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The application ol'H n.m.r. spectroscopy and g.c. m.s. to the analysis of aromatic fractions obtained in
the liquefaction of two coals oldiffe¡ent ¡ank is desc¡ibed. The conversion and the yield ofasphaltenes have
been ¡elated to the p¡oportion of aliphatic hydrogen in the ext¡actioú oils afte¡ liquefaction. The n.m.r.
bands for asphaltenes are simila¡ to those of recovered anthracene oils, but mass spect¡a show that a
substa¡ltial amount of high-molecular-weight compounds is produced during the extraction ola bituminous
coal, compounds not encounter€d in lignite liquelaction.
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Large-scale direct liquefaction processes are being
developed to replace c¡ude oil by high-quality liquids
that could be processed in current refining facilitiesl.
However, it is not likely that coal-derived liquids will
compete with petroleum in the near futu¡e. The needs
for refining to meet environm€ntal regulations may delay
the implementation of these processes until dwindling
petroleum resources have to be supplemented. None the
less, there is considerable interest in the production of
fractions as precursors for binder pitch for anodes,
advanced carbon materials etc.2-s. Coal tar oitch from
coke ovens is currenrl¡ the major raw máterial [or
coal-based ca¡bon fibres and other ca¡bon materials.
However, the amount and quality ofcoal tar are declining
steadily while the demand for this product and most
aromatic chemicals is rapidly increasing.

Subbituminous and low-rank bituminous coals have
been recognized as major taw materials for liquefaction
processes. However, some interest also remains in
lower-rank coals. Lignite, for example, constitutes a
major resource in the USA and Russia and a considerable
lraction of the total reserves of fossil fuels in some
European countdes such as Germany and Spain.

The analysis olthe liquid fractions from coal liquefaction
is normally performed by chromatographic and spectro-
scopic methods. Most of the components of the light
fractions are identified and quantified by gas chroma-
tography and mass spectrometry. The analysis of heavier
fractions is usually based on structu¡al parameters
derived from n.m.r. spectroscopy, providing information
on bulk compositional properties of these extremely
complex mixtures6-8. The determination of individual
components is hindered by their lack of volatility and is
generally limited to molecules ofmolecular weight ¡ 300,

which in the case of aromatic systems relers to compounds
of up to five to six ringse.

This paper describes the application of 1H n.m.r. and
g,c.-m.s. using electron impact ionization to the analysis
ofthe oils and asphaltenes obtained from the liquefaction
of a lignite and a bituminous coal.

EXPERIMENTAL

Materiqls
A low-volatile bituminous coal (True Energy, Olga)

and a lignite (Meirama, La Coruña) were used. Their
proximate analysis are given in Table l. Before reaction,
the coals were ground to three particle size ranges:
0.03G{.100, 0.10G{.400 and 0.40G-1.500 mm. The samples
were dried at 110'C to constant wsight before reaction.

The anthracene oil (90% recovered between 215 and
400"C) was hydrogenated over a sulfided nickel-
molybdenum catalyst (BASF, M8-24) to obtain two
fractions (denoted 1HAO and 2HAO) with different
concentratións of hydroaromatic compounds. The hydro-
genation procedure has been described previouslylo.

M¡üoautoclque extraction
Batch hydrogen transfer extÍactions were conducted

in 15 cm3 stainless steel bomb reactors shaken vertically
in a fluidized bath of alumina sand at 600 cycles per
minute and with an oscillation amolitude of 25 mm.
Reaction conditions we¡e monitoreá with a oressure
rransducer and a thermocouple. The device wai similar
to that described by Neavelrr. The coal (3 g) and the
solvent (9 g) were accurately weighed, thoroughly mixed
and transferred to the bomb. Reactions were car¡ied out
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Moisture {wt% as ¡eceived)
Proximate analysis (wt% db)

Ash
Volatile matter

Sulfur (wt% db)
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Table I P¡ope¡ties of the coals used

Meirama Olga

Extractions were performed under conditions that did
not favour the formation of light products. The yields of
oils and gases was calculated by difference because the
light fractions contained a substantial amount of
volatile compounds, some of which were inevitably lost
during solvent evaporation. The calculation ignored the
possibility of formation of asphaltenes from the solvent
and considered only the occurrence of progressive
reactionsl2. On this assumption, the amount of oils that
could be attributed to coal-derived material was < 5 and
< 10 wt% for Olga coal and Meirama lignite respectively.
Most of the r-hexane-soluble fraction ol the reaction
products was a depleted anthracene oil.

Figure 1 shows that coal conversion (THFSC) is closely
related to the amount of aliphatic hydrogen in the
extraction oils. The hydrogen aromaticity is considerably
higher in the oils from Olga bituminous coal (fr>0.56)
than in those from lignite exttaction. This is due to the
difference in composition of the n-hexane-soluble fraction
obtained from the coal in the two cases and not in amount
of oils relative to solvent. It was previously reportedl2
that und€¡ the reaction conditions used in this work, the
rate constant at 400'C for the reaction of asphaltenes to
oils for Olga bituminous coal is more than 30 times that
for Meirama lignite liquefaction. As a consequence, the
diflerence in reactivity between the two coals ¡esults in
a much greater yield of asphaltenes in lignite extraction,
and a lower yield of liquefaction oils. Aliphatic chains
make a signiflcant contribution to overall hydrogen
distribution. The disparity between the two sets of data
should be attributed to the more aliphatic character of
the reaction products from lignite. For both coals, but
more clea y for the bituminous coal, a lower hydrogen
aromaticity is observed in the oils from runs using the
more hydrogenated solvent. The higher content of
hydroaromatics results in a higher yield oflight products
from extraction and subsequently a higher content of
aliphatic protons in the oils.

In the runs performed with Olga coal, different
reactivities we¡e observed for different oarticle sizes. The
inilial rate of coal dissolution foi small oarticles
{0.010 0.100 mm) was more rhan twice rhat foi 0.400
1.500mm particles. This led to differences in conversion
which, however, resulted in a similar quantity of oils

Figure 1 Co4version of coal to tetrahydrofu¡an-soluble fraction
(THFSC) as a function of aliphatic hyd¡ogen content of oils obtained
in liquefaction. Meirama lignite (O); Olga bituminous ext.acted with
1HAO (tr) and 2HAO (t)
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under nitrogen (3 MPa at toom temperature) to ensure
the absence of hydrogen transfer from the gas phase.
Liquefaction was performed at temperatures between 375
and 425"C and for reaction times between 20 and 60 min.
Additional details a¡e given elsewherel2.

Anaf,ses
After the reaction, the bomb was quenched with water,

gas was vented and the rest ofthe products were separated
by sequential ext¡action into tetrahydrofuran (THF)-
insolubles, preasphaltenes (THF-soluble, toluene-insoluble),
asphaltenes (toluene-soluble, r-hexane-insoluble) and oils
(n-hexane soluble)13. The weight ofthe insoluble fractions
was recorded after 2 h at 120"C. The amount ofinsoluble
organic residue was calculated assuming a constant
weight of mineral matter l¡om the coal.

Anthracene oil and the n-hexane-soluble fractions
were analysed by gas chromatography with a 50 m,
0.25 mm i.d. capillary column and OV-101 as stationary
phase. Peaks were assigned by g.c. m.s. Calibration
factors were determined with pure standards whenever
available; lor other compounds the calibration factors
were assumed to be unity, with acceptable accuracytn.

rH n.m.r. spectra ofthe soluble fractions were recorded
on a Bruker 300 MHz instrument. Deute¡ochloroform
was used as solvent and tet¡amethylsilane as internal
standard. Chemical shifts were assigned as follows:

0.5-1.5ppm CH, and CH in naphthenic rings and
further than B from an aromatic ring;
non-cr-CH3 groups (Hp.)

1.5-2.0 ppm CH, and CH B to an aromatic ring and in
naphthenic rings (H")

2.0-3.5 ppm CH3, CH2 and CH a to an aromatic dng
(H,)

3.5-4.5 ppm ring-joining methylene (H,2)
6.9-9.1 ppm aromatic protons (Hu.)

The hydrogen aromaticity (fJ is defined as the
fraction of total hydrogen bonded to aromatic carbon.
For anthracene oil before hydrogenation,¿H:0.755, and
for the hydrogenated fractions used in the extraction
Ieactions, ¿H:0.689 (lHAO) and ÁH:0.600 (2HAO).

Analyses ofoils were performed by gas chromatography
on a capillary OV-101 column. Electron impact spectra
were obtained at 70 eV.

RESULTS AND DISCUSSION

The yields of preasphaltenes, asphaltenes and oils were
calculated relative to the initial weight of dry ash-free
coal. The tetrahydrofuran-soluble conversion (THFSC)
was calculated as follows:

THFSC:
(initial m.a.f. coal)-(THF ash-free insoluble)

(initial m.a.l coal)
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because of the damping originating from the fact that
oils are mainly a secondary reaction product and the rate
of coal dissolution does not affect th€ rate constants for
preasphaltene and asphaltene degradation. The points
located above the line in Figure 1 represent runs
performed with particles <0.100 mm; the remainder
correspond to sizes of0.100 {.400 and 0.400-1.500mm.
The distribution ol points for the bituminous coal
indicates that there is no significant correlation with the
prima¡y factors: particle size and aliphatic content
of the HAO. For lignite reactions no difference was
obtained \ryith difrerent particle sizes and thero was no
dispersion such as that encountered in the case of Olga
bituminous coal. The most probable explanation for this
behaviour is that th€ lignite underwent relatively rapid
disintegration, masking any effect of different initial
particle sizer 5,16.

The relative yields of asphaltenes are plotted in
Fígure 2 as a finction ofthe amount ofaliphatic hydrogen
in the oils. The difference in slope for the two coals is a
consequence of the diffe¡ence in global rate of formation
of asphaltenes. For Meirama lignite, the specific rate for
the reaction of asphaltenes is two orders of magnitude
lower than that of formation, and therefore they
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Figure 4 Non-d-aliphatic hydrogen as a function ol H,/H", in
liquefaction oils. Symbols as in ]tigrle J

Table 2 Proton distribution in selected samples,

HJH., H./H".H,"/H^,

Fresh anthracene oil
lHAO
2HAO
Aslphaltenes'

Olga
Meirama

Liquefaction oils
Olga, 1HAO
Olga, 2HAO
Meirama, IHAO
Meirama, 2HAO

0.008 0.083
0.023 0.051
0.0'72 0.192

0.033 0.0'77
0.036 0.065

0.058 0.116
0.124 0.253
0.067 0.336

E-
3
b

'o

É
É

0 2 0 4 0 ó 0 8 0

Aliphatic hydrogen (7o)

Fig¡rre 2 Yield of asphaltenes relative to the initial daf coal as a
fúnction of aliphatic hyd¡ogen cont€nt of oils obtained in liquefaction.
Symbols as in ¡brl¿ J

0 .117
0 .213
o.379
0.516

'Liquefaction conditions: 425"C. ó0 min'Using 2HAO

accumulate as the reaction proceeds. For Olga coal,
however, the rate constant for the degradation reaction
is higherthan that oftheir formation from preasphaltenes 12.

Figures 3 and. 4 relate the proton aromaticities and the
proportions of non-a-aliphatic hydrogen of several
samples of oils and asphaltenes to the proportion of H,.
The two samples of asphaltenes for which hydrogen data
are reported were obtained f¡om the liquefaction of Olga
coal and Meirama lignite at 425'C for 60min with the
more hydrogenated solvent (2HAO). There is little or
no difference between the hydrogen distributions for
asphaltenes and oils from runs in which conversion was
low. In such casesJ the extraction oil was predominantlv
a spent anthracene oil and the compoiition of botÍr
systems is based on condensed aromatics. Full hvdrosen
distributions [or selected samples are present.d-in
Table 2. Figure 5 shows an example of a lH n.m.r.
spectrum of an asphaltene sampl€ from the processing of
Olga coal at 425'C for 60min.

The mass spectra of the asphaltenes from coal
liquefaction revealed traces of the heavier components of
the solvent. appearing in lhe r-bex ane-insolubie fracrion.
Pyrene, fluoranthene, benzopyrenes and some other
compounds that were previously detected in the solventla
appeared in the EI mass spectra together with other
compounds that presumably arose .frgm anthracene oil,
such as dibenzopyrenes and coronene, The reason is that
no special precautions were taken to remove distillable
material occluded in the asphaltenes. It should be also
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drbmati¡ity as a function ot H"/H". in liquefaction
oils: a, asphaltenes from extraction at 425"C; ¡, oils f¡om Olga
bituminous coal; O, oils from Meirama lignit€
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Figure 5 1H n.m.r. spectrum o{ an asphaltene sample obtained from Olga bituminous coal

g

Figur€

101 6

0

6 EI m.s. spectra

Fuel  1995 Vol

Ít/z

of asphaltene samples from (A) Olga bituminous coal a¡d (B) Meirama Iignite

ume 74 Number 7

302328 354376400 42?



pointed out that the mass spectra are only qualitative,
giving rise to fewer parent ions than softer techniques,
particularly Fl m.s. Figure ól corresponds to an
asphaltene from Olga coal whereas -B shows EI mass
spectra ofan asphaltene fraction obtained from Meirama
lignite. Hydrogen deficiency compared with alkanes,
conventionally denoted by a number z defined as
C,Hrn*", ranged from -20 to -40 for these highly
condensed and unbranched compounds. The spectra
showed the presence of longer alkyl chain homologues
in the region of higher-molecular-weight substances,
which could be attributed to coal fragm€nts.

In the extractions with Olga bituminous coal, there
were peaks for a signiñcant number of masses representing
> 4lyo of the total ion current (TIC) with masses up to
550. Lignite asphaltenes appeared to have a much
narrower range, typically <450. A possible explanation
for this behaviour is that lignite asphaltenes are more
polar, so they are included in the asphaltene solubility
class even though they have a lower molecular weight.
The ¡esults indicated that the amount of asphaltenes
generated during the extraction oflignite was higher than
that obtained from Olga coal. The hydrogen distribution
from n.m.¡. analyses, however, was similar. Apparently,
the molecular weight offragments frorn the coal of higher
rank was greater but the structures ofthe lignite products
were not greatly different in alkyl substitution. Another
effect that could partly explain th€ similarity between the
n.m.r. bands is masking by the asphaltenic compounds
f¡om the anthracene oil. The fraction of asohaltenes that
could be atl.ributed to the solvent is in the iange 2O-40%
lor the lignite and up to 40% fo¡ the bituminous coal,
depending on the extraction conditions.
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