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Investigation of retrogressive reactions
leading to the carbonization of solvent-refined

coal

Paul C. Painter, Yoshio Yamada, Robert G. Jenkins, Michae! M. Coleman and

Philip L. Walker Jr

Department of Materials Science and Engineering, The Pennsylvania State University, University

FPark, PA 16802, USA
{Received T August 1878}

The carbonization of solvent-refined coal (SRC} samples produced by the liquefaction of an HV¢
bituminous coal has been studied. Carbonization conditions were 450°C, 34.4 MPa, for 1 and 5 h
hold times. The original SRCs and pyridine-insoluble fractions of the carbanization products have
been characterized by Fourier-transform infrared spectroscopy. Spectral changes demonstrate that
the formation of larger molecutes during carbonization involve the joining together of aromatic mole-
cules that were ariginally present, without increasing their size significantly, This is accomplished

fry the elimination of methylene units and condensation of phenolic functional groups originally pre-

sent on the aromatic groups in the SRCs.

Examination of materials which accumulate within coak
liquefaction reactors {so-called reactor solids) shows that
they are composed of mixtures of carbonacecus and in-
organic solids™?. The carbonaceous solids can be divided
into two categories; unreacted (or partially reacted) mace-
rals, and those materials which are formed by retrogressive
reactions, i.e. soluble components reverting {o insoluble
semi-cokes. An understanding of these retrogressive reac-
tions is of major significance because it yields information
on the propensity for coke formation. Efficient operation
of these types of plants will be somewhat dependent on
minimizing coking phenomena. In a previous investigation'
into a coking problem at the Wilsonville Solvent Refined
Coal (SRC) pilot plant™ it was found, by optical micro-
scopy, that the coke deposits were predominantly com-
posed of insoluble particles (e.g. quartz, calcite and a coke
contaminant} surrcunded by layers of an anisotropic semi-
coke. The mechanism by which anisotropic semi-coke is
deposited from SRC onto inert particles involves the pro-
duction of an intermediate anisotropic phase which resem-
bles a nematic liquid crystal and is referred to as ‘meso-
phase’. The precise nature of mesophase is known to de-
pend upon the chemical structure of the starting material
and decisively affects the properties of the coke produced.
Consequently, the characteristic anisotropic materials form-

ed from various precursors have been widely investigated®~>.

However, most of these studies have concentrated upon
observations of the growth mode and coalescence of meso-
phase. Relatively little work has been reported concerning
the chemistry of these retrogressive reactions. Honda and
Yamada® and Yamada er al.” utilized a number of tech-
niques, including infrared spectroscopy, to investigate the
chemical structure of ansotropic spheres produced during
carbonization. t was concluded that the planar molecules
incorporated into the spheres consist predominantly of

*Cperated by Catalytic Inc., for Southern Company, Ince., and
U.S.D.OE. and EPRI

0016--2361/79/040293-05%2.00
@ 1979 {PC Busingss Press

alkyl-substituted aromaltics. Walker® mentioned that the
growth of mesophase required an increasing proportion of
aromatic molecules of larger size. More recently, Mochida
et al.* have suggested that the components of the sphere
consist of relatively small condensed-ring compounds con-
nected by methylene bridges.

In this communication we will present an analysis of
the chemical changes occurring upon formation of semi-
coke from SRC. As will be seen, carbonization of SRC
results in both isotropic and mesophase-derived semi-cokes.
11 is suggested that the retrogressive reactions involved in
the production of these materials are essentially the same
aithough they result in solids of varying optical texture.
The occurrence of anisotropic semi-cokes reflects the
ability of compenent species to form well aligned struc-
tures, This phenomenon is not enly a function of the
‘chemistry” of the precursors but also reflects the mobility
of the species involved. It is well known that S8RC contains
a wide distribution of species of varying molecular weight,
aromaticity, and chemical functionality, Each of these
species will have very different propensities to form semi.
coke #nd mesophase. For this reason, it is important to
perform also experiments on various SRC fractions if we
are to understand the mechanisms involved in the formation
of these materials. The fractions used in this investigation
were prepared by elution from a silica-gel column using a
specific sequence of solvents, as described by Farcasiu®.
The chemical structure of these {ractions has been charac-
terized by Fourler-transform infrared spectroscopy (FTIR),
as reported in the preceding paper. We have also applied
this technique to the determination of the chemistry of
mesophase formation. Although the infrared spectra of
carbonized materials are considered amongst the most
difficult to obtain'’, the enhanced energy throughput and
multiplexing advantages of FTIR'! results in spectra mark-
edly superior to those obtained on conventional dispersive
instruments.
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Figure T Top: Infrared spectrum of SRC-5C.

Middle: Spectrum of SRC carbenized at 450°C, 34.4 MPa
(5000 psi) for 1h

Bottom: Spectrum of SRC carbonized at 480°C, 34.4 MPa
{5000 psi) for 5 h

EXPERIMENTAL

The SRC samples used in this work were produced from
Hlinois No. 6 coal {Monterey mine). A short-contact-time
SRC (SRC-8C), designated 77D-13, and a long-contact-time
SRC (SRC-LC), designated SN-18875, were fractionated
by sequential elution through a silica-gel column with a
specific sequence of solvents by Mobil Research & Develop-
ment Corporation, using the method described by Farcasiu®.

Insoluble semi-cokes were prepared {rom the SRC sam-
ples by the so-called ‘Gold Tube’ technigue'*. About 250 mg
of SRC is Joaded into a gold tube (0.5 cm id. x 6 cm long)
which is then evacuated and f(illed with nitrogen. The tube
and its contents are cooled with liquid nitrogen and the
open end is pinched and welded. Liquid nitrogen is used to
ensure that the sample does not underge carbonization
during the welding. The sealed tube is tested for leaks by
placing it in boiling water. Heat treatment of the samples
is carried out in a hydrothermal pressure vessel. Pressure
is applied to the gold tube by a hydraulic compressor, using
demineralized water as the transmitting medium, Samples
can be heated to final temperature (400 to 600°C) in about
5 to 8 min. Temperatures can be maintained to 25°C by
careful manipulaiion of a controller.

After 2 specilic period of Lime the tube is cooled rapidly,
the pressure is released, and the sample is removed for
further investigation. A known weight of solid from the
gold tube experiment is extracted with boiling pyridine.

In initial studies to determine a standard set of operating
conditions the propartion of pyridine-insoluble material
was taken as a measure of the amount of semi-coke formed.
This work is reported elsewhere!®. In order to compare

the amount of semi-coke formed from the different SRC
{ractions, standard carbonization conditions of 450°C at
34.4 MPa {5000 psi) for 1 h (designated 450-5K-1) were
used, The pyridine-insolubles characterized by FTIR were
also examined by optical microscopy ' to determine the
extent of mesophase formation.

Infrared spectra were obtained by use of a Digilab 15/B
FTS system. Samples were prepared as standard I Br pellets
by grinding about I mg of material with 300 mg KBr in a
- Perkin-Elmer Wig-L-Bug for 8 min. In this time peried
there is no apparent heating of the sample. Four hundred
‘scans’ (interferograms) of the sample at a resolution of

294 FUEL, 1978, Vol 58, April

2 em~! were co-added to obtain each spectrum. The fre-
quency scale of the instrument is internally calibrated by a
He—Ne [aser and is aceurate to 0.2 cm~1,

RESULTS

The infrared spectrum of the SRC-SC is compared in
Figure 1 to spectra of the same sample carbonized for 1 h
and 5 h respectively at 450°C and 34.4 MPa. This treat-
ment resulted in 43 wi % of pyridine-insclubles being form-
ed in 1 h, 87 wt % after 5 h. An optical analysis of the
carbonized material estimated that after 1 h the volume of
anisotropic material present in the pyridine-insoluble frac-
tion is only 18%, but this is increased to 100% after 5 h'.
For the 1 h material the anisotropic areas consisted of
small irregular shapes (0.5 to 1.5 um}; however, in the 5 h
sample the mesophase-derived semi-coke was composed of
coalesced domains (4 to 8 gum diameter) and of mosaics
(0.5 to 2 um).

Progressive changes were observed in the infrared spec-
tra with increasing carbonization time. The aliphatic C--H
stretching bands observed near 2960, 2922 and 2860 em~!
are reduced in intensity after 1 I and {inally appear as only
weak absorptions after 5 h. The 1450 em~ ! band, assigned
to methylene and methyl bending vibrations, shows equiva-
lent changes. In contrast, the aromatic C—-H stretching
modes centred near 3050 cm™? are not appreciably affected
by carbonization under these conditions. The bands appear-
ing at 870, 812 and 748 cm~! can be assigned to predomi-
nantly aromatic C—H out-of-plane vibrations'*'®, The
relative intensity of the 870 em—! to the 748 ecm~! band
remains unaltered, but the 812 em~! is significantly weaker
after 5 h. However, this is probably not dus to a reduction
in the amount of aromatic C—H or the pattern of substitu-
tion, since the 870 and 748 cm~! bands should also be
affected by such factors. More probably, there is an under-
lying absorption due to a methylene rocking vibration in
this region of the spectrum. The intensity of such a mode
would show a decrease that parallels that of the aliphatic
C—I stretching and bending modes. The absorptions cen-
tred near 1260 and 1230 cm~! also display a progressive
decrease in intensity with increasing carbonizalion time.
These bands can be assigned to aromatic-oxygen vibra-
tions'™'%, The spectra of cast films of SRC fractions, re-
ported in the preceding paper, demonstrate that these bands
are primarily due to phenolic groups.

Consequently, these results indicate that the retrogressive
reactions associated with the formation of semi-coke in
SRC-SC (at 450°C and 34.4 MPa) involve predominantly
the loss of alkyl and hydroxyl functional groups. Only one
new band appears in the spectrum, at 1692 cm~1. This
absorption is characteristic of an alkyl aryl ketone'™'%.
There is little evidence for any change in the amount of
aromatic hydrogen, or for the formation of polycondensed
aromatic molecules of larger size. As the number of rings
in 2 condensed aromatic system increases, the intensity of
the 1600 cm~! band decreases and the out-of-plane modes
below 900 cm~! become the strongest in the spectrum.
Subtle spectral changes associated with the formation of
low concentrations of any such reaction products can often
be revealed by digital subtraction techniques’’. Figure 2
shows the infrared spectrum of the original SRC-5C to-
gether with that of the sample carbonized for 5 h.,
Presented in the same Figure is a difference spectrum ob-
tained by subtracting the spectrum of the carbonized sam-
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Figure 2 a: Infrared spectrum of SRC-SC.

b: Infrared spectrum of SAC carbonized at 450°C, 34.4 MPa
{5000 psi) for B h

a-h, Difference spectrum, SRC minus carbenized SAC

450 ~SK~1

o . . M. Lo T
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Figure 3 Top: Infrared spectrum of short-cantact-time SRC,
fraction 4.

Bottoem: Spectrum of carbenized sampie, 450°C, 34.4 MPa
(5000 psi}, 1 h

ple {from that of the original SRC. By multiplying the
spectra by fractional constants it is possible to subtract
different proportions of one spectrum from another. A
{ractional constant was chosen {on a trialand-error basis)
such that the aromatic C~H stretching mode near 3050 cm—!
was reduced to the base-line. 1t can be seen that the 870
and 748 cm~! aromatic C—H out-of-plane modes are also
completely eliminatied on this basis. This again indicates
that there is litile change in the average size of aromatic
groupings, since we would expect a change in the pattern
of aromatic hydrogen substitution as the number of rings in
a condensed system increases, together with a general
decrease in the amount of aromatic C~H,

Positive bands in the difference spectrum can generally
be associated with functional groups that decrease upon
reaction, while the negative band at 1692 cm—1in the
difference spectrum reflects the only functional group
formed that we could detect. The aromatic rings mode
near 1600 cm™! remains as a positive difference band.

This does not necessarily reflect a decrease in the aromati-
city of the SRC-SC upon carbonization, but more probably
change in the intensity of this band upon removal of
phenolic oxygen groups (see preceding paper). Neverthe-
less, the fact that this difference band is slightly positive

is a further indication that there is little or no increase in
the size of aromatic molecules upon carbonization under
these conditions. Consequently, the farge planar molecules
that constitute the anisotropic phase are probably formed
by the joining together of aromatic functional groups, The
positive difference bands near 2920, 1450 and 840 cm—1,
assigned to methylene streiching, bending and rocking
modes respectively, clearly demaonstrate that the elimina-
tion of aliphatic groupings is involved. The difference bands
near 1260 and 1230 em~ ! indicate a corresponding involve-
ment of phenolic functional groups.

In order to obtain further information on the mechanisin
of formation of semi-coke, fractions 3—5 and 7—9 of both
short- and long-contact-time SRC were studied under stan-
dard conditions (450-5K-1). Fractions 4, 7,8 and 9 gave
appreciable amounts of pyridine-insolubles, while fractions
3and 5 did not. Of the pyridine-solubles, {ractions 4, 7
and 8 of both short- and long-contaci-time SRC have also
been examined under the optical microscope'? and consist
of practically 100% (by volume) of anisotropic carbon.
The specira of the pyridine-insoluble portion of all these
fractions carbonized for 1 h appear practically identical
with that of the whole SRC carbonized for 5 h. We found
this result initially surprising because the spectra of the
original materials show differences in the type and concen-
tration of functional groups. For example, in Figure 3 the
infrared spectrum of fraction 4 of SRC-SC is compared to
the spectrum of the pyridine-insoluble portion of the same
sample after carbonization (450-5K-1), while Figure 4
compares the corresponding spectra of fraction 8 of the
SRC-LC. Fraction 4 has 2 high concentration of phenolic
aroups (1260, 1230 cm~! bands) and alkyl-substituted
aromatics {methy! and methylene bands near 2920 and
1450 em~ 1), In contrast, fraction 8 has a lower concentra-
tion of these functional groups but aromatic esters and
aryl alkyl ketone carbonyl groups are present {1760, 1690
bands). A complete discussion of band assignments is given
in the preceding paper. Nevertheless, despite these differ-
ences, the spectra of both carbonized samples are remark-
ably similar.

DISCUSSION
The results presented above strongly suggest that under the

chosen carbonization conditions chemical condensation
involves primarily the alkyl and phenolic functional groups.

j=0]

\/\f 1760,
SRC-LCH

FUIRY VRV L VS S SN TR SN SN SN SO TUNAT ST N S S S |

EL — 500
Wovenumboer (om-t)

Figure 4  Top: Infrared spectrum of long-contact-time SRC,

fraction 8.

Bottom: Spectrum of carbonized sampie; 450°C, 34 .4 MPa

{5000 psi}, 1 h
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Figure 5

There is no evidence [or direct ring condensation and syn-
thesis of polycyclic aromatics as found, for example, in the
carbonization of anthracene'®. However, even though both
fractions 3 and 4 contain a fairly high proportion of methy-
lene and methyl groups, only fraction 4 gives subsiantial
amounts of pyridine-insoluble material (at 450--5K-1}.
Fraction 3 of the SRC-SC has a very low phenolic content
and the presence of both functional groups might be essen-
tial for the formation of anisotropic material. In addition,
previous work on the pyrolysis of alkyl aromatics suggesis
that the type of aliphatic grouping present is also signifi-
cant'®. Isoiated alky? substituents can be split off forming
gaseous products such as methane and ethane. Carboniza-
tion subsequently proceeds by synthesis reactions similar
to those found in unsubstituted aromatics. The [ormation
of pyridine-insolubles would then require higher tempera-
tures or longer time periods than those chosen for this
study. Conversely, aromatic groups bridged by methylene
units can undergo elimination reactions of the following

lype:
Ar—CHy—Ar~Ar—Ar + CHy

Ouchi'”, in a study of the pyrolysis of a phenol-formal-
dehyde resin, suggested elimination reactions involving
ketonic intermediates, as illusirated in Figrre 5 (for con-
venience we have used only simple benzene rings to repre-
seni the aromatic units present in SRC). The waier mole-
cules involved in this mechanism are derived from conden-
sation reactions between phenolic groups to form diphenyl
ether type linkages, as shown in Figure 6.

The spectra presented in this communication demonstrate
that mechanisms of this type are also involved in the car-
bonization of SRC. Phenolic aromatic-oxygen stretching
modes near 1250 em™! decrease in intensity, but a weak
broad band centred near this frequency remains and can be
assipned Lo the presence of some aromatic ethers. There is
a large decrease in the intensity of bands assipned to methy-
lene groups, and at the same time a band characteristic of
ary! ketones appears at about 1690 cm~!. This band is
probably due to aryl-alkyl ketones, since the more highly
conjugated diphenyl ketones have carbonyl bands!? near
1660 cm~ Y. In fraction 8 of both short- and long-contact-
time samples, decarboxylation of the original ester and alkyl
ketone groups occurs, in addition to condensation reactions
involving the phenolic and alkyl functional groups.

It has recently been suggested® thal the anisotropic

296 FUEL, 1979, Vol 58, April
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spheres obtained from heat-treated pitches consist of rela-
tively small condensed-ring compounds linked by methy-
lene bridges. SRC fractions carbonized at 450-5K-1 are
probably similar, bui with the small ring-systems present in
the original material becoming condensed through direct
carbon—carbon bridges and ether linkages. In view of the
great decrease in intensity of methylene group vibrational
modes observed in this study, we suggest that the more
severe conditions (400—600°C for 2—46.5 h) used by
Mochida et al.® would result in a simifar elimination of a
large proportion of any methylene groups originafly present.
In view of the heterogeneity of the SRC samples, even
the column-separated fractions, it is not possible to be
more specilic about the mechanism of retrogressive reac-
tions in SRC leading eventually to the formation of aniso-
tropic and isotropic coke. A more complete understunding
requires the careful study of the carbonization of materials
of known structure, We are presently engaged in such
model-compounds work and will report our resalts in the
neuar future. However, the normal operational temperatures
of the SRC pilot plant (400-450°C) are certainly suffi-
cient for semi-coke and mesophase formation, particularly
in the event of temperature excursions. The formation of
coke is then a result of initial condensation reactions among
that portion of the SRC that has a significant proportion of
certain alkyt aromatic and phenolic functional groups.
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