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INTRODUCTION

There has been a number of studies of the chemical nature of coal hydrogenation
liquids. However, the great majority of the coal hydrogenation liquids studied
were produced using a liquid vehicle. The absence of a liguid vehicle may have
an effect on the chemical reactions teking place and, therefore, on the chemical
composition of the product obtained.

In the work reported here hydrogenation of coal was carried out in the absence
of any vehicle oil in a semi-continuous reactor which allowed the-volatile pro-
duct to be swept from the reactor by a continuous stream of hydrogen. We here
report our work on the changes found in the chemical composition of the oil
(hexane soluble portion) with changes in hydrogenatign reaction conditions.

The hydrogenation conditions investigated were the catalyst {stannous chloride)
concentration and the reaction temperature.

EXPERIMENTAL
Materials

The coal (0.50 to 0.25 mm fraction) used was from the New Wakefield Colliery,
Transvaal. Analysis, air dried basis: Moisture 4.8; Ash 14.9; Volatile Matter
32.8%; dry ash-free basis: C, 79.2; H, 5.4; N, 2.15 S, 2.3%.

The catalyst was analytical grade stannous chloride. Stannous chloride was
dissolved in water and added to the coal as an aequous solution. The resultant
slurry was mixed by stirring and then dried.

Hydrogenatiaon

Hydrogenation was carried out in a reactor similar to the "hot-rod"” reactor

(1,2) designed by Hiteshue et al. The heating rate was ca 100°C/minute, and

the time at temperature was 15 minutes. Hydrogen, at a flow rate of 22 &/minute,
was continuously passed through a fixed bed of coal (25 g) impregnated with ca-
talyst. The volatile products were condensed in a high-pressure cold trap.

The other conditions are given in the Results and Discussion section.

The product was removed from the cooled reactor and from the condenser with the
aid of toluene. The solid residue was extracted with boiling toluene (250 ml)
in a soxhlet extractor for 12 hours. The toluene solutions were combined and
the toluene removed under reduced pressure. Hexane (250 ml) was added to the
extract and it was allowed to stand for 24 hours with occasional shaking. The
solution was filtered to leave a residue (asphaltene) and the hexane was re-
moved from the filtrate under reduced pressure to give the oil.

Fractionation of the oils

The oils were fractionated by>adsorption chromatography on silica gel. The
column was eluted successively with 40 - 60 C petroleum ether (12 fractions},



40 - 60 petroleum ether / toluene (increasing- proportions of toluene, 5 frac-
tions), toluene, chloroform and methanol.

Analysis

I.r. and u.v. spectra were measured for each fraction from the columns. I.r.
spectra were measured as smears on sodium chloride plates using a Perkin-Elmer
587 grating spectrophotometer, while u.v. spectra were measured as a solution

in hexane (spectroscopic grade) using a Unicam SP 1700 instrument. Fluorescence
spectra were recorded as described elsewhere (3].

H n.m.r. spectra were recorded for the oils in deuterochloroform at 80 MHz with
tetramethysilane as an internal standard usin 2 Varian EM 390 instrument. Broad-
band proton-decoupled pulse Fourier transform C n.m.r. were recorded in deutero-
chloroform at 20 MHz using a Varian CFT-20 spectrometer.

Molecular weights were determined by vapour pressure osmametry in benzene solu-
tion using a Knauer apparatus. 5 concentrations over the range 1 - 5 g/% were
employed and the molecular weight was obtained by extrapolation to infinite
dilution.

The viscosities of the oils were measured using a Haake Rotovisco RV3 visco-
meter with a cone and plate sensor at 20°C.

RESULTS ANOC DISCUSSION

From their i.r. and u.v. spectra, the fractions from column chromatography were
grouped as saturate hydrocarbons, aromatic hydrocarbons and polar compounds.

The last four fractions from the chromatographic separation were designated as
polar compounds. All these fractions showed strong hydroxyl absorption in their
i.r. spectra and these fractions contained acidic, basic and neutral compounds.

The effect of catalyst concentration

Four samples impregnated with 1, 5, 10 and 15% tin as stannous chloride were
hydrogenated at 450°C and 25 MPa to investigate the effect that increasing cata-
lyst concentration has on the composition of the oil (hexane soluble portion)
formed.

Adsorption chramatography of the oils gave the percentage of saturate hydrocar-
bons, aromatic hydrocarbons and polar compounds in the oil. The percentage of
polar compounds in the oil decreased as the catalyst concentration increased
(see Figurs 1) with mainly an increase in the percentage of aromatic hydro-
carbons. The percentage of acids and bases in the oil were obtained by ex-
traction with NaOH and HCl, respectively. There was a decrease in the percen-
tage of acids and bases in the oil as the catalyst concentration increased (see
Figure 1J.

The i.r. spectra of the first fractions showed that they are aliphatiq and con-

tain no double bonds. In the C-H stretching region (4) (ca 3 000 cm ') the

absorption due to methylene groups was much stronger,than that due to methyl

groups. Weak absorption in the region 720 - 735 cm was noticed in all the

aliphatic fractions and is attributable to chains having four or more methylene

groups (4). G.l.c. analysis of the saturate hydrocarbon fractions showed that '
the composition was similar to that reported for hydrogenation of a different

South African coal (5). There were no noticeable changes with different cata-

lyst concentratioens.
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The u.v. spectra of the first aromatic fractions of all the oils studied showed
the presence of the naphthalenic structure. Strong absorption was seen at ca
224, 228, and 275 nm and weak absorption at 308, 318 and 323 nm. The shape and
ratio of the absorbances were similar to those of a number of model naphtha-
lenes recorded under identical conditions, and to the reported spectrum of
naphthalene (6). The characteristic naphthalenic odgqr was also noticed in
these fractions. Their i.r. spectra in the 3 000 cm region had strong alipha-
tic C-H absorption in relation to the aromatic C-H absorption. This may be as-
cribed to appreciable hydroaromatic and/or alkylaromatic structure.

The later aromatic fractions from the columns were analysed by u.v. and fluores-
cence spectroscopy. Though u.v. spectroscopy alone was only of limited value

in the characterization of these fractions, because of the incomplete separation,
peaks and even inflections in the spectra were useful as guides for setting the
fluorescence excitation wavelength. Full details of the method used, and of

the fluorescence emission and excitation spectra of the polyaromatic ring sys-
tems identified have been reported elsewhere (3). Ten polyaromatic ring sys-
tems were identified by the similarity of their fluorescence excitation and
fluorescence emission spectra to those of standard hydrocarbons. These wers
anthracene, 8,10-dialkylanthracene (model compound, 8,10-dimethylanthracene),
pyrene, 1-alkylpyrene (model compound 1-methylpyrene), benzo(alpyrene, dibenzo
(def,mno)chrysene (anthanthrene), perylene, benzo{ghi)perylene, dibenzo(p,def)
chrysene (3,4,8,9-dibenzopyrene} and coronene. All the polyasromatic ring sys-
tems were identified in all the oils analysed.

The i.r. spectra of the last four fractions of every sample studied showed
strong OH abgsorption. The first of these fractions had sharp bands at ca 3530
and 3420 cm , whereas those of the subsequent fractions were broader and at
lower frequency, presumably dus to increasing hydrogen bonding (4). The aro-
matic C-H absorption was much weaker than the aliphatic C-H absorption, in the
3000 cm region. All the polar fractions have strong absorption in their u.v.
spectra. Considerable absorption above 350 nm showed the aromatic nature of
these fractions.

4 n.m.r. spectra were recorded for the oils produced at the various catalyst
concentrations (1, 5, 10 and 15% Sn as SnCl;). The percentage of hydrogens in
aromatic, benzylic and aliphatic environments showed no change with catalyst
concentration.

130 n.m.r. spectra were also recordsd for the oils produced. No discernible
differences could be found between the spectra of the four oils. In the aro-
matic region, using the assignments of Bartle et al. (7), it was noticeable
that the aromatic C-H (118 to 128 ppm from TMS) signals were much stronger
than those due to aromatic C-C (129 to 148 ppm from TMS). Part of the aroma-
tic C-H band was shifted to higher field (108 - 118 ppm) and may be attributed
to aromatic C-H ortho to ether C-0 (7). The aliphatic carbon bands extend from
12 to 50 ppm. Superimposed on the aliphatic carbon bands are sharp lines at
14, 23, 32, 28 and 28.5 ppm. These lines have been ascribed by Pugmire et al.
(8) to the a, B, ¥, 8 and e-carbons of long aliphatic chains. The intensity
of the e€-carbon band is approximately four times the intensity of the a or B
carbon indicating reasonably long aliphatic chains.

It was obvious on visual examination of the oils that the greater the catalyst

concentration used, the less viscous was the oil produced. The decrease in vis-
cosity with catalyst concentration is shown in Figure 2.
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It has been reported that the molecular weight of coal liquids affects the vis-
cosity (9,10). However, the decrease in molecular weight that occurred with
increasing ratalyst concentration was relatively small. (The molscular weights
of the olls were 247, 241, 237 and 231 for 1, 5, 10 and 15% catalyst, respective-
ly). We Teel that this relatively small change in molecular weight would not
cause such a ncticeable change in viscosity unless changes in the chemical na-
ture of the oll also contributed to the viscosity reduction.

Sternberg et al. (9) showed that the presence of asphaltenes in coal-derived
0ils caused a marked increase in the viscosity. This group also showed that
these asphaltenes were acid-base complexes and that hydrogen bonding occurs
between the acidic and basic components of asphaltenes (11,12). Recent work
{(10,13) on coal liquefaction bottoms has shown the importance of hydrogen bon-
ding on the viscosity of coal liquids.

The reduction of polar compounds in the o0il with increasing catalyst concentra-
tion could reduce hydrogen bonding and, therefore, the viscosity of the oil.

To further look at this possibility, i.r. spectra were recorded at the same
concentration in CC1l, for each,of the olls (see Figyre 3). The i.r. spectra
shoyed sharp peaks at 3610 cm ' (free OH),,3550 cm ~ (2nd free OH?) and 3480

cm (N-H) and a broad peak at ca 3380 cm  which is assigned to hydrogen bonded
OH. This band decreases with increasing catalyst concentration (see Figure 3)
indicating that hydrogen bonding in the oil decreases with incggasing catalyst
concentration used to produce the oil. The band at ca 3380 cm  was shown to
be due to intermolecular hydrogen (4, 14) bonding by recording the spgqtrum of
a more dilute solution (using a longer path,length cell), the 3380 cm = band
diminished with an increase in the 3610 cm = peak.

It would appear that increasing the amount of stannous chloride catalyst, under
our experimental conditions, as well as increasing the amount of oil formed de-
creases the amount of polar compounds in the oil which decreases the hydrogen
bonding and therefore helps to decrsase the viscosity of the oil. N.m.r. spec-
troscopy and evidence from the chromatographic fractions indicates that there
is little change in the nature of the hydrocarbon fractions.

The effect of temperature

For this study, the pressure was 25 MPa and tin (1% of the coal) as stannous
chloride was used as the catalyst. Some additional runs were alsc carried out
at 15 MPa pressurse. The temperature range studied was from 400 C to 650°C.

H nemer. spectra of the oils were recorded for the range of tempsratures and
the protons were assigned as aromatic, phenolic OH, benzylic and aliphatic.
There was an increase in the percentage of aromatic protons and a decrease in
the percentage of aliphatic protons as the temperature increases, while the
percentage of benzylic protons remained constant (see Figure 4). It, there-
fore, appears that as the hydrogenation temperature increases side groups are
lost and that the C-C bond directly attached to the aromatic ring is more stable

than those further from the ring. The molecular weight of the oil decreases |
with temperature (see Figure 5) as would be expected if side chains are being

removed.
13 [s] fa] o
C n.m.r. spectra were recorded for the oils produced at 400, 450, 550 and
600 C. As the temperature increased the aromatic carbon bands became much more
intense compared to the aliphatic carbon bands (see Figure 6). Quantitative
estimation of the peak areas was not attempted due to the effect of variations
in spin-lattice relaxation times and nuclear Overhauser enhancement with diffe-
rent carbon atoms. Superimposed on the aliphatic carbon bands were sharp lines
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at 14, 23, 32, 29 and 29.5 ppm, which are due to the o, B, Y, 8 and e-carbons
of long aliphatic chains (8). As the temperature increases, these lines be-
come smaller compared to the other aliphatic bands and this is especially
noticeable in the spectrum of the SOODC 0il. The € line was approximately four
times the intensity of the a and B lines at 400% and 450°C, at SSODC approxi-
mately three times and at 600°C only about twice the intensity. It would seem
that as the temperature increases, the long aliphatic chains are reduced in
both number and length. (G.l.c. analysis of the saturate fractions from column

chromatographic separation showed thet as the hydrogenation temperature increases

there was a decrease in the percentage of the higher alkanes and an increase in
the percentage of their shorter chained analogues in the saturate hydrocarbon
fractions). It was also noticeable when comparing the spectrum of the 600 C
oll to the spectra of the 200°C and 4500C oils that the intensity of bands due
to CH3 o to aromatic rings (19 ~ 23 ppm from TMS (7)) had increased in inten-
sity compared to the other aliphatic bands. This agrees with the 'Y onumer.
results which showed no change in the percentage of benzylic protons while the
percentage of aliphatic protons decreased.

Elution chromatography gave the percentage of aliphatic hydrocarbons, aromatic
hydrocarbons and polar compounds in the oil. There was a reduction in the per-
centage of polar compounds in the oll (ses Figure 7) with subsequent increase
in the aromatic percentage.

U.v. and fluorescence spectroscopy of the aromatic fractions showed the pre-
sence of the same aromatic structures as found,in the oils from the catalyst
experiments. The i.r. spectra in the 3000 cm ' region of the aromatic frac-
tions varied with temperature. At low temperature the aliphatic C-H absorption
was much stronger than the aromatic C-H absorption whereas at high temperature
this difference was not so pronounced, which may be ascribed to a decrease in
alkyl substitution as was shown by n.m.r. spectroscopy.

The viscosity of the oil decreases considerably with temperature as shown in
Figure 8. The viscosity at the lower pressure 15 MPa was 90 mPa.s at 400 C

and 8 mPa.s at 650 C. The decrease in viscosity is expected as there was a

decrease in molecular weight with increasing temperature and also a decrease
in the percentage of polar compounds in the oil.

The effect of increasing the hydrogenation temperature, under the conditions
used here, is to give a more aromatic product of lower molecular weight con-
taining fewer long aliphatic chains. The viscosity of the oll and the per-

centage of polar compounds in the oil also decrease with increasing tempera-
ture.
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