]phenanthrene, as is shown in Fig. 7.

Peaks a and b in Fig. 6 correspond to Peak
A(dihydrobenzo[f]phenalene) and Peak B(dihydro-
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Fig. 8. Single-ion chromatograms of m/z 242 for
Fr. D-4 and Fr. D-5.

cyclopenta[a]phenanthrene and/or dihydrocyclopenta-
[b]phenanthrene) respectively. The mass spectrum of
Peak c in Fig. 6 was quite similar to that of peak A;
therefore, it may be assigned to dihydrobenzo[e]-
phenalene, which has an anthracene skeleton.

Skeletal Structures of MW 242. The existence of
benzidan and dihydrocyclopentaphenanthrene indicates
that dihydrocyclopentapyrene(MW 242) was also pre-
sent. Figure 8 shows the single-ion chromatograms of
m/z 242 for Fr. D-4 and Fr. D-5. The aromatic
compounds of MW 242 in Fr. D-5 were assigned to
methyl-chrysene/benz[aJanthracene/triphenylenes by
comparison with standard samples. The retention
times of Peaks a, b and c in Fr. D-4 were different from
those of the methyl-chrysene/benz[a]anthracene/tri-
phenylenes. In addition, the major constituents in Fr.
D-4 should have a pyrene/fluoranthene skeleton
because of the properties of the column used for HPLC
separation. Therefore, Peaks a, b and c in Fr. D-4
might be pyrene/fluoranthene with one naphthenic
ring, such as dihydrophenalene and benzindan.

The hydrocracking of benzo[e]pyrene was carried
out at 470 °C over a MoS; catalyst; the gas chromato-
gram of the product is shown in Fig. 9. Peaks A and B
had molecular weights of 242, while Peaks C, D and E
had molecular weights of 256. Only two structures can
be drawn for the compounds of MW 242, which were
produced by the hydrocracking of benzo[e]pyrene.
Peaks A and B might be 4,5-dihydro-3H-benzo[c
d]pyrene and dihydrocyclopentala]pyrene respectively,
because dihydrophenalene was eluted earlier than
benzindans. Peaks b and c in Fr. D-4 correspond to
Peaks A and B respectively in the hydrocracking
product of benzo[e]pyrene. The mass spectrum of
Peak a was not similar to those of Peaks b or ¢; its
structure remains unknown, but it might be dihydrocyclo-
pentafluoranthene.

In the present work, some new types of aromatic
skeletons were found to be present in coal-derived
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liquid. Some representative aromatic skeletons are
summarized in Fig. 10. Benzene with two five-
membered naphthenic rings was supposed to be
present because aromatic compounds of MW 158+14n
were present in significant amounts in Fr. C-1 and
many of them did not decrease after dehydrogenation.
Hydroaromatic compounds in coal-derived liquids are
alkylated homologues of the aromatic skeletons and
their partially hydrogenated derivatives.

Conclusion

By comparison with standard samples, some new
types of aromatic skeletons, such as dihydrophenalene,
benzindan, dihydrobenzophenalene, dihydrocyclopenta-
phenanthrene, and dihydrocyclopentapyrene were
found to be present in coal-derived liquid. Major
aromatic skeletons could be classified into several
groups, the molecular weights of which were repre-
sented by 78+450n, 118+50n, 154+50n, 166-+50n,
202+50n, 242+50n (n=0,1,2,---), and so on.
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