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FOREWORD

The ACS SympostuM SERIEs was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

In 1926, the First International Conference on Bituminous Coal (ICBC)
was held in Pittsburgh, PA, at the midpoint of a three-decade-long
period when coal represented a commodity of immense industrial impor-
tance and an object of intense scientific interest. At that time coal was
the primary fuel of industry and the source of coke for steel manufacture
and of many of the chemicals upon which a great new chemical industry
rested. Gasification of coal still provided most of the town gas used for
many domestic and commercial purposes. Efforts to convert coal to liquid
fuels used the latest advances in high-pressure technology and led to the
development of metal sulfide catalysts that are still mainstays in modern
petroleum refining.

The scientific importance of coal at that time may be judged by the
awarding of the Nobel Prize in Chemistry for 1931 to Friedrich Bergius
for his pioneering work in using recently developed high-pressure tech-
nology for coal liquefaction. Following World War II, coal rapidly lost
its position as a fuel and as a source of chemicals in favor of the cheaper,
plentiful petroleum, and scientists simultaneously lost interest in the search
for information about the origin of coal, its elusive structure, and its often-
times puzzling reactivity.

The recent awareness that “the well may be running dry” has led to
a renewal of our interest in coal and a resurgence of interest in its chemis-
try. One result of this is that in Pittsburgh, PA, on November 12-14,
1980—>54 years after the first ICBC was held in this city—the 12th Central
Regional Meeting of the ACS included a symposium on ‘“New Approaches
in Coal Chemistry.” The chapters in this symposium volume, with one
exception, were among those presented at the meeting.

The reawakening of interest in coal research has come at a time when
the sophistication of the methods available for conducting the research is
orders of magnitude greater than it was in 1926. Today, such state-of-the-
art measurements as Mossbauer, CP/MAS solid-state NMR, FTIR, new
and advanced MS techniques (MS/MS), and EPR, among others, are
used to investigate the structure and reactions of coal. Other techniques,
both old and new, are using microprocessor capabilities and computer
assistance to give increased resolution and to derive information from
experimental results hitherto too complex to manipulate. Among these
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chapters we find that these modern analytical methods are uncovering
new aspects of coal’s physical structure; concepts developed in polymer
chemistry are providing a new framework for describing its macromolecu-
lar structure; modern chemical reagents and powerful new instrumental
techniques are making further progress in solving the puzzle of its chemical
structure; the chemistry of the inorganic and organometallic portions are
fascinating areas vitally important to coal’s proper and clean use; modern
theories of chemical reactivity are helping to probe the chemical mecha-
nisms of coal conversion, oxidation, and desulfurization; and the need for
improved catalysts still beckons many researchers to explore further those
fields that already have yielded many important discoveries.

As our attention to coal increases, scientists of all categories now are
beginning to apply their specialities. Coal is proving again to be an end-
lessly fascinating and rewarding material for study. It is particularly
intriguing that coal is responsive to so many approaches.

The chapters in this symposium volume represent a cross-section of
current research on coal. The title of the symposium reflects the applica-
tion of the aforementioned techniques to coal studies, the contents of the
chapters underscore how rapidly technology is transferred from one disci-
pline to another, and the authorship reveals the universality of interest in
coal studies, including as it does, contributors from government, industrial,
and, especially, academic laboratories.

This upsurge in interest by members of so many disciplines is hearten-
ing. However, it is always worthwhile to remind ourselves of one of the
special problems in all coal research. That is, each coal sample already
has experienced a rich natural history in geologic time and may have
changed further since being exposed or removed from its original site.
Thus, although we know that all coals have certain common traits, any
particular sample in some ways may be unique unto itself. As no one
would dare to describe a particular individual citizen of this country as
“the average American,” so coal chemists must refrain from assuming
that their individual samples are identical in character to any other samples
taken from the same deposit.

In spite of the progress which has been made in studying coal and its
reactions, many experiments seem to raise more questions than they
answer. The chapters in this volume solve some problems, but at the same
time they pose new ones. It does seem, however, that we know consid-
erably more about the structure of coal today than we did in 1926, and we
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now understand better what happens when coal is liquefied. Unfortunately,
there is much more we must learn, but hopefully by using “New Ap-
proaches in Coal Chemistry” we will continue to learn.

Bernard D. Blaustein

Bradley C. Bockrath

Sidney Friedman

Pittsburgh Energy Technology Center
U.S. Department of Energy

P.O. Box 10940

Pittsburgh, PA 15236

July 7, 1981
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1

Small-Angle X-Ray Investigation of the Porosity
in Coals

M. KALLIAT, C. Y. KWAK, and P. W. SCHMIDT
Physics Department, University of Missouri, Columbia, MO 65211

Small-angle x-ray scattering measurements are reported for 15
coal samples in the PSOC series of coals. The rank of the coal was
found to be the main factor determining the form of the small-angle
scattering curves. One type of scattering curve was charac-
teristic of anthracites, while a somewhat different curve was
obtained for low-volatile bituminous coals. In the scattering
curves from many high-volatile bituminous and some sub-bituminous
coals, a shoulder was observed. A fourth kind of curve was found
to be typical of other high-volatile bituminous and sub-bituminous
coals and also of lignites. Analysis of the scattering curves
provides evidence for the presence of three classes of pores--(1)
large pores, with dimensions of at least 300 A, (2) intermediate
sized pores, with average dimensions of the order of 100 or 200 A,
and (3) very small pores, which with dimensions no greater than
about 30 A. These three types of pores are referred to as
macropores, transition pores, and micropores, respectively. The
system of three kinds of pores suggested by the x-ray scattering
data is in good agreement with the three-class pore structure
developed by other workers' investigations employing techniques
besides small-angle x-ray scattering. The specific surfaces of
the coals were calculated from the scattering curves. A method was
developed for estimating the fractions of the total specific
surface which should be assigned to the macropores and transition
pores under the assumption that the specific surface computed from
the scattering curves did not include any contribution from the
micropores. The specific surfaces calculated from the scattering
data have been compared with the specific surfaces obtained by
adsorption of nitrogen at Tow temperatures and by carbon dioxide
at room temperature. The x-ray data are not consistent with the
suggestion that many pores have dimensions of some hundreds of
Angstroms but have restricted openings which exclude nitrogen at

0097-6156/81/0169-0003$05.00/0
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4 NEW APPROACHES IN COAL CHEMISTRY

low temperatures. Instead, the high values of surface area
obtained by carbon dioxide adsorption must be the result of the
contribution of a large number of pores wjth minimum pore
dimensions which are not greater than about 30 A.

Small-angle x-ray scattering is a technique which provides
information about structures which, though larger than the normal
interatomic distances in solids and liquids, are too small to be
visible in the optical microscope. Since the interval of dimensions
which can be conveniently studied by small-angle scattering thus
includes those of many of the pores in coals, we have used small-
angle scattering to investigate the porosity of a number of coal
samples. Before presenting our results, however, we will review
some techniques and concepts employed in the measurement and
interpretation of the scattering data.

In our small-angle x-ray scattering studies of coals, x-rays
(wavelength 1.54R) from a copper-target diffraction tube were formed
into a well-defined beam and struck the coal sample, which was in
powdered form and which had a thickness of about 1 mm. Figure 1
shows a schematic diagram of the scattering apparatus.

Although most of the x-rays were either absorbed in the sample
or passed through it without being affected, a small fraction of the
radiation, called the scattered radiation, was emitted in directions
other than that of the incoming beam. One of the quantities which
determines the intensity of these scattered rays is the scattering
angle 6, which is the angle between the incident and scattered rays,
as shown in Fig. 1. (In many discussions of large-angle x-ray
diffraction, the scattering angle is called 26, rather than 6). The
scattered intensity also depends on the structure of the scattering
sample. The object of most scattering experiments is to obtain
information about the structure of the sample by analyzing measure-
ments of the scattered intensity at a series of scattering angles.

While the general relationship between the scattered intensity
and the structure is so complicated that there is no general
procedure applicable for the analysis of data from all kinds of
samples, relatively simple methods can be used to interpret the
scattering curves from the coals.

First, a general principle from scattering theory states that
most of the information about the sample which can be obtained from
scattering data is contained in the measurements at scattering
angles which satisfy the condition

0<hd<10 (1)

where D is a dimension characterizing the structure producing the
scattering;

h = 4m ! sin(6/2); (2)

In New Approachesin Coal Chemistry; Blaustein, B., el d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch001

1. KALLIAT ET AL. Porosity in Coals 5

and X is the x-ray wavelength. According to (1), there is amore-or-
less inverse relationship between the size of the structure
producing the scattering and the angle at which the most useful
scattering is observed. By convention, "small-angle" scattering has
come to mean scattering at angles 6 no greater than about 5 degrees.
At these angles, h is essentially proportional to 6.

X-ray scattering occurs only when there are differences in the
number of electrons per unit volume in different regions of the
sample. Coals thus scatter x-rays because there are inhomogeneities
in their electron density. According to (1), this scattering occurs
at small angles because an appreciable fraction of these jinhomo-
geneities have maximum dimensions no greater than about 1000 K. When
hD is large, where D i is the smallest dimension appreciably
af?é@ting the scattering"\ﬁ'a given interval of scattering angles=,
the scattered intensity I(h) can be approximated by the relation

1(h) = 2nl d?h™* (3)

where I_ is the intensity scattered by a single electron; d is the
differefice in the electron densities of the two phases which the
sample is considered to be composed of; and S is the value of the
total surface area separating these two phases in the sample. (In
the small-angle region, I_ can normally be considered to be a
constant, and within g?ch %hase the electron density also can be
assumed to be constant<.) Equation (3) has been found to be quite
well satisfied when

hDpip > 3:5- (4)

In the coal samples, usually one of the two phases is coal,
and the other is pores, which are considered to contain air.
Sometimes, however, the effects of the mineral matter in the coal
must be considered. The system then contains three phases. Our
scattering data from the coals suggest that the pores and mineral
matter scatter independently of each other, so that when the
contribution of the minerals to the scattering must be considered,
the coals can be taken to be two independent systems--one made up
of coal and air, and the other consisting of coal and mineral
matter. As we will explain below in more detail, we have estimated
the contribution of the mineral matter to the scattering from
several of the coals and have concluded that this scattering is
small and often can be completely neglected. 4

According to (3), when I(h) is proportional to h™" and thus to
, the magnitude of the scattered intensity is proportional to the
surface area dividing the two phases. The scattering data thus
provide information about the specific surface of the coal samples.
It is important to note, however, that meaningful results about the
specific surface can be obtained only when there is an interval of
scattering angles for which the intensity is at least approximately

proportional to 9'4.

o4
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Figure 1. Schematic of a small-angle X-ray scattering system. X-rays from the
tube (T) are formed into a beam by slits and strike the sample (S). The counter (C)

is used to detect the intensity scattered at an angle 6.

SCATTERING INTENSITY

RELATIVE

10 L
1073 1072 10~ 10°
SCATTERING ANGLE (RADIANS)

Figure 2. Typical scattering curves for the coal samples. Curves 1-4 were ob-
tained for PSOC coals 095 (O), 022 ((), 127 (+), and 081 (), respectively. The

lines were determined by least-squares fits of Ref. 8.
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When
hDpax <045 5 (5)
. . . s 3
where Dmax is the largest dimension characterizing the structure=,
N 2
I(h) = Ied Fo . (6)

In (6), F_is a constant. The scattered intensity from relatively
small inh8mogeneities thgs is independent of the scattering angle
but is proportional to d°.

Results

The scatterigg data were recorded with a Kratky small-angle
scattering system= and a stationary-anode x-ray tube operated at
about 30 ma average current and at a peak voltage of about 45 KV.
A proportional counter was employed to detect the scattered
radiation, and the x-rays scattered at the copper K-a wavelength
of 1.54 R were selected by a linear amplifier and a pulse-height
analyzer. An electronic programmer was used to set the system at
the desired scattering angles.

Each scattering curve was measured six times. After the
results were averaged and corrected for the day-to-day fluctuations
in the incident intensity, the curves were corrected for the
backgﬁfund scattering from the scattering system and the 0.001 inch
Mylar~ plastic windgys of the sample cell. Corrections were also
made for the length*= and widthé of the collimating slits.

Scattering data were recorded for about 50 coal samples, most
of which were obtained from the Pennsylvania State University PSOC
set of coals. We will discuss the scattering from 15 of these coals.
The results from the other samples were quite similar to those
reported here.

We found that the form of the curve of the scattered intensity
as a function of the scattering angle depends primarily on the rank
of the coal. The scattering curves can be conveniently grouped into
four classes. An example of each of these four types of curves is
shown in Figure 2.

Curve 1 is the scattered intensity for Washington No. 4 Queen
high-volatile A bituminous coal (PSOC Q95). The inner part of this
curve 1is nearly proportional to 6 ', while the outer portion
approaches a constant value. (In the logarithmic plot employed in
Fig. 2, a straight line means that the intensity is proportional to
some power of 6, and a strajght line with slope -4 is obtained when
I(h) is proportional to 6 '.) The form of this curve suggests that
in this coal, there are two types of inhomogeneities, which have
grﬁatly different average dimensions. Since I(h) is proportional to
8~ even at the smallest scattering angles accessible with the
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scattering system, in this coal there are inhomogeneities so large
that inequality (4) is satisfied at all scattering angles at which
data were recorded. Since the scattering was not measured at angles
smaller than 0.003 radian, (4) implies that for the larger
inhomogeneities D_. > 300 A. Although the scattering from these
large inhomogenefg{bs predominates in the inner part of the
scattering curve, the scattering from them decays rapidly as the
scattering angle increases. However, the scattering from the small
inhomogeneities will be considered to satisfy (5) and thus will be
essentially independent of the scattering angle. Because the
scattering from the large inhomogeneities decreases so rapidly with
increasing scattering angle, in the outer part of the scattering
curve, only the relatively weak but constant scattering from the
small inhomogeneities will be observed. The scattering from PSOC
095 coal thus can be considered to be produced primarily by two types
of inhogogeneities, which, as in the terminology employed by M. M.
Dubinin’, will be referred to as macropores and micropores.

From the scattering data alone, there is no way to determine
that the inhomogeneities are pores--that is, that the electron
density is smaller in the inhomogeneities producing the scattering
than in the rest of the coal. A similar scattering would be produced
by inclusions of mineral matter with the proper dimensions.
Nevertheless, the information about coals obtained by adsorption
measurements and other techniques besides x-ray scattering ef-
fectively rules out the possibility that the largest part of the
scattering is due to anything except pores.

We have found that scattering patterns like Curve 1 in Fig. 2
are typical of lignites and of some sub-bituminous and high-volatile
bituminous coals.

For other high-volatile bituminous, medium-volatile bitum-
jnous, and sub-bituminous coals, the scattering patterns, in
addition to the features of Curve 1 already discussed, have a
shoulder at intermediate scattering angles. Curve 2 inFig. 2 is an
example of this type of scattering curve and was obtained for an
I1linois No. 6 high-volatile bituminous coal (PSOC 022). We have
interpreted the shoulder on this curve as evidence for the presence
of a third type of inhomogeneity, with average dimensions between
those of the macropores and micropores. To explain the scattering
from these intermediate-sized inhomogeneities, which we consider to
be the transition pores discussed by Dubinin=, we assume that these
pores are so large that at the largest scattering angles at which we
recorded data, (4) is fulfilled for the transition pores, and so the
scattering from these pores is proportional to6 '. To produce a
shoulder on the scattering curve, however, the transition pores must
also be small enough that at the smallest angles at which we measured
the scattering, these pores satisfy (5) and thus give an essentially
constant scattering. In the inner part of the scattering curve from
this coal, we consider this constant intensity to be essentially
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negligible compared to the scattering from the macropores. In this
region of the scattering curve,,the scattering from this coal then is
very nearly proportional to 6™ and is caused almost entirely by the
macropores. As the scattering angle becomes larger, the fraction of
the scattering that is due to the macropores rapidly decreases, and
so at intermediate scattering angles, most of the scattering will be
produced by the transition pores, since the scattered intensity from
these pores, though initially much weaker than that from the
macropores, decays less rapidly with increasing scattering angle.

For there to be a shoulder on the scattering curve, the
transition pores must be small enough that the intensity scattered
by these pores is constant in the inner part of the scattering curve
and remains essentially constant even at scattering angles large
enough that the contribution from the macropores has decayed so much
that it is much weaker than the scattering from the transition pores.
Transition pores with these dimensions can explain the
shoulder on scattering curves like Curve 2 in Fig. 2.

In this curve there are two regions gf scattering angles in
which the intensity is proportional to 6~ . The inverse-fourth-
power scattering in the innermost part of the curve can be ascribed
to the macropores, and the magnitude of the scattered intensity at
these angles is proportional to the surface area,of these pores. The
scattered intensity is also proportional to 6 in the part of the
curve on the right of the shoulder--i.e., at scattering angles
larger than those where the shoulder is observed. The magnitude of
the scattered intensity in this interval of scattering angles is
proportional to the sum of the surface areas of the macropores and
transition pores. For there to be a shoulder on a scattering curve,
the inverse-fourth-power scattering from the transition pores must
be appreciably greater than from the macropores.

For low-volatile bituminous coals, such as Pennsylvania E.
Lower Kittanning coal (PSOC 127), and Upper Freeport coal (PSOC
318) and also for the medium-volatile bituminous coals PSOC 130 and
PSOC 134, a rather broad peak is found in the outer part of the
scattering curve, as is illustrated by Curve 3 in Fig. 2. For this
coal, (PSOC 127), the inner portion of4the scattering curve, as in
Curves 1 and 2, is proportional to 8 . The macropore structure
can thus be considered to be quite similar to that in the lower-
rank coals., The peak, which corresponds to a Bragg spaging of
about 20 A, has previously been reported by Hirsch=, who
interpreted it as being due to interactions between the funda-
mental scattering units in these coals, which were made up of a few
layers of planar aggregates containing aromatic rings. Because of
the presence of this peak, the magnitude of the scattering from the
micropores cannot be easily assessed, although the presence of
micropores certainly cannot be excluded. According to the
interpretation given for Curve 2 in Fig. 1, however, the
contribution of the transition pores in PSOC 127 to the scattering
must be quite small.
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Curve 4 of Fig. 1 shows the scattered intensity for Penn-
sylvania Buck Mountain anthracite (PSOC 081). Quite similar
scattering curves were recorded for some other anthracites.

The inner part of the scattering curves for the anthracites is
very similar to the corresponding region of Curve 3 in Fig. 1. The
macropore structure in anthracites thus is probably quite similar to
that in Tow-volatile bituminous coals.

The distinguishing characteristic of the scattering curves for
the anthracites is the outer part of the scattering curve, where the
intensity is usually higher than for the lower-rank coals, and,
though sometimes nearly constant, usually decreases smoothly.

Although there were no well-defined peaks in any of the
scattering curves from the anthracites, the outer portion of the
scattering pattern for these coals could be a vestige of a maximum
Tike that in the curves for the Tow-volatile bituminous coals. An
alternative explanation of the form of this part of the scattering
curve for anthracites is that the average dimensions of the
micropores in these coals are so large that inequality (5) is not
satisfied, and so the scattering from the micropores is not
independent of the scattering angle. Then, if the micropores
scatter independently of each other, the scatteri@p in this part
of the curve can be approximated by the expression=

2.2
I(h) = Ioe‘(m)h R®, (7)

where I is a constant, and R, the average radius of gyration2 of the
inhomod%neities, is a measure of the average size of the inhomo-
geneity. Equation (7) is iogood approximation when kR is not much
larger than 1. For spheres-—-ggth radius a, R = (3/5)%a. With (7),
a radius of gyration 2.4 £ 0.2 A was calculated for the micropores in
anthracite PSOC 081.

The scattering in the outer region of the intensity curves for
the anthracites could also be the result of a combination of all
these effects. In other words, the scattering could be due to three
kinds of structures: (1) the tail of the inverse-fourth-power
scattering from the macropores and transition pores, (2) the
structure which is responsible for the peak corresponding to a Bragg
distance of about 20 A, and (3) micropores for which the scattering
is described by (7). In different coals, the relative magnitudes of
these three effects would differ, and as a result there would be some
differences in the form of the outer part of the scattering curve.

We wish to point out the outer part of the scattering curve
for PSOC Coal 135, which is a medium-volatile bituminous coal, is
quite similar to the corresponding curves for the anthracites.
The fact that the outer portion of the scattering curves from both
a medium-volatile bituminous coal and also from anthracites have
the same form can be quite naturally explained if the scattering at
these angles is the result of superposition of the three
structures mentioned above.
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Further study, however, is necessary before a detailed and
quantitative explanation of the outer part of the scattering

curves from these coals is possible.

Determination of Specific Surfaces

To obtain an equation describing the scattering from the
pores in the coals, we assumed that

I(h) =1 1A i + Str . i (8)
0o e h4 (hz + a2)2 (1 + b2h2)2
where
I = 2nd? M
00 T A. (9)

In (8) and (9), I_ is the intensity scattered by one electron, s?

and S, are the s%ecific surfaces, or surface areas per unit ma%é
of coET, of the macropores and transition pores, respectively; the
constant C_. is proportional to the weak but constant scattering
from the m??ropores; b is a constant characterizing the micropore
dimensions; M and A are respectively the mass of the sample and its
cross-section area perpendicular to the incident beam; T is the x-
ray transmission; and a is a constant inversely proportional to
the average dimensions of the transition pores. The factor 1/T is
included in (9) to take account of the absorption of x-ray in the
samples, since (3) was developed under the assumption that the
samples were non-absorbing. The transmission T can be expressed=

T= 1= en(-up)s (10)

where I _is the x-ray intensity striking the sample; [ is the
intensif& transmitted through the sample; and M is the mass
absorption coefficient.

The term proportional to s in (8) describes the scattering
from the macropores and was obf™ned by rewriting (3), while the
middle term was selected to give a reasonable and convenient
approximation to the contribution f gm the transition pores. An
intensity with this form is expected== from pores randomly distri-
buted in a material with uniform electron density. This
expression has the desired properties of approquing a constant
value for small h and of being proportional to h " for large h.

The term

2,24-2
Cmi(l + b°h°)

in (8) allows for the scattering from the micropores. For the
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relatively small scattering angles included in our curves, this
expression is essentially equivalent to (7). The form of the term
was chosen for convenience in the calculations. If (7) and the
expression

2,2y-2
Cmi(l + h“b%)

are to Be equivalent to terms of order h2--that is, if to terms of
order h

2,52
(1 + b2h2)-2 ~ e‘(1/3)h R B

b must satisfy the relation

b = (1/6)R.
From (10)

ha % Tog,(1/T). (11)
Thus, from (9), (11), and the measured value of the T, we could
evaluate the quantity I__. For this ca]cufgtion we ass%med that
the coal consisted entiﬁgﬁy of carbon, that-—3 u= 4.60 cm~/gm, and
that the mass density of the coal 1.30 gm/cm”. This density is a
compromise between the hglium densities determined for coals of
different rank and origin=. 15

We made non-linear least-squares fits= of (8) to the
corrected scattering curves of each of the 15 coal samples. For
all coals except PSOC 135 and PSOC 081, we assumed that b was zero,
since except for these two coals, the data suggested that the
scattering from the micropores did not depend on the scattering
angle. For PSOC 081 and PSOC 135, from the leastgsquares fits we
calculated that b = 1.44 + 0.01 A and 1.06 *+ 0.02 A, respectively.
These values correspond to micropore radii of gyration gf 3.5% 0.1A
and 2.6 + 0.1 K, respectively. The result 3.5% 0.1 A for PSOC 08
is in fair agreement with the radius of gyration 2.4 * 0.2
calculated for this coal by use of (7).

In the least-squares fits of (8) to the scattering curves for
the coal samples, when there was a peak on the scattering curve, we
made the fit only for angles smaller than those at which the
maximum was observed. For all the other coals, we were able to fit
the entire scatteringlcurve.

The constants a - obtained from the fits provide an estimate
of the average dimen;jfns of the transition pores. From the fits
we obtained values a ~ ranging from about 28 thfough 54 A, We
could observe no pattern to the variation of a =~ from sample to
sample. By the same argument which we used to relate the micropore
radius of gyration to the parameter b which characterizes the
dimension average dimension of the%ngfropores, the radius of
gyration of the transition pores is 6% ~, and if the pores can be
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considered spherical, the sphere radius is 615(3/5)';5a'1.Thus if
the transition pores are considered to be spherical, the least-
squares fits showed that the average pore radii varied from about
90 to 170 A.

To find the pxoduct I _A, we measured the scattering from a
concentrated Ludox™ colloidal silica suspension and evaluated the
integral Q in the equation=

Q= [n21_ . (h) dh = 2nPI (dg;)%e(1 - ©) V, (12)

where d.. is the difference of the electron densities of the
sphericé? silica particles and the water in which these particles
are suspended; and c is the fraction of the volume V of the
suspension that is occupied by the silica particles. In the
integral Q, I (h) is the part of the corrected scattergg
intensity from e sivica suspension which is proportional to h
in the outer part of the scattering curve. (In other words,
I (h) is the corrected intensity after the slowly-varying or
c6REEant scattering from the solvent and any other relatively
short-range structure has been subtracted.) Since the scattering
from the suspension and the coals were measured under the same
conditions, the value of I _A calculated for the suspension could
be used with all of the codls.
From (12) and (11)

» log, (1/Tg;)

M

where D..; is the mass density of the silica suspensions; A is the
cross-sgétion area of the sample; and T.. and H.. are the
transmission and mass absorption coefficient!of the Suspension.
To find I0 (h) from the corrected scattering curve for the
suspensionf WE made a least-squares fit of an equation like (8) to
the corrected scattering curve from the suspension. We evaluated
the integral Q by a technique= previously developed l;n our
laboratory. As given by the manufacture§ and verified= from
scattering measurements, DSi = 2.28 gm/cm”. We used this mass
density to calculate the”'electron density and employed the
measured concentration k gm of silica per gm of suspension to
compute the mass absorption coefficient H.. and the volume
fraction c, with the assumption that one Sg\ram of suspension
consisted of k gm of Si0, with density D.. and (1 - k) gm of water.

After we had deter?nined I A and c%‘lcu]ated I fog the coal
samples, we evaluated the speceific surfaces S°a &d s r for the
macropores and transition pores in the 15 coal® Theste specific
surfaces are listed in Table 1. We estimate that the uncertainty
in the specific surfaces is about * 40%.

g, = 2n?1 Ad%c(1 - c) B = or IeAdzc(l - ¢) (13)
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The Contribution of Mineral Matter to the Scattering

To estimate the scattering by the mineral matter in the
coals, we prepared four ash samples by low-temperature ashing.

The scattering from these samples was assumed to be propor-
tional to the scattering that would have been produced by the
mineral matter when it was in the coals. Allowance was made for
the fact that the intensity from the ash differed from that
scattered by the minerals in the coals because of the fact that in
the ash samples, the minerals were surrounded by air, rather than
embedded in the coal. The size of the particles of the mineral
matter, however, was considered to be unaffected by the ashing
process.

_Jhe scattered intensity from the ash samples was proportional
to h~" over almost all of the interval of scattering angles at
which data were recorded, although in the outer part of the curve,
the intensity approached a weak but constant value. To estimate
the specific surface associated with the mineral matter, the
mineral densities were approximated by considering that the
mineral matter was either pyrite or kaolinite--that is, that
mineral matter which was not pyrite had a density and chemical
composition enough like those of kaolinite that the scattering
from the minerals would be essentially the same as if they were
composed of kaolinite. The pyrite and total mineral matter
concentrations were taken from the data in the PSOC analyses. Our
estimates showed that in the inner part of the scattering curves,
the mineral matter contributed from about 10% to 25% of the total
surface area. In other words, the specific surface values in Table
1 which are considered to be due only to the surface of the
macropores should be reduced by 10 to 25 per cent. As this change
does not exceed the uncertainty in the determination of the
specific surfaces, the contribution of the mineral matter can, at
least in these preliminary evaluations of the specific surface, be
neglected.

The effect of mineral matter is so small that it is completely
negligible compared to the combined specific surface of the
macropores and transition pores in coals with scattering curves
which have a shoulder.

Discussion

Although the magnitude of the scattered intensity in the
outer part of the scattering curve can be taken as a rough measure
of the extent of the micropore structure, as yet we have found no
really reliable way to obtain quantitative information from this
part of the curve. Interpretation of this regiop of the curve is
complicated by the fact that peaks like the 20 A maximum in POSC
Coal 127 can mask the scattering from the micropores and also
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because in this interval of angles, the part of the "small-angle"
scattering curve that gives information about the micropores may
not be separable from the "small-angle tail" of the large-angle
diffraction pattern. For example, the small-angle tail of the
first maximum in the large-angle diffraction pattern may not be
negligible in the angular region sensitive to the micropores.
Further study is therefore necessary before quantitative informa-
tion about the micropores can be obtained from the small-angle
scattering data.

In Table 1 we list the sum of the specific surfaces of the
macropores and transition pores and also the specific surfaces
obtained by low temperature nitrogen adsorption and by adsorption
of carbon dioxide at room temperatures. The nitrogen and carbon
dioxide specific surfaces are taken from the PSOC data bank,
except for coal PSOC 105. Since the specific surfaces in the data
bank for this coal appeared questionable, they were remeasured by
R. G. Jenkins at Pennsylvania State University.

Information about the pore structure in the coals can be
obtained by comparison of the specific surfaces determined by the
three techniques. Before discussing the detailed results,
however, we would 1ike to point out some general properties of the
different methods of determining specific surfaces.

For a surface to be detected in adsorption measurements, the
adsorbed gas must be able to penetrate the pores. Adsorption
methods thus will not detect closed pores. Also, nitrogen at low
temperatures may not penetrate pores as small as those which
carbon dioxide can enter at room temperature.

While x-ray scattering detects both open and closed pores,
only pores for which the minimum dimension satisfies (4) will
contribute to the specific surface calculated from the scattering
curves. The properties of the x-ray and adsorption techniques
must be kept in mind during comparison of the specific surfaces
obtained by these techniques.

The differences between specific surfaces determined by low-
temperature nitrogen aq% room-temperature carbon dioxide adsorp-
tion have been ascribed= to the fact that many of the pores in the
coals are accessible only through small, constricted openings
which cannot be penetrated by nitrogen molecules at 1liquid
nitrogen temperatures, while carbon dioxide molecules at room
temperature have sufficient energy to go into the pores. On the
other hand, if the pore dimensions are large enough that (4) is
satisfied in a given intggyal of scattering angles, the scattering
will be proportional of h ~ regardless of the size of the entrances
to the pores. Moreover, as we have mentioned, the scattering
process will detect completely closed pores. On the other hand,
unless the minimum pore dimensions are large enough to sgtisfy
(4), the scattered intensity will not be proportional to h™", and
so these pores will not be included in the surface calculated from
the scattering curves.
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A11 of the differences between the specific surfaces obtained
by adsorption and small-angle scattering therefore cannot be
explained by the existence of pores with restricted entrances.
Instead, since the specific surfaces from adsorption of carbon
dioxide at room temperature are always much greater than those
obtained from the scattering data, there must be a large number of
pores for which smallest pore dimensions do not satisfy (4).

As can be seen from the scattering curves in Fig. 2, the
scattered intensity for coals PSOC 081 and PSOC 127 begins to
deviate from a 6~ dependence for scattering angles greater than
0.02 radians, while this deviation starts at about 0.03 and 0.04
radians for coals 095 and 022, respectively. Since (4) is not
satisfied at larger scattering angles, the minimum dimensions of
the pores which contribute to the specific surfaces galculated
from the scattering data cannot be less than about 45 A in coals
081 and 127, 30 R in coal 095, and 22 2 in coal 022. These minimum
pore dimensions are so large that both carbon dioxide at room
temperature and nitrogen at low temperature can penetrate pores
smaller than those contributing to the x-ray-scattering specific
surface. Thus, when the specific surface calculated from the
scattering curves exceeds the specific surface from Tow temper-
ature nitrogen adsorption, there must be closed pores inaccessible
to nitrogen at low temperature, while if the latter specific
surface is greater than the former, there will be many pores
penetrable by nitrogen but not detected by small-angle scattering.

Since the specific surfaces from the x-ray scattering curves
thus are due to the relatively large pores, it is not surprising
that the adsorption techniques, which are capable of detecting
surface areas of much smaller structures, often give specific
surfaces considerably larger than those calculated from the
scattering curves.

For the Coals 318, 127, 130, 135, 134, and 095, all of which
are of relatively high rank, the nitrogen specific surfaces are
very small, wEi]e the carbon dioxide surfaces range from about 180
through 250 m~/gm. Th%!specific surfaces from the x-ray data vary
from 2.4 through 5.7 m“/gm. Since the nitrogen specific surfaces
are smaller than those from the scattering curves, we can
conclude, at Teast tentatively, that there are an appreciable
number of pores large enough to be detectable by scattering but
impenetrable to nitrogen at low temperatures. These pores, for
example, could be completely sealed. On the other hand, since the
carbon dioxide specific surfaces are always much larger, therg
must be many pores with minimum dimensions less than about 20 A
which are accessible to carbon dioxide at room temperature.

For the four of the last eight coals listed in Eable 1, the
carbon dioxide specific surfaces vary from 100 to 255 m~/gm. There
thus must be an appreciable number of micropores in these coals,
just as in the higher-rank coals discussed previously. However,
for the last 8 coals in Table 1, both the x-ray and nitrogen
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specific surfaces are larger than for the first 8 coals in the
table. The specific surfaces calculated from the x-ray scattering
curves for these 8 coals are sometimes larger and sometimes
smaller than the surfaces determined by low-temperature nitrogen
adsorption. When the x-ray specific surface exceeds surface area
measured by low-temperature nitrogen adsorption, there must, as we
have mentioned, be an appreciable number of pores large enough to
be detected by scattering but closed to nitrogen. On the other
hand, when the low-temperature nitrogen specific surface is larger
than that from the x-ray data, there must be a significant fraction
of the pores which are too small to be included in the x-ray
specific surface.

There are pronounced shoulders on the scattering curves for
PSOC Coals 105, 022, and 188, while there are no shoulders on the
curves for Coals 197 and 138. The shoulders in the scattering
curves from Coals 185 and 181 are less evident, and a shoulder can
be seen for Coal 212 only after careful inspection. These results
suggest that there will be well-defined shoulders in the scatter-
ing curves only when the specific surface of the transition pores
is at least ten times as great as that of the macropores.

For the first seven coals in Table 1, the surface area from
the transition pores is only one to two times as great as the
specific surface from the macropores. There are no inflections in
the scattering curves for any of these coals, in agreement with the
above criterion for the presence of an inflection in the
scattering curve.

The fraction of the volume associated with a given type of
pore can be described as the product of an average dimension and
the specific surface for this pore class. When, as is true for
many of the coals listed in Table 1, the specific surface
contributions from the macropores and transition pores are roughly
equal, the specific volume occupied by the macropores therefore
will be, in general, considerably larger than the volume of the
transition pores, for which the average dimension is muchfﬂnaller
than that of the macropores. Gan, Nandi, and Walker= have
combined measurements by mercury porosimetry and low-temperature
nitrogen adsorption at 77 K to find the fractions of the pore
volume associated with the macropores, transition pores, and
micropores. Among the coals for which they calculated pore-volume
distributions were PSOC Coals 127, 135, and 197, which we have
examined by small-angle x-ray scattering. They also studied PSOC
Coal 105A, which probably is very similar to the coal PSOC 105
which we investigated. In Coals 127 and 135, they found that the
volume occupied by the transition pores was very small, and that
over half the pore volume was taken up by micropores. These
conclusions are quite consistent with the specific surface results
in Table 1, according to which the transition pores make a
relatively small contribution to the specific surface, and the
specific surface from room-temperature carbon dioxide adsorption
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is much larger than the surface area obtained by other techniques.
Similarly, Gan, Nandi, and Walker found that the fraction of the
pore volume occupied by the transition pores is about four times as
great in PSOC Coal 105A as in PSOC Coal 197. This result is in at
Teast qualitative agreement with our calculation that in PSOC Coal
105, for which the small-angle x-ray scattering curve has a
pronounced inflection. Also, as can be seen in Table 1, the
specific surface associated with the transition pores is much
larger than in PSOC Coal 197, for which there is no inflection in
the scattering curve.

The PSOC coals were especially convenient samples for our x-
ray studies, because in the data bank, there is a considerable
amount of information about these coals obtained by techniques
other than x-ray scattering. Without these other results we would
not have been able to make such a detailed interpretation of the
scattering data. Moreover, since we had studied PSOC coals, we
could compare our porosity stuiies with the work of others, such as
that of Gan, Nandi, and Walker=. On the otherfyya%, as the other
small-angle x-ray scattering studies of coals="== which we are
aware of did not investigate PSOC coals, we could not make a
quantitative comparison of our scattering results with those
previously. published.

It is natural to ask whether the least-squares fits of (8) to
the scattering curves for these 15 coals are merely exercises in
curve fitting or whether the fact that quite good fits can be
obtained, in many cases over the whole scattering curve at which
data were recorded, means that the pore structure used in
developing (8) really has some connection with the pore structure
in the coals. This point is especially important because in
principle, more than one sample can produce the same small-angle
x-ray scattering pattern.

As is true for almost all small-angle scattering studies, the
interpretation of the scattering data must take account of other
information about the sample besides the scattering data. Since
other studies of coal have suggested a pore structure which
consists of three classes of pores--macropores, transition pores,
and micropores, and as this structure provides a useful way of
analyzing the scattering data, we feel that at least the general
features of our interpretation of the scattering curves are
essentially correct.

We therefore suggest that the x-ray scattering method can be
useful in studies of the pore structure of coals. In particular,
the scattering curves from medium-rank and low-rank coals can
provide an estimate of the specific surfaces associated with the
macropores and the transition pores. This information is
difficult to obtain by other techniques.
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Work in our laboratory on a number of different coals demon-
strated that significant structural differences were evident in
13¢ NMR spectra of coals of different rank. The question arises
as to which components and/or properties of coal are responsible
for the spectral responses observed.

It is known that the properties of coal are controlled both
by rank and petrographic composition (type). Thus, to predict
the chemical properties of a given coal, it is necessary to know
its petrographic composition and the chemistry of each component
(maceral) at the rank in question. A study of individual macerals
(or maceral groups) over a range of ranks is essential to deter-
mine a) the differences between individual macerals, and b) the
differences within individual macerals of varying ranks. At the
present time, petrographic composition can be determined by es-
tablished microscopical techniques, but detailed chemical data on
individual macerals are lacking. Such chemical data is required
to efficiently develop many current coal based synthetic fuels
technologies. Recent work by Given and Co-workers (1-3) described
the dependence of coal liquefaction behavior on coal character-
istics (3). Statistical correlations were found for the follow-
ing paramaters; total sulfur content (organic and inorganic),
total reactive macerals, and percent carbon. The statistical
analysis of the data demonstrated a differentiation between sub-
sets of the total data base consisting of eastern and interior
province coals and western province coals. While the latter
subset '"did not give any satisfactory correlation" (with lique-
faction behavior). . . "it seems that a rank parameter together
with parameters representing petrographic composition are the
most relevant properties of such coals" (3).

Given, et. al. (2) have reported the molecular parameter
analysis of asphaltenes obtained from coals of variable petro-
graphic compositions based on proton NMR analysis. However,
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molecular parameter analysis of coal liquefaction products gives
only indirect evidence of the initial coal structure. Non-
destructive techniques have been employed to examine the fraction
of aromatic carbon, f5, for coals by the graphical densitometer
method of Van Krevelen, Chermin, and Shuyer (4) and by analyses
of proton second moments obtained from broadline proton NMR data
(5, 6). An extensive list of maceral fa values have been pub-
lished by Dormans, Huntjens, and Van Krevelen (7) and these
authors concluded that the relative aromaticity of macerals is in
the order fusinite > micrinite > vitrinite > exinite at a given
rank. A much more limited number of macerals have been examined
by broadline proton NMR techniques (5, 6, 8) and the data on
relative f, values are consistent with those reported by Van
Krevelen, et. al. (7).

The direct determination of the aromaticity in coal was
first reported by VanderHardt and Retcofsky (9) using non-
spinning carbon-13 NMR techniques. More refined studies using
a combination of cross-polarization and magic-angle spinning
(CP/MAS) has been used to examine the aromaticity in a number of
different coals (10, 11).

Two recent studies have examined the 13¢ »MR spectra of coal
macerals and lithotypes respectively. Retcofsky and VanderHardt
(12) reported the aromaticities of the vitrinite, exinite,
micrinite, and fusinite from Hershaw hvAb coal using non-spinning
cross-polarization techniques. The fa values of 0.85, 0.66, O. 85,
and 0.93 -0.96 for these macerals demonstrate clear variations
between the materials at a given rank. Gerstein et. al. (13)
used carbon-13 CP/MAS proton combined rotation and multiple pulse
spectroscopy (CRAMPS) to examine Iowa vitrain (Star coal) and a
Virginia vitrain (Pocahontas #4 coal) with aromaticities of 0.71
and 0.86 respectively.

We have employed CP/MAS techniques for characterizing two
sets of coal macerals. In the first set, we examined eight
maceral samples (two alginites, two sporinites, three vitrinites
and one fusinite) of Carboniferous and Permo-Carboniferous age
which have been previously reported (14). We now compare this
work with a set of six hand picked vitrinite macerals from the
Lower Kittaning seam.

Experimental

NMR. The CP/MAS spectra were obtained on a single coil,
double-tuned probe similar in design to that reported earlier
(15) but modified (16) for the electromagnet of the Varian XL-
100-15 system. A homebuilt receiver system allows single coil
operation. The probe uses a D20 external lock and a special
rotor and stator assembly design to provide MAS. The carbon-13
(25.16 MHz) and the proton (100.06 MHz) radio frequency fields
are 17 G and 12 G, respectively for 90 watts of power. The 1y
spin locking pulse of 90° may be varied in terms of length and
amplitude while the amplitude of the 13¢ irradiation can be con-
trolled to within 0.1 db to match the Hartmann-Hahn (17) con-
dition. The isolation between the two channels is in excess of
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60 db. The CP/MAS spectra were obtained using a single contact
sequence (9). A contact time of 2.0 msec and a cycle time of
3.0 sec were used in these experiments and the magic-angle spin-
ner was operated at approximately 5,000 revolutions per second.

Sample Separation and Characterization. Three vitrinite
samples (Silkstone, High Hazels, and Westfield) were obtained by
hand-picking of macroscopic vitrain bands in Carboniferous coals.
Selected vitrain particles were crushed to pass a B. S. 100 mesh
sieve (250 p) and polished mounts were prepared. Sample purity
was determined by point-counting (sample reflectivity) 500 points,
giving a + 2% (by volume) accuracy (18).

Alginites were obtained from selected Permo-Carboniferous
torbanites (i.e. algal-rich coals) which, upon petrographic
analysis, were found to be rich in the required component. No
concentration steps were required for samples used in this work
as small blocks were selected in which the initial alginite con-
centrations were adequate (see Table I).

Sporinite samples were prepared from durain bands in pre-
selected Carboniferous coals. Generally, sporinite in durains
occurs in intimate mixtures with other macerals, mostly in-
ertinites. To prepare concentrates, the differences in specific
gravities between maceral groups were utilized (18) following
a float/sink technique modified after Dormans, et. al. (7).
Briefly, small blocks of durain were crushed to pass the B. S.
240 mesh sieve (104 p), and the pulverized material was dispersed
in ZnCl, solution of 1.30 specific gravity (powder:liquid; 1:5
w/v). The suspension was centrifuged at 2500 rpm for 15 minutes
to give well-separated "float" and "sink" fractions. The "float"
was recovered, suspended in ZnCly solution of 1.25 specific
gravity, and re-fractionated into two layers by centrifugation
as above. '"Floats" from this procedure were repeatedly re-
processed under similar conditions until no more '"sinks'" were
produced. The fractionation produced by each separation was
monitored by microscopical analysis to observe that separation
was proceeding as desired and to implement minor corrective pro-
cedures as necessary. Purities given in Table I of the final
concentrates were determined by point-counting (see above). Full
details of original samples, separation procedures and micro-
scopical analyses are given by Allen (19).

The fusinite sample was hand-picked from a discrete fusain
lens located within a Carboniferous coal. Microscopical exam-
ination of the sample showed that the recovered material con-
tained fusinite, semi-fusinite and mineral matter as the major
components. The concentrate was not demineralized.

Six vitrinite samples from the Lower Kittaning seam were
hand-picked to represent a wide range of vitrinite reflectance.
These samples exhibited a minimum of 97% vitrinite and were used
without further purification. Samples were supplied by Professor
Alan Davis of Pennsylvania State University.
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The petrographic analyses of the first set of maceral con-
centrates are given in Table I while the chemical analyses are
given in Table II. These macerals have all been thoroughly ex-
tracted with dicloromethane prior to obtaining spectra (20). Thus
the data given refer to the insoluble portion of the samples.

The vitrinite samples from the Lower Kittaning seam were run as
received. The chemical analysis is given in Table III.

Results

The samples examined in the first set of macerals to be
discussed are described in Tables I-II, while the 13¢ cp/Mas
spectra of the alginite, sporinite, vitrinite, and fusinite
samples are given in Figures 1-4. Figure 5 provides a useful
summary of the chemical shift ranges of selected structural
units of interest. A cursory glance at these spectra in Figures
1-4 indicates that a unique spectral pattern is exhibited for
each maceral type. The differences are sufficient between
maceral types within this limited sample set to enable one to
distinguish between the macerals.

The alginite spectra in Figure 1 are essentially identical.
This result is expected from previous botanical and chemical
studies on these alginites (21-24). The spectra display a
simple structure in both samples which is dominated by long chain
CHy groups (resonance lines in 29 ppm region). The shoulder at
lower field (30-55 ppm) is due to branched centers and alicyclic
materials. Little structural information is evident in the 55-75
ppm range where one would observe aliphatic carbons attached to
nitrogen or oxygen. This observation is consistent with the low
values found for nitrogen plus oxygen content (5-6%). The un-
saturates region (resonance lines below 100 ppm) is a structure-
less band representing 13%, (e.g. f,, defined as the fraction of
total carbon that is unsaturated) of the total observed carbon.
Degradation of alginite kerogens by chemical oxidation (23, 25)
and pyrolysis (19, 23, 24, 26-28) have shown that these materials
are largely unbranched aliphatic hydrocarbon chain polymers with
major alicyclic, heterocyclic and aromatic regions. Thus carbon
resonances in the aromatic region are to be expected. In addi-
tion, there is evidence for the presence of olefinic structures
in alginite kerogen (23). Therefore, the resonances in the
broad unsaturated region may be due to a complex group of ole-
finic and aromatic carbons but such structural groups represent
less than 20% of all carbons present.

The sporinite spectra (Figure 2), while exhibiting broad
similarities, are found on careful examination to have subtle
differences in both the aliphatic and aromatic regions. In the
aliphatic portion of the spectra these differences are associated
with variations in the relative amounts of CH3, CHj, and (CH2)n
structural moieties. Both spectra exhibit shoulders at 13-15
ppm (terminal methyl region), but the band at 22-24 ppm in the
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A. Torbane Hill

B. New South Wales

1 |
200 100 0

PPM from TMS

Figure 1. CP/MAS spectra of alginite concentrates from widely separated sources:
Scotland (A) and Australia (B).
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A. Silkstone
B. Shallow
1 | |
200 100 o]
PPM from TMS

Figure 2. CP/MAS spectra of sporinite concentrates arranged in order of decreas-
ing rank

In New Approachesin Coal Chemistry; Blaustein, B., el d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.

31



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch002

32

NEW APPROACHES IN COAL CHEMISTRY

A. Silkstone

B. High Hazels

C. Westfield

| 1
200 100

PPM from TMS

o

Figure 3. CP/MAS spectra of vitrinite concentrates arranged in accordance with
decreasing rank from top to bottom.
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l 1
200 100 0

PPM from TMS

Figure 4. CP/MAS spectra of fusinite obtained from Westfield mine. The lack of
any fine structure in the spectrum is most likely due to high concentrations of para-

magnetics.
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Figure 5. Composite of C-13 NMR correlation chart and PSMC-67
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Silkstone sporinite is not distinguishable in the Shallow maceral
sample. This spectral region is characterized by branched CHj
groups and sterically crowded CHy groups. In both spectra the
maximum intensity in the aliphatic region is at 30 ppm which is

a region characteristic of cyclic and alicyclic CHj groups as
well as branched CHj and sterically crowded CH groups. The 45-55
ppm spectral region of the aliphatic band is due to CHp, CH, and
C carbons at or adjacent to highly branched centers.

The unsaturates region exhibits shoulders at approximately
155 and 136 ppm which can be attributed to oxygen functional
groups and aromatic carbons adjacent to a nitrogen atom (150-155
ppm) and quaternary carbons in alkylated rings, bridgehead car-
bons, thio-ethers and aromatic carbons two bonds removed from a
nitrogen atom (130-140 ppm). The Shallow sporinite exhibits two
shoulders at approximately 117 and 112 ppm. These shoulders fall
in the range characterized by pyrrole and furan ring structures
as well as vinyl, substituted vinyl and alkylated aromatic rings.
The unsaturates band in the Silkstone sporinite spans a similar
spectral region but no structural component can be distinguished.
The f, values for these two samples are consistent with rank
considerations; i.e., f, for Shallow and Silkstone sporinites are
0.47 and 0.51, respectively. The vitrinite reflectance, % carbon,
and % volatile matter suggest that the Silkstone sample is of
higher rank than the Shallow material.

The vitrinite samples exhibit spectral patterns (Figure 3)
that are clearly different from those observed in the sporinite
concentrates. The spectral patterns, however, display differences
that are significant between the vitrinites. The aromatic por-
tion of the spectra display similar band shapes with shoulders
at ca. 153-155 and 136-140 ppm which are due to structural
features similar to those described for the sporinites (vida
supra). On the other hand, the differences in the aliphatic
portion of each spectra are worthy of comment. The region due
to terminal methyl groups (13-15 ppm) decreases in intensity
relative to the most intense spectral region (40-45 ppm) in the
order Westfield < High Hazles < Silkstone. The 22-24 ppm region
varies in intensity for the three samples studied. Interestingly,
the 30 ppm region is devoid of structure suggesting that the
cyclic and alicyclic CH) group are not a predominant structural
feature. In all vitrinites the most intense aliphatic peak is
in the 40-45 ppm region which is indicative of highly branched
aliphatic structures. A similar spectral band was previously
observed in whole coals (29) where a possible correlation with
conversion properties was discussed. The Westfield sample con-
tains a significant amount of intensity in the 60-80 ppm region.
One finds branched aliphatic ethers and thio-ethers, highly
branched amines, acetylenic, thio-acetylenic and allene type
carbons in this region. Allene and acetylenic structures are not
likely to be found in coals. Hence, the data in this region is
consistent with the relatively high content of nitrogen and
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oxygen (Table III) found in the Westfield vitrinite. The rela-
i%ve loss of heteroatoms with increasing rank as determined by

C NMR is consistent with theories concerning changes in coal
undergoing progressive catagenesis (30).

The fusinite spectrum contains structureless aromatic and
aliphatic bands. A good deal of difficulty was encountered in
acquiring data on this sample as the signal-to-noise ratio was
poor for a comparable number of transients of the other samples
examined. This may reflect the higher free radical concentration
found in these materials (31) compared to other macerals. The
data suggests that the fusinite sample is a condensed aromatic
material with little hydrogen attached to the aromatic carbons
(the atomic H/C ratio is one half that found for the vitrinites).
This is consistent with classical coal theory and with the p-gc
and p-ms fingerprints of this particular sample (24). However,
the spectrum also show the presence of 20-307% aliphatic carbon
(f4 = 0.72) in the structure, which is a value far higher than
might be expected for a pure fusinite. It is possible that the
semifusinite content in this sample is sufficiently high to en-
hance the aliphatic content of the mixture but no data are avail-
able to compare semifusinite and fusinites in this respect. The
aliphatic band spans the region of ca. 10-65 ppm and hence has a
distribution of structural carbons similar to the other macerals
as noted earlier. Hence, CH3, CHp, (CH2)n, CH and C groups must
be present in a variety of structural patterns. The extension
of the band to low field (65 ppm) also suggests the presence of
oxygen, nitrogen, or sulfur functional groups.

The measured f, values for the alginite, sporinite and
vitrinite samples are plotted against percent fixed carbon in
Figure 6. A linear regressiona% analysis of the data demonstrates
a high degree of correlation (R“=0.9897) between f, values and 7%
fixed carbon, or alternatively, % volatile matter. The intercept
of 0.11 indicates that a portion (ca. 10%) of the aromatic (or
ethylenic) carbon is lost during the pyrolysis process used to
determine volatile matter content in the coal material. Such a
loss would most likely come from loss of aromatic material (in-
cluding hydroaromatics) that did not extensively polymerize dur-
ing the coal pyrolysis process.

We have also used CP/MAS techniques to examine a set of six
vitrinite samples hand-picked from the Lower Kittaning seam. The
rank of the samples ranged from low volatile to high volatile B
bituminous. The ultimate and proximate analysis are given in
Table ITII. This set of samples was selected in order to assess
the nature of structural changes observed when carefully se-
lected coal samples of varying rank from a given seam are ex-
amined using CP/MAS techniques. In each case, the samples con-
tained greater than 977 vitrinite.

For purposes of clarity, the CP/MAS spectrum of PSMC-67 is
given in Figure 5 as a composite of 13¢ chemical shifts of
structural units containing H, C and O (32). The vitrinite
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0 | 1 ] ] ] | ] ] ]
(0] 0.2 04 06 08 1.0

FIXED CARBON

Figure 6. Plot of f, vs. fixed carbon. The solid line is derived from the linear
least-squares fit. The errors in f, are estimated at =10%. Intercept, 0.11; slope,
1.00; R? = 0.99.
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spectra thus displays the range of chemical structural types that
give rise to resonance lines in different spectral regions. No
effort was made to eliminate from the presentation chemical
species (e.g. acetylenes, allenes, etc.) which are not expected
to be present to any significant extent in the coal. Nitrogen
and sulfur were not included in the display for simplicity of
presentation and also due to the low concentration of these
elements relative to oxygen. The banded structure observed in
Figure 5, however, does provide enough detail to discuss major
structural types present. A casual observation demonstrates
that a significant amount of aliphatic oxygen is present (50-90
ppm region). Assuming allene and acetylene groups are not
present, the 75-95 ppm region suggests the presence of oxygen
containing structural types such as glucoside or pyranoside
moieties which would be be associated with cellulose, lignin,
etc. containing materials. The 50-75 ppm range would contain
aliphatic carbons associated with ether (either aliphatic or
aromatic) and ester structural units.

Figure 7 displays the spectral changes that occur with rank
progression. The spectra of PSMC-67, -53, and -43 represent
the extremes and mid-point, respectively, of the rank of the
samples. It is clear from an examination of the spectra that
significant structural changes are occurring in the aromatic
region. These observations are as follows: 1) significant
decrease in the intensity in the region beyond 150 ppm; 2)
significant decrease in the 135-145 ppm region; 3) a decrease in
the line intensity in the 110-120 ppm region. In fact, the peak
width at half height decreases in a nearly linear fashion by a
factor of two as the vitrinite reflectance of the samples in-
crease. Observations 1 and 2 are most likely due to loss of
aromatic oxygen (phenols, aryl-aryl and aryl-aliphatic ethers),
aromatic cyclic ethers (e.g. furans) and/or ring dealkylation.
The 110-120 ppm region would represent alkene structures,
B-carbons in aromatic cyclic ethers (furans), and ortho-carbons
in phenols and phenolic ethers. Hence, decreasing relative
intensity in these spectral regions suggests loss of aromatic
oxygen structural units and possible ring dealkylation. This
loss of structural features associated with oxygen is expected
based on the known loss of oxygen with increasing rank (33).

The six sample series studied exhibited progression from
a highly functional aromatic structure to one that displays
little functionality. The aromatic band in PSMC-53 spans a
chemical shift range characterized primarily by simple aromatic
and condensed aromatic ring systems with significantly less
functionality than observed in lower rank samples in this series.

In the aliphatic region, subtle differences are observed in
the 15-40 ppm range. However, the aliphatic oxygen region of
the spectrum (50-95 ppm) exhibits little perceptible difference,
being characterized by a broad featureless band in each case.
A careful examination of the spectrum of all six samples gives
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200 150 100 50 0
PSMC-67 V=07
PSMC-47 V=13
PSMC -53 | V=17

200 150 100 50 O PPM

Figure 7. CP/MAS spectra of vitrinite samples from the Lower Kittanning Seam.
The spectra represent changes that occur with rank progression. Vg refers to vitri-
nite reflectance values.
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no indication of the extensive loss in oxygen functionality that
is observed in the aromatic region. The rational is not clear
for the loss of aromatic oxygen with rank progression with no
apparent concomitant loss in aliphatic oxygen in this sample set.
Similar data from sample sets from additional coals of different
rank, geological age and coal province, are needed to help in-
terpret these observations.

Another interesting observation was made in this sample set.
The f, values did not cover the range expected. In fact, little
variation in f, values was observed (0.67 - 0.72). While most
workers in the field agree that paramagnetic centers (stable
free radicals and paramagnetic materials in the mineral matter)
will cause sufficient line broadening to prevent observation
of carbons in the vicinity of such centers, it is generally
assumed that such centers are randomly distributed through the
coal structure and, hence, a representative structural framework
is observed (34). If random distribution of paramagnetic centers
does not occur, the values obtained by the CP/MAS method would
then represent lower limits if such centers were located (as is
assumed) Predominantly in the aromatic structure. If, on the
other hand, the stable free radicals were mainly associated with
aliphatic groups, the measured f, values would be too high.
Another possible source of error in measuring fa values is non-
equivalent response by all carbons present. In the case of
bridgehead carbons that are far removed from protons, spectral
distortions could occur which would lead to low values of fj.
If one were to progress from a highly protonated aromatic ring
structure to a highly condensed ring structure, a bias in the
line intensities in the aromatic region may occur. If such were
the case, the measured f, values may not increase with rank as
rapidly as one might expect. This matter is presently a sub-
ject of investigation in our laboratory. The £, values deter-
mined here for the sporinites and first set of three vitrinites
are in fact low compared to some previously published data (7,
13). However, when the measured f, values for the alginite,
sporinite and three vitrinite samples are plotted against percent
fixed carbon a reasonably linear relationship (see Figure 6) is
obtained. Regressional analysis yields a correlation constant of
RZ = 0.99 suggesting internal consistency within the data even
though the CP/MAS technique may be estimating f; on the low side.
These tentative results require further supporting data as there
are still broad ranges in which no data are yet available. It
is not entirely clear why fixed carbon should be a simple func-
tion of sample aromaticity as small aromatic pyrolysis products
(benzene, toluene, etc.) would be expected to appear in the
volatile fraction during proximate analysis. Even so, large
fused aromatic ring systems would not be expected to be volatile
and would fall in the fixed carbon components. The offset of
the line in Figure 6 is given by the intercept (0.11), and this
is in the direction where the fraction of volatile aromatic
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carbon lost is greater than the fraction of non-volatile aliphatic
carbon retained in the pyrolysis process. Therefore, it may well
be fortuitous that the slope (1.00) from the least squares treat-
ment of the data in Figure 6 indicates a one to one relationship
between the two different indices. When a similar analysis was
made of the data on the Penn State vitrinites, no such relation-
ship was found. This dichotomy is not at present understood.

Conclusions

The data presented in this paper provides information
suggesting that the 13¢ cp/Mas technique offers a significant
approach to the investigation of the ultimate chemical structures
of different macerals. While the spectral differences within a
maceral group are subtle and only touched upon lightly due to
the limited sample set available for study at the present time,
the variation in spectral features between maceral groups is
readily apparent from these results. In fact, the large dif-
ferences noted between maceral types combined with the general
hemogeneity of chemical functionality observed within each group
of macerals in the first maceral set studied suggests that
macerals may be chemically more homogeneous than the parent coals.
On the other hand, the rather significant variation in function-
ality observed in the Penn State maceral set indicates that
systematic changes do in fact occur within a given coal seam that
can be attributed to rank consideration. A more thorough under-
standing of these factors and a rationalization of the relative
homogeneity of the sporinite and maceral groups from the English
coals compared to the significant changes observed in the
Pennsylvania vitrinite samples must await the availability of
additional well characterized macerals for study.
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Cross-Linked Structures in Coals:
Models and Preliminary Experimental Data

LUCY M. LUCHT and NIKOLAOS A. PEPPAS
School of Chemical Engineering, Purdue University, West Lafayette, IN 47907

Treatment of the structure of bituminous coals as cross-
linked macromolecular networks can provide important information
on their extraction, swelling and liquefaction behavior at low
and high temperatures. A modification of the Flory statistical
mechanical analysis of Gaussian network chains has been applied
to highly crosslinked macromolecular networks of coal for the
determination of their number average molecular weight between
crosslinks, M., and the coal volume fraction of the swollen
samples, V. g9 at equilibrium swelling in pyridine at different
temperatures. Three key factors in this analysis are discussed
and clarified: the nature of crosslinks in coal, the signifi-
cance of the number of repeating units between crosslinks, N,
and the nature and significance of the pore structure. _Values of
M. for coal networks of fixed "aromatic cluster' size, M,,
obtained by numerical solution of the modified Gaussian chains
model are 400-450 for bituminous coals. These values were
determined experimentally from physicochemical swelling data of
several American coals and compared with relevant experimental
data from previously reported studies.

Important theoretical and experimental considerations of the
use of macromolecular theories for the description of coal net-
work structures have been recently analyzed (1). Relevant
equations describing the equilibrium swelling behavior of net-
works using theories of modified Gaussian distribution of macro-
molecular chains have been developed by Kovac (2) and by Peppas
and Lucht (3) and applied to various coal systems in an effort to
model the relatively compact coal network structures (1,4). As
reported before (1), Gaussian-chain macromolecular models usually
employed in the description of polymer networks (such as the Flory
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© 1981 American Chemical Society

In N_eW App_roach%in Coal Chemistry; Blaustein, B., e a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch003

44 NEW APPROACHES IN COAL CHEMISTRY

model, 5) are inapplicable for short, stiff chains. Although
the modified Gaussian network equations provide an accurate
description of physicochemical phenomena observed in highly
crosslinked networks (within the assumptions made in their
derivation), their application to actual coal macromolecular
structures is a rather difficult task. Coal heterogeneities are
in part responsible for this problem. Specifically, the nature
of the crosslinks and the number of repeating units between
crosslinks, N, appearing in the modified Gaussian model equations
are not unambiguously defined because of the varying size,
structure and chemical composition of the groups involved in the
structure of the crosslinked chains of coal.

This contribution deals with some important aspects of coal
structure evaluation using modified Gaussian models. Further
clarification of the nature and functionality of the crosslinks
is presented, including an analysis of refinements in the math-
ematical equations for the determination of M.. Preliminary
experimental data of relevance to this analysis are also pre-
sented and discussed.

THEORETICAL CONSIDERATIONS

Equilibrium Swelling Theory

A detailed development of the modified Gaussian swelling
equations is outlined elsewhere (1,2). Briefly: the procedure
involves analysis of a macromolecular chain as a set of bond
vectors. The distribution and partition functions are written
in terms of the end-to-end vector r and the equilibrium force £
to which the macromolecular chain Is subjected. A specific -
series function is used to expand the distribution function,
leading to a modified distribution, which is used to derive
expressions for the end-to-end distance as a function of applied
force. These expressions can be used to determine the Gibbs free
energy due to elastic forces, AGgg. The Flory-Huggins theory is
used for the expression of the free energy of mixing of macro-
molecules with swelling agent molecules, AGpjy. At equilibrium
swelling, the excess chemical potential of the swelling agent in
the network is zero, leading to equations relating parameters
characteristic of the macromolecular network to thermodynamic
properties of the system.

Equation (1) developed by Peppas and Lucht (3), is based on
this analysis and it is applicable to isotropic highly cross-
linked networks. It can be used to determine important struc-—
tural parameters of the macromolecular network, such_as the
number average molecular weight between crosslinks, M., and the
crosslinking density of the network, py. In the following
equations v and V; are the specific volume of the "idealized"
coal network and the molar volume of the swelling agent respec-
tively, v, o is the equilibrium volume fraction of coal in the
swollen malromolecular network, X is the coal network/swelling
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agent Flory thermodynamic interaction parameter at the corres-
ponding swelling temperature and V2,s,and N is the number of
repeating units between crosslinks.

- 3
v _ 2 _12/3
L vlll“(1 Vp,s) T V26 t XYy 6111 - Y26 ]
- = ; 5 1)
M 1 1/3 1 1/3
¢ [EUZ,S uZ,s][1 + ﬁvZ,s ]
Py = 1/v Mc (2)

Nature of Crosslinks in Coal

Experimental observations show that bituminous coals satisfy
at least one important macroscopic characteristic of a cross-
linked network: they swell in numerous solvents without being
dissolved by them even at high temperatures (1, 6-9), unless
thermal degradation or reaction occurs. In the development of
mathematical models to describe network behavior, crosslinks are
assumed to be points (usually carbon atoms) or short bridges
(usually of molecular weight much smaller than M.) whence three
or more chains are initiated.

Based on recent experimental data on molecular weight dis-
tributions of depolymerized coal products (1) and the structure
of functional groups in coal (4) we propose a coal crosslinked
structure where the crosslinks are a bonding region, where three
or more chains are joined through a single cluster. This cluster
is probably an aromatic or heterocyclic group of molecular weight
from 100-400 (10) similar to groups proposed by Wiser in his
model coal network structure (11). Figure 1 presents a sche-
matic analysis of the proposed physical structure.

Although this hypothesis reverses the usual concept of a
crosslink, the network theories derived before (1,2) can still
be applied as long as the molecular weight between crosslinks is
considerably higher than the molecular weight of a cluster. The
realization that the coal crosslinks have a finite volume implies
that the calculated values of M. using equation (1) and related
expressions will be smaller than the actual M. by a fractiom, f,
of the molecular weight of the cluster, M,, where f is a constant
varying between 0 and 1, taking the value of 0.5 for tetra-
functional crosslinks.

Mc,actual = Mc, calc. +f Mo (3)

In lignites, the probably small extent of crosslinking should
eliminate the need for correction. However this correction may
be important in bituminous coals and anthracites where cross-
linking could be extensive. Actually, the effect of "bulky"
crosslinks should be included in the non-Gaussian model analysis

In New Approachesin Coal Chemistry; Blaustein, B., el d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch003

46

NEW APPROACHES IN COAL CHEMISTRY

Figure 1. Proposed cross-linked structure in coals: Aromatic. ring clustgr (w3
connecting bond (—); tetra functional cross-link (A); multifunctional crosslink (B).
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since this type of crosslink may lead to modified expressions
for the end-to-end distance. Nevertheless, the approach des-
cribed above can lead to reasonable determination of M. without
additional modifications.

Repeating Unit Size

The number of repeating units between crosslinks, N, a
parameter appearing in equation (1), can be simply defined as the
ratio of the number average molecular weight between crosslinks,
Mc’ to the average molecular weight of the clusters, Mo.

N = Mc/Mo (4)

Actually, in equation (3) it is assumed that My = M., where M,
is the molecular weight of a hypothetical repeating unit, which
includes a cluster and a connecting bond. This is a reasonable
assumption in view of the comparatively small size of the
connecting bond (usually -CHp-, -S-S-, or -0-, (1)) with respect
to the cluster size and molecular weight. Simultaneous use of
equations (1) and (4) can lead to the values of Eé. For bitum-
inous coal networks, a reasonable value of Mo of 150 will be
used henceforth.

EXPERIMENTAL PART

To evaluate the swelling behavior and the crosslinked para-
meters of coal networks, swelling data were obtained for seven
American coals supplied in fine particles by the Pennsylvania
State University coal bank. To eliminate experimental artifacts,
several separations and purifications were performed prior to
swelling, according to the general experimental protocol reported
in earlier communications (1,12).

The coal samples were sieved under nitrogen to 20-30 mesh
size using ASTM approved sieves, and they were floated in a
benzene/CCl, solution of density 1.3 gr/cm3 to remove most of
the mineral matter and to isolate most of the vitrinite (see
also Table I). Soxhlet extraction of the samples was performed
in pyridine at its boiling point, and the insoluble coal
matrices (residues) were dried under vacuum to constant weight
and resieved to 20-30 mesh size. To ensure maximum solvent
removal, the coal samples were dried to constant weight under
nitrogen at approximately 700 mm Hg and 50-60°C. Swelling was
performed at temperatures of 57 * 2°C. Data were also obtained
for unextracted samples of 30-40 mesh size at 25°C and 50°C.

Swelling was carried out in a sealed chamber in the pre-
sence of excess pyridine vapors at atmospheric pressure and at
the temperatures mentioned before. Thermodynamic equilibrium
was achieved after 24 hours. Due to the porous structure of
the coal samples not all the imbibed swelling agent contributed
to the coal swelling. A considerable portion of this solvent
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remained in the pores without further contribution to coal
swelling?

An estimate of the fotfal amount of swelling agent imbibed
by the porous coal particles can be obtained by calculating an
apparent value of U2, app DY use of equation (5) which assumes
additivity of volumes.

v ' m /p
) = _c = C = C [ (5)
2,app vc,s v, + Vs mc/pc + ms/ps

Here m, p and V denote weight, density and volume of the two com-
ponents, i.e. coal and swelling agent, which are designated by
the subscripts c and s respectively; then V. o designates the
volume of the swollen coal. An apparent voiﬁme degree of
swelling, Qapp» can also be determined from equation (6).

Q = 1/v (6)

app 2,app

Accurate determination of the coal volume fraction in the
swollen coal particles can be done by calculating and excluding
the pore volume, V_, occupied by the solvent during swelling.
Values of the porosity p, expressed according to equation (7)
in terms of the pore volume per dry coal weight m., were deter-
mined from recent studies for similar coals (13). Where no
values of this parameter were available, an interpolation of the
porosity versus carbon content data (% C, dmmf basis) was used
to determine p.

p= Vp/mc €))]

Then the weight of the solvent effectively swelling the coal can
be calculated as,

' = - -
m, M m, psvp (8)
where M is the total weight of the coal sample after swelling.
Assuming additivity of volumes of the dry coal matrix, V., and
the solvent that effectively swelled the coal, V§, it is possible
to determine the true value of the coal volume fraction in the
swollen coal (excluding the pores), U2 g, by equation 9.

v m_/p
V2,8 TV AV " ET )
sS v s mc/pc mS pS

From equations (7), (8) and (9) it can be finally determined
that:
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(
\

Cc S

0
~

(10)

°

2,s

M- Q+pp)m] o
1 [1 + — 5%

The true value of Uy g (equation 10) is the one to be used
for the determination of ﬁh since it refers to the swelling of
the coal matrix, excluding the pore structure. Use of the value
of vy (from equation 5) in equation (1) would lead to unac-
ceptaﬁigpvalues of M.. This is an error frequently made in
previous studies.

Determination of the number average molecular weight between
crosslinks, M., was achieved by using equations (1), (4) and (10),
using the foliowing parameters for the coal samples and swelling
agent (pyridine): p. = 1.30 gr/gm3, ps = 0.982 gr/cm3, V1 = 80.56
cm3/mole, v = 0.769 cm3/gr and M, = 150.

The necessary values of the coal/swelling agent interaction
parameter X at 25°C were determined from equation (11), which
presents a linear relationship between X and the carbon content
(on a % daf basis).

x = 0.0116 (%C) - 0.4901 (11)

Over the temperature range of 25-60°C the x factor was assumed
constant. The arithmetic values of ¥ used for this interpola-
tion were derived by separating X into an enthalpic and an
entropic contribution. These terms were calculated from
experimentally determined solubility parameters of the pure
swelling agent and the non-swollen coal (1, 9). This thermo-
dynamic treatment does not account for effects such as formation
or disruption of H-bonds specific to a particular coal-solvent
system. Although such models exist for simpler or more
thoroughly characterized systems, models which can incorporate
solvent specific effects into the determination of X for coal
systems are not available to this point. It is possible to use
swelling agents which do not exhibit specific effects; however,
most good swelling agents for coal may affect the tenuous bonds.

RESULTS AND DISCUSSION

"Apparent' Swelling Behavior

Table I summarizes the elemental analysis of the coal sam-
ples used (as supplied by the coal bank), the calculated values
of the X factors, the swelling conditions and the experimentally
determined values of V3 ,,, for these studies. Use of the
"initial" elemental anaiysgs of the coal samples (before extrac-
tion and swelling) for plotting the data is preferable here,
since this elemental analysis is readily available and indepen-—
dent of processing conditioms.

A general dependence of the apparent coal equilibrium volume
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fraction V2 app O0 the carbon and oxygen content (on a daf %
basis) is oﬁsggved. Figure 2 shows this dependence of V2 app on
the carbon content, obtained with extracted and unextracted coals
of various sizes and at temperatures of 57°C and 50°C respectively.
Based on the number of data presently available, U2 app (and the
derived parameter Qa » the apparent degree of sweliing) do not
significantly change gn the range of 67% to 78% carbon content.
Smooth curves can be fitted to these data for the range of carbon
contents investigated. Similar behavior is observed when plot-
ting volume fraction data for swelling at 25°C, as in Figure 3.
The same figure includes experimental values of U app deter-
mined by Sanada and Honda (8) for a set of coal sampges of simi-
lar range in carbon content. These data are included here be-
cause these authors did not make any mention of subtracting the
pore volume in their calculations. Therefore, their calculated
values of volume fractions maybe apparent volume fractionms,

v2, apgh

e dependence of V) app °n the oxygen content of extracted
and unextracted coal samples (on a daf basis) is presented in
Figure 4. The same Figure includes the data of Sanada and
Honda (8) and Kirov et al (9) for comparative reasons. The un-
extracted coal samples do, for the most part, show more "apparent"
swelling, i.e. smaller values of 02 app® than the extracted ones.
This behavior may be the result of coERapse of the pore structure
due to extraction. This speculation is presently under investi-
gation.

True Swelling Behavior - Effect of Porous Structure _

The effect of U2 g on the determined values of Mc is shown
in Figure 5, which presents data from numerical simulation of
coal swelling behavior using hypothetical values of x-factors
ranging from 0.2 to 0.8. These calculations were done with
the same coal_and swelling agent parameters as before, for
cluster size My = 150. Numerical calculations for cluster sizes
between 100 and 300 showed that the calculated values of M
were rather insensitive to change of My (at least in the range
of "reasonable" values of molecular weights of coal clusters).

Values of the true coal volume fraction in the swollen
coal particles were obtained from the experimental values of
Table I for coals of size 20-30 mesh swollen in pyridine at
57 * 2°C. Equation (10) was used to determine these values of
U, s Which are reported in Table II.

The dependence of the true V2,5 On the carbon and oxygen
content (on a % daf basis) is analyzed in Figure 6. The data
show that within the range of 67-83%C the true coal swelling is
not dependent on the elemental analysis. Above 83%C the degree
of swelling decreases sharply. _Table II also includes calculated
values of M, (for cluster size M, = 150) from the corrected (true)
values of 02 s and the corresponding x-factors. This analysis
shows that according to our hypothesis of ''cluster-connecting
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Figure 2. Dependence of apparent coal volume fraction at equilibrium swelling on

the carbon content (% C, daf), for various American coals. Experimental values of

vs, app for pyridine vapor swelling: 57 + 2°C, 20-30 mesh (extracted coals) (O);
50°C, 3040 mesh (unextracted coals) (®).
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Figure 5. Numerical calculation of the M, between cross-links, M., as a function
of the thermodynamic parameter x and the coal volume fraction v., Curves are
calculated for v = 0.769 cm®/g, V, — 80.56 cm®/mol and cluster size M, = 150.
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Figure 6. Dependence of true coal volume fraction at equilibrium swelling in
pyridine at 57 = 2°C on the (O) carbon and (®) oxygen contents (%, daf) of
various American coal samples.
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bonds" in crosslinked coal structures (see Figure 1), approxi-
mately three clusters may be found between two multifunctional
crosslinks. Average molecular weights in the range of 400-500
were determined for cluster size of 150. The calculated values
of M. for anthracites are not considerably different from the
corresponding values for other coals. Due to the small number
of anthracite samples tested no further explanation will be
attempted here. _

It must be noted that the present analysis of M. serves
only as an approximate indication of the expected values of
molecular weight between crosslinks. If one recalls that the
values of y-factor and porosity p used here are determined from
best fitting of data by other investigators for similar coals
it is evident that this analysis is subject to error. Experi-
mental data for ¥ and p are being obtained for our coals in our
laboratory. However, this contribution shows_how experimental
data can be used to improve determination of M. and to present,
for the first time, approximate values of this important physical
parameter of the crosslinked structure of coals.

Finally the present analysis (see Figure 6) does not include
enough experimental data in the range of 85% carbon, namely the
range where Larsen (14) claims that a maximum in M, is observed.
Obviously more data in this range are needed. However, a
similar maximum in swelling behavior at 75% carbon claimed by
Nelson et al (13) is not apparent when the statistical mechanical
model developed by Peppas and Lucht (3) is applied to deter-
mine crosslinked densities.
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Coal Structure and Thermal Decomposition

PETER R. SOLOMON
Advanced Fuel Research, Inc., 87 Church Street, 'East Hartford, CT 06108

Although coal has been in use for over six hundred years,
there 1s still no agreed-upon model for the chemical structure
of coal or how it comes apart during a chemical reaction. The
increased use of complicated processing of coal to produce
alternative fuels or reduce pollution has made it imperative to
obtain an understanding of the fundamental chemistry.

The most widely held view of coal structure pictures coal
as groups of fused aromatic and hydroaromatic ring clusters,
possibly linked by relatively weak aliphatic bridges. The ring
clusters contain heteroatoms (oxygen, sulfur and nitrogen) and
have a variety of attached functional groups.

Several investigators have suggested coal structures based
on constraints provided by available data. Much of this work
was recently reviewed by Davidson (1). In the early 1960's
Given (2,3) suggested a structure based on x-ray data for the
cluster size and infrared measurement for the concentrations of
aliphatic and aromatic hydrogens. To fit Brown's values for
aromatic hydrogen, H,, (4), Given made extensive use of
dihydroanthracene or dihydrophenanthrene linkages. These
structures make the maximum use of aliphatic carbons as sub-
stitutes for aromatic hydrogens resulting in a low value for
Hyy. Brown's values for H,,, however, appear to be too low
when compared to other methods of determining H,, including
recent FTIR measurements (5). Wiser's model (6) uses a higher
value of Hy, and reflects liquefaction and thermal de-
composition data by including more easily broken weak aliphatic
bonds such as ethylene bridges between ring clusters. A recent
structure contributed by Heredy and Wender (7) is similar to
Wiser's. It is based on a combination of analytical data and
used a mathematical analysis to determine H,,. Experiments
on coal which change the hydrogen concentration by reduction or
catalytic dehydrogenation agree with what would be expected for
this model. Suggested structures by Whitehurst et al (8) have
been based on the analysis of short contact time coal liquefac-
tion products which are believed to reflect structure in the

0097-6156,/81/0169-0061$05.00/0
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parent coal. Other models which propose different views of
the structure have been presented by Pitt,(9) Chakrabarty and
Berkowitz (10) and Hill and Lyon (11).

This paper considers the implications of a number of an-
alytical techniques and extensive thermal decomposition data
(5,12-15) in defining a structure for a Pittsburgh seam coal,
PSOC 170, The thermal decomposition experiments yield informa-
tion on the coal fragments which are similar in composition to
the parent coal and on the concentration of chemical species
and their relative bond strengths. The analytical techniques
applied to the coals and thermal decompositon products include:
1) Fourier Transform Infrared (FTIR) Spectroscopy for the
quantitative determination of hydroxyl, aliphatic (or
hydroaromatic) and aromatic hydrogen and aliphatic and aromatic
carbon and qualitative determination of oxygen functional
groups and the distribution of aromatic hydrogen (whether 1,2
or more adjacent hydrogens on a ring), (5,15). 2) Carbon and
proton NMR for determination of the fractions of aromatic car-
bons and hydrogens (16). 3) Elemental analysis. 4) Gel per-
meation chromatography (GPC) and vapor phase osmometry (VPO)
for determining the molecular weight of coal fragments (17).

The above results are summarized in a proposed molecular
structure and proposed description for the origin of thermal
decomposition products. The purpose of presenting molecular
structures is to summarize research results in a concise form
which will allow a convenient comparison to other work. For
example, the proposed structure is similar to those of Wiser
(6) and of Heredy and Wender (7). But these structures only
represent aspects of the structure which are constrained by
available data, and are not unique. They may be wrong in de-
tails for which data is missing. Care should therefore be ex-
ercised in the way such models are interpreted.

An important factor influencing the distribution of
thermal decomposition products is the availability of aliphatic
or hydroaromatic hydrogen. This factor is considered for
several examples in which the distribution of products may be
varied substantially by varying the thermal decomposition
conditions.

Coal Structure and Thermal Decomposition

The hypothetical coal molecule and thermal decomposition
products for PSOC 170 are presented in Figs. 1 and 2. The
structure parameters for the suggested molecule, the cor-
responding parameters determined for PSOC 170 and the source
for the data are summarized in Table I. Some of the details of
the model are as follows: 1) The structure contains only one
carboxyl. The carboxyl concentration is based on the yield of
CO2 which is believed to be its thermal decomposition pro-
duct. No other carbonyl's are included as the carbonyl peaks
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Figure 1. Summary of coal structure information in a hypothetical coal molecule

Figure 2. Cracking of hypothetical coal molecule during thermal decomposition
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TABLE I

COAL STRUCTURE PARAMETERS (weight fraction DMMF)

PARAMETER MODEL  COAL SOURCE
C .81 .82 CHN Analyzer%-3
H .055  .054  CHN Analyzerl3
0] .098 .094 Difference 13
N 0N .014 CHN %alyzer—
S(0) .026 .019 SEMP=
Cay .60 .60  N¥R and FTIRIZ'IS
Cor .20 .22 NMR and FTIR==’— 32-39
Cre vyl .030 .03 Ave. Literatuig yalue
chete b .73 NMR and FTIR » 2
13
H, .033 .033 FTIR1—3
H. .018  .018  FTIR]
Hou .0029 .0027 FTIR1 339
thyl .0074  .0075 Ave. Literature value == ==
ar—1 ad; .006  .006  FTIR
Har 2 ad} .008  .007  FTIR
Ho 3ok aaj 004  .005  FTIR
Ook .46 .043  FTIRI2 3
OcooH .013 .009 Thermal Decomposit;ionla
Oco .039 .ou1 Thermal Decomposition
tionld)19
Nring .011 .04 Thermal Decomposition=’
Sring .013 .01  Thermal Decompositionld
mercaptan .013 .01 Thermal Decomposition
12H,,/C4 1.9 1.8 Ave. Literature Valuel2

Molecular Weight 1
of Ring Cluster 350 400 GPC and VPO on TARJ
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from FTIR are very small. 2) Other than hydroxyl oxygens which
are determined from FTIR, the remainder of the oxygen is shown
in ether linkages, mainly oxygens linked to aromatic carbon on
the basis of the position of the ether absorbtion in the
infrared. 3) Infrared also shows the presence of strong
hydrogen bonding which is indicated in Fige. 1. 4) From thermal
decomposition measurements it has been observed that roughly
one half of the organic sulfur, but little nitrogen can be re-
moved at relatively low temperatures (l4). For this reason,
the nitrogen is shown only as part of an aromatic ring but sul-
fur 1is shown both in rings and as mercaptan side groups. 5)
The structure makes use of hydroaromatic structures suggested
by Given (2,3) and recently identified in oxidation studies by
Deno et al.(18). 6) The structure contains ethylene bridges
which break and stabilize in thermal decomposition to yield
increased methyl groups in the decomposition fragments. 7) The
cluster size matches the size of thermal decomposition
fragments determined by VPO and GPC (17). 8) The methyl group
concentration and aliphatic stoichiometry match 1literature
values.

The thermal decomposition of the model structure is 1il-
lustrated in Fig. 2. Again, it should be emphasized that the
suggested model fits available data but is non unique. The
model presents the situation after the weak 1links in the
structure are ruptured. For example, the bond between
aliphatic carbons or between the oxygen and an aliphatic carbon
are most likely to break. The breaking of these bonds releases
the ring clusters with their attached functional groups as
shown in Fig. 2. These large molecules comprise the coal tar.

Simultaneous with the evolution of tar molecules is the
competitive cracking of the bridge fragments, attached
functional groups and ring clusters to form the light molecules
of the gas (see Fig. 2). A given species, a hydroxyl group for
example, may evolve as part of the tar without rupture of its
local bonds or may evolve into the gas with local bond rup-—
ture.

Thermal decomposition results suggest the following re-
lationship between the components of coal and the evolved light
species (12,13,14). At low temperatures there is very little
rearrangement of the aromatic ring structure. There 1is,
however, decomposition of the substituted groups and aliphatic
(or hydroaromatic) structures resulting in COp release from
the carboxyl, Hp0 from hydroxyl, hydrocarbon gases from
aliphatics, HS from mercaptans and some CO from weakly bound
ether groups (see Fig. 2). At high temperature there is
breaking and rearrangement of the aromatic rings. In this
process, Hg 1is released from the aromatic hydrogen, CSgp
from the thiophenes, HCN from ring nitrogen and additional CO
from tightly bound ether linkages. As this process continues
the char becomes more graphitic.
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A striking feature of thermal decomposition which was ob-
served for a variety of coals is that the temperature dependent
evolution rate of a particular species is similar for all coals
(12,13,14). This is true even though the amount of the species
may vary substantially from one coal to another. These rates
characterize the thermal decomposition of the various
functional groups. They depend on the nature of the functional
group but appear insensitive to coal rank. The differences be-
tween coals may be attributed to differences in the mix of
functional groups.

The thermal decomposition experiments performed by Solomon
and co-workers (5,12-15) were done in a thin bed under vacuum.
Under these conditions, the tar molecules may be removed
quickly from the reacting bed and undergo minimal secondary
reactions. Therefore, many of the coal structural elements are
preserved in tar and careful analysis of these products can
supply clues to the original structure. For example, the
average molecular weight of the PSOC 170 tar was determined to
be about 370 by VPO and 490 and 385 by GPC (16).

The evidence that the tar consists of minimally disturbed
fragments of the parent coal is the striking similarity between
the two materials which has been observed in elemental com-—
position, FTIR spectra and NMR spectra (12,13,14,19,20,21).
For most bituminous coals the two materials are almost
identical suggesting that the tar is a representative sampling
of the coal molecular structure. The tar differs slightly from
the parent coal in that it has a higher concentration of
aliphatic hydrogen, especially methyl groups. This extra
hydrogen 1is presumably abstracted from the char to stabilize
the free radical sites formed when the bridges were broken.
Similar arguments were given by Wiser(22) and by Wolfs et
al.(23). The observation that the tar is rich in aliphatic
hydrogen but not in aromatic hydrogen when compared to the
parent coal has implications concerning the nature of the
aliphatic linkages. The result suggests that the bonds which
were broken to free the ring clusters were predominantly
between two aliphatic carbons, not between an aromatic and an
aliphatic. The bridges must therefore be ethylene or longer.
It might be argued that the tar was simply that part of the
coal which is hydrogen rich. The high methyl concentration in
the tar compared to the coal can only be explained, however, by
assuming that new methyl groups were formed during thermal
decomposition. The increased concentration of aliphatie
hydrogen should relate directly to the density of ethylene or
longer bridges in the parent coal. For PSOC 170 tar, the
concentration of aliphatic hydrogen is about 6.1% compared to
5.4% for the coal. This suggests an average of 2.5 extra
hydrogens or 2.5 bridges per cluster of 360 molecular weight.
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The relationship between the coal organic structure and
the products of thermal decomposition has been incorporated
into a general kinetic model. The model has proved successful
in simulating the results of vacuum thermal decomposition ex-
periments for a variety of bituminous coals and lignites
(5,12,13). It has also proved to be successful in limited ap-
plication to other conditions such as coal proximate
analysis (15), hydropyrolysis and liquefaction (24).

The Role of Aliphatic or Hydroaromatic Hydrogen in Coal Con-
version

In thermal decomposition the simultaneous evolution of tar
and light gases creates a competition for hydrogen to stabilize
free radical sites. This hydrogen is most likely to come from
the aliphatic or hydroaromatic portion of the coal. Supporting
evidence comes from the observation that tar evolution ceases
when the aliphatic peak in the FTIR spectra of chars goes to
zero. At this point there is still aromatic hydrogen left in
the char (_5_) If the above argument 1is correct, it |is
reasonable to expect the tar yield to depend on Hyj. In
Fig. 3, the tar yield in vacuum pyrolysis is plotted against
Hy; for a number of coals (circles). Also plotted are the
yields of heavy hydrocarbons, (i.e., oils and BTX) from
hydropyrolysis (squares), (25). Indeed, there 1is a strong
correlation between tar yield and Hzj. A similar correlation
was reported by Lahiri et al.(26).

A number of results indicate that the conditions of coal
conversion may significantly influence the results of the com-
petition for hydrogen. Some conditions appear to preferential-
ly inhibit the evolution of the large molecules allowing the
light species to escape with most of the Hyj;. An example is
pyrolysis in thick beds as in the determination of "proximate
analysis fixed carbon". Under thick bed conditions the tar has
ample opportunity for repolymerization as it percolates through
the bed. This results in substantially lower tar yields than
the corresponding yield for vacuum pyrolysis in a thin bed.
Since the most important mechanism for removing aromatic carbon
from the coal is tar evolution, the low tar yield means that
most of the aromatic carbon will be retained in the "fixed car-
bon". This results in the near equality between "proximate an-
alysis fixed carbon” and "aromatic carbon" originally reported
by Van Krevelen (27) and recently studied by Solomon (15).
High pressures also inhibit tar evolution (28).

Some recent results from the Mobil research program (8,29)
seem to show the opposite effect. Under certain mild liquefac-
tion conditions the soluble products are very similar in com-
position to the parent coal and the yield shows a rank de-
pendence which 1is similar to what 1is observed in thermal
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decomposition except that the yields are higher by a factor of
two and a half (§_Q). Under the conditions of these ex-
periments, there is little or no hydrogen donated from the
solvent so the hydrogen for stabilizing free radical comes from
the coal. The solvent may act however, to retain and transfer
Hy; from the coal and to remove the heavy molecules into
solution. Both conditions presumably make more H,j available
for tar formation. If all the coal's H,; is available for
tar formation, (none used for light species) then for the case
of PSOC 170, yields of heavy products of 80% to 90 % should be
possible. This estimate 1is based on the use of H,; for tar
formation in vacuum thermal decomposition. Yields of this mag-
nitude are in agreement with the Mobil results (8,29) on coals
of similar rank.

Summary

1. The molecular structure presented in this paper is an at-
tempt to summarize a variety of data including new measurements
of Hy, and thermal decomposition results for a Pittsburgh
seam coal. The structure is similar to those presented by
Wiser (6) and Heredy and Wender (7). It differs from Wiser's
in having more oxygen in rings, nirogen only in rings, explicit
hydrogen bondings, and larger cluster size. It differs from
that presented by Given (2,3) in having more easily broken
aliphatic linkages and a higher value of Hy,.. The structure
contains the appropriated composition to match elemental an-
alysis, FTIR analysis and NMR analysis.

2. The expected thermal decomposition of the proposed struc-
ture is in agreement with the distribution of thermal de-
composition products from the coal. The products include
minimally disturbed ring cluster fragments from the molecular
structure which comprise the coal "tar". Analysis of the tar
gives information on the ring cluster size in the coal and on
the structure of the aliphatic bridges.

3. The variation in thermal decomposition yields, which depend
on bed geometry, pressure, solvents, etc, are in agreement with
the suggested role of internal aliphatic or hydroaromatic
hydrogen in stabilizing free radicals in the competitive evolu-
tion of light species and tar.
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The Interrelationship of Graphite Intercalation
Compounds, Ions of Aromatic Hydrocarbons,
and Coal Conversion. 11

LAWRENCE B. EBERT, JOSEPH C. SCANLON, DANIEL R. MILLS,
and LOUIS MATTY

Corporate Research—Science Laboratories, P.O. Box 45, Linden, NJ 07036

The benzenoid character of both graphite and polycyclic aroma-
tic hydrocarbons leads to certain common features in their respec-
tive chemistries (1). In the same sense that aromatic hydrocarbons
react with reductants and oxidants to form (radical) anions and
cations, graphite will react to form donor or acceptor intercala-
tion compounds. Although more complex than either aromatic
hydrocarbons or graphite, coals, especially those of higher rank,
also possess benzenoid character, and thus might be expected to
undergo some of the same chemistry. We shall discuss the utility,
and the limitations, of proposed analogies among graphite, poly-
cyclic aromatic hydrocarbons, and selected coals. To make our
talk appropriate to a symposium on modern approaches to character-
ization, we have chosen several specific examples of common
reactions which illustrate the similarities and divergences of
these systems:

1. Many metal and non-metal halides interact strongly with

graphite, aromatic hydrocarbons, and coals. We have
used wide line nuclear magnetic resonance to compare the
graphite intercalation compound "C16BF;" with the product
of the interaction of Illinois #6 coal with BF3. Coupl-
ing our work with the known literature of complexes of
aromatic hydrocarbons with BF3, we find that BF3 reacts
differently with graphite, aromatic hydrocarbons, and
various coals.

2. The reagent alkali metal/naphthalene in tetrahydrofuran
reacts with graphite, polynuclear aromatics, and various
coals to form chemically reduced products. In the
present paper, we emphasize the use of electron paramag-
netic resonance data, in the form of g values, linewidths,
radical densities, and saturation characteristics, to
analyze the reduced coal products and to infer certain
differences between the reduced coals and the anions of
graphite and simple aromatic hydrocarbons. Additionally,
because the interaction of coals with alkali metal/naph-
thalene requires much time for completion, we have
investigated internal decomposition pathways for the

0097-6156/81/0169-0073$05.00/0
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reagent system alkali metal/naphthalene in THF, as a
function of alkali metal, by the use of combined gas
chromatography/mass spectroscopy (GC/MS) and high resolu-
tion nuclear magnetic resonance.

3. Potassium carbonate is a well-known catalyst for the
steam gasification of carbonaceous materials. We discuss
the use of in situ high temperature X-ray diffraction to
demonstrate that intercalation compound-like structures
are not involved as stable intermediates.

Although we shall present each topic separately in the text,
we emphasize that the results of each area point to several gen-
eral conclusions:

® The strongest similarity between ionic aromatic compounds
and intercalation compounds of graphite is charge trans-
fer.

e The strongest divergence between ionic aromatic hydro-
carbons and intercalation compounds of graphite arises
from variations in the ratio of peripheral carbons to
internal carbons.

e The chemistry of aromatic clusters in various coals is
modified by substituents on these clusters.

We thus infer a great similarity in the chemistry of the pi
electrons of graphite and of small aromatic hydrocarbons. Apparent
divergences arise for cases in which the aromatic molecules form
sigma complexes, whose creation is not easily perceptible for
graphite, simply because of the low ratio of peripheral carbon to
internal carbon. While many coals do contain aromatic clusters,
the chemistry of their pi electrons is altered by the presence of
substituents which alter the electronic and steric properties of
the aromatic core. Additionally, added chemical reagents may
react directly not only with these substituents but also with min-
eral phases present in the coal to yield a product in which the pi
aromatic chemistry is masked.

The Interaction Of Benzenoid Carbon With Metal And Non-Metal
Halides

There are many halogen containing molecules which react not
only with graphite (2) but also with polycyclic aromatic hydro-
carbons (3). Recently, Beall has proposed that such molecules
react with coal to form intercalation compounds (4). Any analogies
here must be regarded with caution, for the interaction of halogen
containing molecules with benzenoid species runs from non-existent
all the way to oxidative halogenation. As an example, while zinc
dichloride reacts facilely with coal (5), it does not react at all
with graphite (6). To examine the nature of these differences, we
consider the reaction of boron trifluoride with polycyclic aromatic
hydrocarbons, graphite, and Illinois #6 coal.

Aalbersberg and co-workers (7) examined the interaction of
BF3 with polycyclic aromatic hydrocarbons as anthracene, perylene,
and tetracene. The interaction was weak, and could be reversed
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simply by pumping on the system or adding excess water. The form
of this covalent (and presumably diamagnetic) complex was con-
sidered analogous to protonated aromatics, in which the added
species is bound to the edge of the aromatic molecule:

H BF3

QIO W

In the presence of both BF3 and a protic acid HX, aromatic hydro-
carbons give structures analogous to the following (8):

H H

QIO

In contrast, BF3, which is not a good oxidant, does not react
with graphite to form an intercalation compound (l). Addition
of the oxidant C1F (which by itself does not react with graphite)
leads to an intercalation compound containing BFZ, rather than
BF3 (1), with chlorine gas identified as the other reaction product
(9). That graphite has been oxidized is demonstrated by the pres-
ence of a narrow (0.12 mT = 1.2 G) electron spin resonance signal
in the vicinity of g = 2.0027, present at all temperatures between
-1680C and 230C (see Figure 1). Such a signal is directly anal-
ogous to those found in aromatic radical cations (10). While this
signal is asymmetric and possesses an area independent of temper-
ature, it is not Dysonian, as is discussed below.

The wide line fluorine nuclear magnetic resonance of the
intercalation compound '"CjgBF4" may be used not only to demonstrate
the chemical identity of the inserted species but also to establish
the translational freedom of this species. The chemical shift of
the fluorine resonance is at (70+10) ppm vs. CF3COOH, consistent
(11) with BF7 (71 ppm) but not with BF3 (54 ppm). (The neutral/
anion complex, B2Fj, is also possible (12)). The derivative
extremum linewidth is narrow (0.02 mT = 800 Hz) at all temperatures
between -168°C and 23°C. A simple calculation suggests that
translation, and not rotation, is the cause of this narrow line.
Assuming a first stage compound (as indicated by X-ray diffraction)
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Figure 1. The derivative mode of the ESR absorption (9.11 GHz) of C1BF, as a

function of temperature. Total scan range is 4 mT (= 40 G) and the figures have

been offset horizontally for viewing ease. Although the behavior seen here is indica-

tive of a conduction carrier resonance, the reader should consult the text for a full
discussion.
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and a uniform hexagonal lattice of BFZ anions, there will be a
distance of 568 pm between tri-coordinate BF; species leading to
an intermolecular second moment of 0.113 G2, or a Gaussian model
linewidth of 0.67 G, three times larger than that observed.

The narrow fluorine resonance of "Cj¢BF;" is quite in con-
trast to the fluorine absorption found for the product of Illinois
#6 coal with BF3. At room temperature, we observe a 0.25 mT
(=2.5 G) wide, dipolar-broadened, spectrum not indicative of
translation freedom. In contrast to the weakly bound complexes of
BF5 with aromatic hydrocarbons, we anticipate BF3 to react strongly
with oxygen functionality in the coal, through hydration with
water, hydrolysis with acids (13), and ether complex formation
(14), to give fluorine absorption lines which are in the rigid
lattice condition.

The point of the preceding examples is to demonstrate that a
single reagent, BF3, can react in completely different ways with
polycyclic aromatic hydrocarbons, graphite and certain coals.

The mere presence of a reaction does not demonstrate a commonality.

The Alkali Metal/Naphthalene/Tetrahydrofuran System

Although the capability of the alkali metal/naphthalene/
tetrahydrofuran system to reduce graphite and polycyclic aromatic
hydrocarbons has long been known (15, 16), it is the research of
Sternberg and co-workers on reducing, and then alkylating, coal
which has brought attention to this system (17, 18). The products
of this reductive alkylation treatment have remarkable solubili-
ties in organic solvents and thus have stimulated much interest
(19, 20). While the model for this chemistry could be taken as
the reduction of simple aromatic hydrocarbons, the long reaction
times required (v100 hours) and the presence of high oxygen levels
in the coals (v10%) suggest that other chemistries could occur.

Electron spin resonance investigation of reduced coal products
demonstrates the relative absence of aromatic radical anion struc-
tures in the reduced, but not alkylated, products. If there were
a one-to-one correspondence between alkali metal consumed and
radical anions generated in the reduced coal (i.e., as in alkali
metal naphthalenide), we would expect an intense (v102l spins/
gram v0.03 spin/C atom), exchange-narrowed resonance near g =
2.0028. In fact, treatment of either Illinois #6 bituminous or
Wyodak subbituminous coals with potassium naphthalenide produces
little change in the electron spin resonance spectrum with respect
to g value, linewidth, or radical demsity (1, 21). An additional
confirmation of the absence of radical anion structures in the
reduced coal may be inferred from the saturation behavior of the
ESR absorption, as given in Figure 2. While coals as Illinois #6
or Wyodak, possessin 1018 to 1019 spins/gram, have Tl's of the
order of 10~5 to 1070 gec (22), organic solids possessing high
concentrations of radicals, as solid diphenyl picryl hydrazyl,
have T;'s of the order of 1078 to 10-9 sec (10, 23). As is
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Figure 2. A plot of the apparent area of the ESR absorption against microwave
power for lllinois #6 coal and two chemically treated Illinois #6 coal products.

In this display, a nonsaturating material would appear as a horizontal line. The reader

should note that the initial lllinois #6 and naphthalenide-treated Illinois #6 coals have

virtually the same saturation profile. Thermal treatment of the coal with potassium at

300°C actually makes T, longer. Dry Illinois #6 (A); Sternberg Illinois #6 (W); K [Illi-
nois #6 (300°C[4h) (@).
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evident from the figure, the T} of the reduced coal is, within
the limits of error, equal to the Tj of the starting coal, and
thus we see no evidence for the dominance of electron-electron
interactions, as would be expected for a solid containing a high
concentration of free radicals.

In this absence of evidence for increased radical density,
one could postulate the presence of spin-paired, diamagnetic,
dianions in the reduced coal. However, using the chemistry of
polycyclic aromatic hydrocarbons as a model, we find that such
dianions are neither expected to be statistically abundant (24,
25) nor, as good bases, to be inert to the reductive system on a
time scale of 100 hours (26).

0f this latter point, we have utilized combined GC/MS to
analyze solutions of alkali metal naphthalenide in THF (90 mM
metal, 40 mM naphthalene, 25 ml THF) quenched with D0, so that
we may determine the stability of the reactant system itself on a
time scale of 100 hours. The predominant product, other than
naphthalene itself, for both sodium and potassium naphthalenide
quenches was l-ethyl l-protio, 4~deutero 4-protio naphthalene (3)
(and/or the 1,1 2,2 isomer (4)) rather than the expected l-deutero
1-protio, 4-deutero 4-protic naphthalene (5).

H CZHS H CZHS H D
H
(J Q@ QU
H D H D

llw
s
([[%,)

The product slate for the lithium quench was even more complex,
with approximately equal amounts of four products: 1l-ethyl naph-
thalene, 1-(4-hydroxybutyl) naphthalene, l-ethyl l-protio, 4-
deutero 4-protio naphthalene, and 1-(4-hydroxybutyl) l-protio,
4-deutero 4-protio naphthalene. Hydrogen gas, in the isotopic
form HD, was evolved on quenching the lithium and sodium systems,
but not the potassium system.

These results indicate that the naphthalene radical anion is
not stable to the solvent tetrahydrofuran at room temperature on
a time scale of 100 hours. Decomposition pathways are alkali metal
dependent. Sodium and potassium naphthalene attack THF through
a proton abstraction, cycloreversion mechanism, as previously
described by Bates for the butyllithium/THF system (27). Lithium
naphthalenide attacks the THF not only by the Bates mechanism but
also by a nucleophilic ring opening, as is implicit in earlier
high temperature work on lithium naphthalenide in THF (28) and in
work on the attack of THF by tritylmagnesium bromide (29). The
two smaller alkali metals, lithium and sodium, leave behind a
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hydride product, while the potassium does not. High resolution
7L1 NMR of an unquenched, aged solution of 1lithium naphthalenide,
given in Figure 3, unequivocally shows the presence of two dif-
ferent lithium environments, one of which is consistent with para-
magnetic lithium naphthalenide (left) and one consistent with a
diamagnetic 1lithium salt (right).

Thus, one reason for the apparent divergence between coal and
graphite/aromatic hydrocarbons with respect to reductive chemis-
tries may arise from the instability of the reducing system on the
timescale required for coal reaction. The necessity of these long
reaction times results in part from the presence of many substit-
uents found on aromatic clusters in coals. For the higher rank
coals (30), these are expected to be predominantly -R, —-OH, and
-OR groups (rather than -COOH or -CHO) which through inductive
and resonance effects will destabilize anions and thus retard
reduction (31). Additionally, the presence of bulky substituents
on aromatic rings, as would be found for coal rather than simple
aromatic hydrocarbons, also retards reduction, because of steric
interference with solvation of the radical anion or dianion (31).
Of course, not only the substituents but also mineral matter can
react directly with potassium naphthalenide.

Steam Gasification Of Carbon Catalyzed By K»CO3

The reaction of various carbonaceous materials with steam to
yield CO, CO2, and Hy has been intensively studied. Of special
interest has been the catalysis of this reaction by various alkali
metal containing compounds, most notably potassium carbonate (32-
37). Various mechanisms have been proposed, some including alkali
metal atoms (37) or even graphite intercalation compounds (38) as
intermediates.

To evaluate the possibility of such intercalation compound
intermediates, we have conducted in situ X-ray diffraction invest-
igation which would reveal intercalation compound formation both
as a change in the graphite Bravais lattice and as a change in
thermal expansitivity. Temperature variant X-ray diffraction
experiments, employing a Guinier-Simon camera, were carried out on
mixtures of graphite and potassium carbonate (5-20 wgt%) contained
in open capillaries exposed to a water saturated (23°C) nitrogen
flow. With temperature increasing from 23°C to 700°C (100°C/hour),
only graphite and KjCO3 lattices were observed, while at 700°C the
graphite Bragg peaks disappeared, unaccompanied by intercalation
compound formation. The thermal expansivity of the graphite lat-
tice was 3 x 105 Ac/(cOC), as for normal graphite, and in con-
trast to the value of 4 x 10~5 Ac/(cOC) that we have found for
CgK in the range -158°C to 23°C.

The failure to find evidence for intercalation compound
intermediates in steam gasification indicates the importance of
sigma, rather than pi, electrons in the reaction, and is consistent
with the view of the importance of the attack by gaseous molecules

on the edges of graphite planes (39).
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Figure 3a. The Li-7 NMR (34.8 MHz) of a two-week-old solution of
Li-naphthalenide in THF.

With respect to an external standard of aqueous LiClO,, the larger peak is 11.95 ppm

downfield, the smaller 1.6 ppm upfield, with the displayed spectrum width in the figure

equal to 4000 Hz. The downfield peak arises from Li-naphthalenide, with the shift aris-

ing from the Fermi contact term (at room temperature for lithium, a shift downfield of

10 ppm corresponds to a hyperfine constant of + 0.005 mT = + 0.05 G). At short

reaction times, the downfield peak is even broader than shown here, possessing a full
width at half maximum of 880 Hz.

)

Figure 3b. The Li-7 NMR (34.8 MHz) of n-butyllithium in n-hexane. With the

spectrum width equal to 4000 Hz, the single sharp peak comes at 1.6 ppm downfield

from LiCIO, (aq). In the context of this chapter, a positive value of chemical shift
refers to an upfield shift.
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Summary

Table 1 summarizes the results of the three specific reactions
discussed in this paper. With some intuition, we can generalize
these findings.

The intercalation of graphite reflects changes in the pi
electron system of grapite, either through reduction (addition of
electrons, as by naphthalenide) or through oxidation (removal of
electrons, as by BF3/C1F). When the pi electron system is unchan-
ged (K2C03/H20 or BF3 alone), intercalation does not occur,
although chemistry at the edges of graphite planes may occur.

The formation of aromatic radical anions or cations from
polycyclic aromatic hydrocarbons is directly analogous to inter-
calation compound formation. Additionally, however, Lewis acids
(as BF3) can form weak charge transfer compounds by attacking the
edges of the molecules; such chemistry is easily detected because
of the high ratio of Cperipheral/cinternal of these polycyclic
aromatic molecules relative to graphite.

Bituminous coals, in possessing a large number of substitu-
ents (as -R, -OH, -OR), both can undergo chemistry at these sites
(as with BF3) and can have their bulk benzenoid chemistry modi-
fied by inductive effects of these substituents.

Experimental Details and Comments

Discussions of both the equipment (40) and chemical procedures
(1, 21) have appeared elsewhere.

Briefly, wideline nuclear magnetic resonance was examined with
a Varian WL 112 spectrometer, with radiofrequencies supplied by a
General Radio 1061 frequency synthesizer. Electron paramagnetic
resonance investigation utilized a Varian E line Century Series
console, an E-102 microwave bridge (9.5 GHz), and an E-231 cavity
(TE102 rectangular). A discussion of the appropriate units for
reporting EPR and NMR results has been given (41). A Guinier-
Simon camera, manufactured by Enraf-Nonius Delft, was used for
variable temperature x-ray diffraction. The high resolution
lithium-7 NMR was measured on a JEOL FX-90, and the GC/MS data was
taken on a DuPont 21-491, Upfield NMR shifts are taken positive.

The details of the EPR investigation of the graphite compound
"C16BF4" merit some discussion. Because the material is an
electronic conductor, we suspended the polycrystalline sample in
eicosane, melted the mixture under hot water, vibrated the sample
to get random orientation, and froze the mixture under cold water.
Because '"C16BF4" is an anisotropic conductor (it does not have
metallic conductivity orthogonal to the planes), the interpreta-
tion of the EPR results requires care. Thus, in a thick plate of
an isotropic metal as lithium, one observes a Dysonian asymmetry
parameter A/B which is dependent on temperature, varying between
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2.7 and 19 as the ratio of the conduction electron diffusion time
to the electron Tj varies from 102 to 10-4 (42). Additionally,
one can interrelate the linewidth and g value of the EPR absorp-
tion to the electronic conductivity scattering time through the
theory of Elliott (43, 44). Curiously, we see from Figure 1 of
this paper that the A/B parameter, the linewidth, and the g value
of the EPR absorption of ''C1¢BF;" are essentially unchanged over
the temperature range -168° to + 239C. This behavior stems
directly from the anisotropy of '"Cy4BF;", which gives this and
other graphite intercalation compounds (45) much in common with
the EPR behavior of other anisotropic conductors (46), magnetic
impurities in metals (47), and the NMR behavior of metallic nuclei
in bulk metals (48), rendering a casual interpretation of this
"conduction carrier" resonance difficult (49, 50). Parenthetic-
ally, in support of our analogy between graphite acceptor compounds
and aromatic radical cations, we have found the carbon-13 wideline
NMR signals (dispersive mode at 10 MHz, 12 MHz, and 15 MHz) of the
compounds C10AsFs5, C13Cr03, Cj;UFg, and C14PFg all to fall in the
range (-36+20) ppm vs. external benzene, consistent with the de-
shielding effects found for aromatic radical cations (51).

The stability of the alkali metal/naphthalene/tetrahydrofuran
system also merits some discussion. Both our results and those of
Sternberg (17) suggest that naphthalene will decompose as long as
excess alkali metal is present. If one deals with stoichiometric
solutions of the radical anion, there is evidence suggesting long
term stability (52), and we cannot in fact prove that some unknown
impurity is responsible for the decomposition observed. Our
tetrahydrofuran was distilled from LiAlH4 and used immediately
under helium in a VAC atmospheres dry box.

Finally, we note that our inferences on the nature of the
coal/BF3 product are consistent with recent work on products of
coal with ZnCl; and A1C13 (53). Neither BF3, ZnClp, nor AlClj3
will directly intercalate graphite (2, 6), but all are considered
to form sigma complexes with aromatic molecules (7, 54).
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A Study of Coal Oxidation by Charged-Particle
Activation Analysis

D. J. SCHLYER and A. P. WOLF
Department of Chemistry, Brookhaven National Laboratory, Upton, NY 11973

It has been recognized for many years that exposure of coal
to air can significantly alter the processing characteristics of
the coal. This effect is more pronounced in lower rank coals and
in fact some brown coals will undergo spontaneous combustion at
or near ambient temperatures.

Both the initial oxidation and the effect this oxidation has
on the processing characteristics of the coal have been an area
of interest for many years (1). In the last few years there has
been a renewed interest in the oxidation of coal and several new
analytical techniques have been applied to this problem (2-6).
Several salient features of the process have been revealed
including the chemical forms the oxygen takes when bound to the
coal. It has been noted that the oxidation is not uniform
throughout the particle as evidenced by the formation of a
discoloration of the coal near the surface (Z). This "oxidation
rim"” is directly related to the behavior of the coal.

The purpose of this study is to apply the unique technique
of Charged Particle Activation Analysis (CPAA) to distinguish the
characteristics of the oxidation process from a different point
of view and define parameters which can be determined by this
technique. The parameters to be determined are (1) the kinetics
of the adsorption of oxygen containing species, (2) the elemental
composition of the oxide layer and how deeply it extends into the
particle, and (3) the number of reactive sites on or near the
surface.

Experimental

Kinetic Experiments. The technique of Charged Particle
Activation Analysis (CPAA) for analysis of oxygen in coal has
been described previously (8). In the experiments to study the
adsorption of oxygen onto the coal, a slight modification of this
procedure has been used. Small lumps of coal were transferred in
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an oxygen-free atmosphere to a spex mixer and ground so that
about 80% of the particles had diameters from 45 microns

(325 mesh) to 74 microns (200 mesh) with the remainder of the
particles having diameters outside this range. The samples were
then dried at 100°C under vacuum for 18 hours to remove

moisture. Again all handling of the samples was done under an
inert atmosphere. The samples were removed from the vacuum oven
at room temperature and exposed to the air in flat shallow pans
for a given period of time. After this exposure the samples were
either sealed directly into a one mil (.025 mm) aluminum packet
or returned to the vacuum oven, evacuated at 65°C for 3 hours and
then sealed into the packets. The packets were then irradiated
with He-3 at an energy of 10 MeV. The samples were counted and
analyzed as described previously (8) to determine the oxygen to
carbon ratio. A propagation of errors on this technique gives a
precision of about 0.3% absolute. In actual experiments the
precision has been about 1% absolute.

Oxygen Depth Profile. In order to measure the oxygen depth
profile a range of particle sizes was needed. The coal sample
was ground as usual. The particles were then sorted according to
size by using standard sieves. In most cases this separation
procedure was done in air. An exception to this was the
procedure used to determine if the oxygen to carbon ratio varied
in different size coal particles before exposure to air. In that
case the sieving was done under an inert atmosphere and the
samples immediately irradiated. After sieving the coal particles
were exposed to the air for 60 days in a controlled humidity room
(relative humidity 45%) and then sealed into the aluminum packets
for irradiation. The nuclear reaction cross-section for
production of C-11 and for F-18 change as a function of the
particle energy. Since the change may be different for
production of C-11 than it is for F-18, the nuclear reaction
crogs—-section ratio must be determined as a function of energy.
Standards to determine the nuclear reaction cross—section ratio
for the oxygen depth profile experiments were “"sandwiches" made
from varying thicknesses of polyester and polyethylene films
layered on top of one another. The standards consisted of a film
of (1/4 mil to 2 mil) polyester of known composition followed by
a polyethylene (1 wil to 5 mil) film followed by another
polyester film which together represent the oxide layer, the
central unoxidized coal, and another oxide layer. Layers of
these "sandwiches" were sealed in the aluminum packets and
irradiated and counted in a manner identical to that used for the
coal samples. Comparison of the actual 0/C ratio for a given
"sandwich” to the experimentally determined F-18/C-11 gave the
cross—section ratio as a function of particle size.

Experiments on the sorption of oxygen radiotracers were
performed in the following way. A column was prepared by filling
a 1/4" stainless steel tube one foot long with coal of 100-220
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mesh. This column was placed in a gas chromatograph equipped
with both a thermal conductivity detector and a radiodetector so
that both a mass trace and an activity trace could be obtained
for each experiment. The column temperature was lowered to

~-40°C using a liquid nitrogen cooling system while flushing

with the helium carrier gas. After the gas sample was injected
onto the column, the temperature was held at -40°C for two
minutes at which point any unreacted oxygen had eluted. The
temperature of the column was then raised linearly to a final
temperature of 250°C. This temperature was held for 5

minutes. Two series of experiments were carried out using
radioactive oxygen-containing molecules. A column of
Pennsylvania Anthracite never exposed to air after grinding was
prepared and exposed to molecular oxygen labelled with a trace of
oxygen—15 prepared from the 16O(p,pn) 50 nuclear reaction. A
column of North Dakota Lignite was prepared and injected with a
mixture of labelled Oz, CO; and Hp0. The oxygen-15 in these
molecules was prepared from the 1 N(p,n)150 nuclear reaction

and thus the mixture contained only a trace of molecular oxygen.
The tracer, with or without added carrier, was placed in a 5 cc
gas syringe and injected onto the coal column. After the heating
cycle was completed the column temperature was gradually lowered
while the column was continuously flushed with the helium carrier
gas. Each of these columns were used for several runs. The
repeatability of the results was very good.

Results

Kinetic experiments. The experimental curves for the uptake
of oxygen—containing molecules versus time are shown in Figure 1
for three types of coal. The three types all follow the same
general behavior in that they show a rapid uptake of oxygen
followed by a more gradual uptake. In the case of the lower rank
coal, this uptake lasts for a considerable amount of time. The
lower curve in each case is the uptake of oxygen containing
species after the sample had been placed in the vacuum oven at
65°C for 3 hours. In all cases a considerable amount of the
oxygen can be pumped off. The anthracite shows essentially no
increase in oxidation or Oj uptake after about 15 minutes. In
the lignite the irreversible uptake continues for a very long
period of time. This is probably due to chemical oxidation of
the coal.

Oxygen Depth Profile. When coal samples of different
particle size (400 mesh to 35 mesh) which had not been exposed to
air after grinding were analyzed for the oxygen to carbon ratio,
it was essentially the same for all sizes. This implies that the
oxygen to carbon ratio is constant throughout the particle. When
the same analysis was carried out for coal exposed to air for two
months, there was a definite increase in the oxygen to carbon
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ratio as the particle size decreased. This indicates that an
oxide layer has been produced on the outside of the coal
particle upon exposure to air. In order to estimate the depth of
the layer a model must be used. Three models have been explored
in the attempt to estimate the depth of penetration. The first
of these is a layer of constant composition which falls to the
unoxidized value at a point within the sphere. The second is a
linear decrease in the 0/C from the outside of the particle
towards the center and the third is an exponential decrease in
the ratio. The predicted depth of the oxide layer is fairly
insensitive to the model chosen but the oxygen to carbon ratio on
the surface of the coal particle is extremely sensitive to the
model. As a result it is possible to give meaningful numbers for
the depth of the oxide layer but not for the oxygen content of
the surface. The curves derived from the first model are given
in Figure 2. The volume of the oxide layer for a given oxide
layer thickness (V, ) divided by the total volume of the particle
(V ) is plotted versus the particle diameter to obtain the curve
shown. These curves have been corrected for the experimentally
determined nuclear cross-section ratio. Figure 3 is the data
from the activation of New Mexico Sub-bituminous compared to the
model curves. The values obtained for the oxide layer depths for
the three types of coal oxidized for two months at 219C are given
in Table I.

Table I
Oxide layer depths
(2 months exposure at 21°C)

Coal type Depth in microns
Anthracite 4
Sub-bituminous 7
Lignite 10

Labelled Oxygen Adsorption. When five milliliters of oxygen
labelled with a trace of 0-15 were injected onto the Pennsylvania
anthracite, about 5% was retained on the column at low
temperature. All of this oxygen was desorbed during the heating
cycle. When a mixture of labelled 0y, CO; and Hp0 labelled with
0-15 in proportions of 80:15:5 in 5 cc of nitrogen was injected
onto the column with no added carrier (approximately 10!
molecules of Og due to ppm impurities of 0-16, 02), all of the
activity was retained on the column. When 1 cc of Oy was added
to the mixture only activities which corresponded to CO; and Hy0
were retained on the column. When 1 cc of a 50:50 mixture of COp
and 0y was added only about 5% of the activity was retained on
the column. This activity probably corresponds to the water
activity.
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Discussion

Several salient features have emerged from work done in
other laboratories on the low temperature oxidation of coal.
These are listed below:

(1) The adsorption of oxygen onto most types of coal

follow Elovich kinetics i.e. a rapid uptake
followed by a much more gradual uptake (9)

(2) The oxygen adsorbed by low rank coals can form
phenolic-OH or carbonyl groups (10-12). The
phenolic groups can split out H0 to form ether
linkages.

(3) Water sorption isotherms on low rank coals have a
standard type II sigmoid shape typical of porous
adsorbents (4).

(4) The heat of desorption for macroscopic amounts of
water off most coals is very near that of the heat
of vaporization of water (4).

(5) The apparent activation energies for oxidation are
very low.

The current studies using radiochemical techniques are in
agreement with these findings. The adsorption of oxygen onto the
coal follows Elovich-type kinetics. Recent modelling studies
have demonstrated the equivalence of Elovich kinetics with
diffusion and adsorption in microporous solids (13,14). These
studies tend to support the idea of solid state diffusion with
the fairly low activation associated with these processes as a
rate limiting step in the coal oxidation. The depth of
penetration of the oxygen seems be directly related to the rank
of the coal. In the cases studied here, the anthracite showed
the least penetration while the lignite showed the deepest. This
function of rank is probably a result of porosity of the coal.

It has been possible to demonstrate that for the lower rank coals
that there are very few (more than 10 14/0 but less than 10 19/
reactive sites for strong oxygen adsorption. From the data
collected we wish to propose the following mechanism for low
temperature oxidation.

Oxygen is adsorbed weakly onto the surface of the coal.

This adsorbed oxygen can then migrate across the surface or into
the interior of the coal particle to a reactive site at which
point it becomes chemically bound. The form of this chemical
bond is phenolic-OH, carbonyl or peroxide type moieties. As the
surface layers become saturated, the oxygen will diffuse deeper
into the particles through pores and crevices to react with sites
within the coal particle. This is the second, slower part of the
adsorption process. At some point the chemical potential against
diffusion into the particle becomes great enough that the
oxidation from the exterior of the particle ceases. This point
will be determined by the porosity of the coal and the
temperature at which the oxidation is carried out. As
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temperature is increased the oxide layer will extend deeper into
the coal particle.
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A Fundamental Chemical Kinetics Approach to
Coal Conversion

STEPHEN E. STEIN
Department of Chemistry, West Virginia University, Morgantown, WV 26506

At the present time, few, if any, details of chemical
reaction mechanisms in coal conversion are known with certainty.
This situation is particularly distressing in the areas of
coal liquefaction and pyrolysis where chemical kinetics may
strongly influence process efficiency and product quality. To
improve this situation, in recent years a number of research
groups have been performing chemical studies of coal and
"model" compound reactions.

Thermochemical kinetic methods (1) can be of great value
for interpreting and generalizing results of these studies.
These methods are now indispensable for mechanistic analysis
of many practical chemical systems involving highly complex
reactions, including oxidation, combustion, atmospheric
chemistry and pyrolysis. With recent extensions of thermo-
chemical kinetics estimation methods to coal-related molecules
(2,3,4) and free radicals (5), it is now feasible to apply
thermochemical kinetics analysis to a wide range of coal-
related chemical systems. Thermochemical and kinetics
estimation methods are particularly suited for analysis of coal
systems since these methods are applicable not only to reactions
of molecules but also to reactions of specific molecular
structures.

This work presents the first systematic application of
these methods to coal chemistry. This analysis is intended not
only to suggest likely reaction mechanisms, but also to
demonstrate the unique power of thermochemical kinetics methods
for semi-quantitative analysis of the complex chemistry of coal
conversion.

Conversion of Gas-Phase Data to the Liquid Phase

Since most predictive thermochemical and kinetics methods
yield gas-phase values, it is necessary to consider the
applicability of these values to the liquid phase. For
equilibria involving no change in the number of moles, An = O,
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a good basis exists for assuming that, inthe absence of
significant differences in solvent-molecule interactions
between reactants and products, equilibrium constants are
nearly the same in gas and liquid phases (6). Within the
framework of transition-state theory, the same conclusion
applies to rate constants for unimolecular reactions not
subject to "cage'" effects (7a). In practice, cage effects can
be significant only for bond homolysis reactions (R,—Rz >
Rl. + Rz.).

In contrast, when An # O one finds considerable disagreement
in the literature concerning relative gas and liquid equilibrium
(and rate) constants, even in the absence of solvation effects.
Depending on the particular theoretical treatment, bimolecular
reaction rate constants have been estimated to be somewhere
between 2 and 100 times faster in solution than in the gas
phase (6). However, the very limited experimental data available
indicate that there is little, if any, systematic difference
between bimolecular rate constants in the two phases (6d).

We have examined this problem as follows. For associative
equilibria A+ B 2C 1)

relative liquid and gas-phase equilibrium constants,
K1/K%, have been computed using vaporization data (8) and
io

equation 2 (6d),
o o
El = Eé_zg_ ggb K (2)
K, P, RT’

where Pp° is the (ideal gas) vapor pressure of neat liquid A,
Vs is the molar volume of the solution and Ky is the ratio of

Y,Y
condensed-phase activity coefficients, $ B . An analogous

C

formula for relative bimolecular rate constants, kl/kg, holds if
C is regarded as the transition state. A detailed description
of these calculations is in preparation, but the major
conclusion is that in the absence of substantial solvation
differences between reactants and products (or transition state),
within a factor of ca. 2, Ky ~ Kg and ky ~ kg' For specific
equilibria of interest, Kj ~ may often be directly evaluated
by means of equation 2 using P° and K, values obtained from the
literature, from estimation methods (;) or by analogy to related

systems.

Available vapor pressure data (8) may be used to roughly
examine the magnitude of solvation effects on equilibrium
constants. Table I lists (Kl/ ) values for selected
equilibria involving polyaromatic molecules. Clearly, reactions
leading to increased aromaticity are inherently favored in
solution relative to the gas phase. Table II shows changes in
vapor pressures resulting from replacement of (hydrogen-bonding)
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Table I. Kl/l(g for Polyaromatic Equil:i.br:i.al

2

K /Kg T/K

1

N ORS 1.6 350
: @ : @ © 0.59 350
©+0z 0.73 350
2 @ * 1200 2.6 350

2 2 1.4 2.3 500

2 ¥ 1.25 ©@@@ 4.3 500

2 $1.25 9 1.8 500
9O
2 > 1.05 O O 0.055 500

©

1. H; required to balance reactions may be assumed to be in the
gas phase; Kj/K, values are not affected by Ha.

2. Calculated withga slightly modified form of equation 2 (6d)
where An # -1 assuming Ky = 1; solvent is
assumed to be pure reactant except where noted; vapor
pressures were taken from reference 8b and corrected for non-
ideal behavior by methods in reference 9.

3. Solvent is assumed to be an equimolar mixture of toluene and
benzene.
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Table II. Effects on Vapor Pressures of Replacing Hydroxyl
Groups with Methyl Groups.

- -O0H) *
Pvap (R-CH3) /Pvap (R-OH)

T/°C
R— 50 100 150 200 250 300
n—03H7— 48 18
n—Csng— 21 8.6 4-3
n—CnH”— 4.4 3-1 2.3
n—CuH”— 2.4 2.1 1.9 1.7
©f 28 14 8.2 5.4 3.9 2.9

4.0 3.2 2.4

0

*
1) \J ~ = ~-0- -C—-
Note that P ap (R XR')/P ap(R CH.R') 1 for X 0-, -C-, and

S; P are from reference 8.
vap
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hydroxyl groups with methyl groups. These values roughly
correspond to contributions to equilibrium or rate constants
arising from formation or destruction of a hydrogen bond:
although Kl/Kg values will depend somewhat on the

particular solvent. The negation of such effects with increasing
temperature is striking. At coal conversion temperatures
changes in hydrogen bonding in a reaction are not expected to
change rate or equilibrium constants by more than a factor of
2-3. Other effects due to selective solvation, including polar
effects and charge-transfer interactions, are also expected to
be far smaller at coal conversion temperatures than at lower
temperatures where such effects are most often observed. With
the general assumption that equilibrium constants are nearly
the same in the gas and liquid phases, a number of aspects of
the thermal chemistry of coal-related molecules will now be
examined.

Bond Breaking

Three modes of bond breaking may be distinguished in
homogeneous, non-ionic systems, namely bond homolysis,

\k*—R -+ 2Re
free-radical B-bond scission
RCHCH,CH,R -+ RCH=CH, + °*CH.R

and concerted molecular decomposition,

Rate constants for specific reactions belonging to any of the
above classes of reactions can often be estimated to a reasonable
degree of accuracy (1). Even for cases where estimates are only
accurate to an order of magnitude or worse, specific reactions
may often be shown to be either far too slow to account for
observed kinetics or very rapid. In addition, relative rate
constants are often all that is needed to decide between
competing mechanisms, and estimates of relative rate constants
are often far more accurate than estimates of absolute rate
constants. Each of the above three modes of bond breaking will
now be individually discussed.

Bond Homolysis. A substantial number of gas-phase bond homolysis
rate constants and free-radical enthalpies of formation have been
determined (1,11) and a far greater number may be reliably
estimated. However, two factors must be considered when

applying gas-phase bond homolysis rate constants to condensed-
phase systems. First, any selective solvation of product
radicals will tend to increase (kl/k ). However, solvation
effects on free radical reaction rates are generally the
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exception rather than the rule, even in fairly polar media at
low temperatures (i.e., <200°C) (7,12). Second, recombination
of nascent free radicals formed by bond homolysis, the 'cage
effect", will reduce (kj/k,). Rates of bond homolysis have been
shown to decline with increasing viscosity, although the
dependence of the rate constant, k, on viscosity, n, is a
rather weak one (k «n‘o'l‘ + 0.1y (7, 13). In media of
unusually low fluidity, as exist in the coal matrix before
dissociation, one might expect a substantial homolysis rate
constant reduction, although relevant quantitative information
is not yet available.

Direct studies of bond homolysis in a given molecule in
both the gas and liquid phase have generally shown that
homolysis rate constants are the same in the two phases within
a factor of ca. 2 (6d,7). Therefore, either cage and solvation
effects are both small or they largely cancel one another in the
systems studied. Recent studies in our lab (14) of the
dissociation of PhXCH,Ph, X = CH,, NH, O and S in tetralin over
the range 300°C-450°C show that kj/k, ~ 0.5-1.0. Also,
dissociation of bibenzyl and benzylpéenyleth r in the relatively
viscous solvent dodecahydrotriphenylene ((jéz ) occurs at a

rate about two-thirds of that found for dissociation in tetralin.
The above considerations imply that over a wide range of
conditions gas and solution phase homolysis rate constants are,
to a good level of accuracy, independent of phase or solvent.
Available rate and thermochemical data allow estimates to
be made for bond homolysis rate constants for virtually all
covalent bonds presumed or found to be present in coal and
model compound reactions. In Table III is compiled a 1ist of
coal-related homolysis rate constants, k, and bond homolysis
half lives at 400°C, T1/2 (T1/2 = 1n 2/k is equal to the time
required to break one-half of the bonds if homolysis were the
only mode of reaction). Most of these values are estimated
relative to measured rate constants for bibenzyl dissociation
in tetralin, and relative values are expected to be only weakly
dependent on solvent. It is evident from Table III, with few
exceptions, that only bonds that yield two resonance stabilized
radicals upon breaking are likely to undergo significant
homolysis under coal liquefaction conditioms.

Radical B-Bond Scission. Model studies clearly show that certain
bonds, such as the (-CH,-CH,-) bond in 1,3-diphenylpropane (15),
are rapidly cleaved even though these bonds are too strong to
undergo substantial bond homolysis under reaction conditions
(Table III). An alternative route for bond breaking is through

a chain reaction sequence involving B-bond scission, as follows:
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H
| | ]
Re + —C—C—R > RH + —C—C—R (3)
|| ||
e l B-bond |
—C—C—R C=C + Re (4)

l | scission

Because of its relatively low activation energy and its
involvement in a chain reaction, B-bond scission is often the
dominant mode of bond breaking in the pyrolysis of large
aliphatic hydrocarbons. Moreover, substitution of an oxygen
atom for a methylene (CH;) group in the above structure will
often lead to an even more rapid chain reaction because of the
resulting lower endothermicity of reaction 4.

The significance of B-bond scission in coal chemistry is
limited by the concentration of suitable molecular structures.
Rapid B-bond scission generally requires structures containing
three or more consecutive, saturated, polyvalent atoms such as
carbon, oxygen, nitrogen and sulfur. Examples of coal-related
structures susceptible to rapid dissociation by B-bond scission
are given in Figure 1. For each structure, once the C-X bond
is broken by any means, the radical formed will rapidly
dissociate.

It should also be noted that B-bond scission is formally
involved in thermal desubstitution of aromatic rings by, say,
H atoms, as follows.

H

B -bond
:& >©: “scission” ﬁ + ke (5)

The rate of this reaction is limited by the availability of H
atoms, although under appropriate conditions this reaction can
be an important means of bond breaking in coal systems (16).

Concerted Decomposition. Both unimolecular and bimolecular
reactions involving only molecular species (no free radicals or
ions) may play a role in certain aspects of coal conversion. In
some types of concerted reactions, however, such as reactions
involving C-C or C-0 bond breaking, the significance of such
reactions appears to be drastically limited by the lack of
suitable molecular structures.

In the case of bibenzyl, the following pathway for
decomposition has been proposed (17):

= & ®
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Table III. Bond Homolysis in Tetralin (6 = 0.00458 T/K)

R,—R, log[ktet(Rl—Rz)/s“] References T% (400°C)

Ph—Ph 17.9 - 117.8/6 a,b 10'? years
N 6

Ph Ph 16.9 - 94.1/6 a,b 10° years

P Ph 16.0 - 65.2/0 c 28 hours

[16.4 - 66.4/6] d 28 hours

AN

Ph Ph 17.0 - 76.2/6 a,b 1 year

Ph>—<Ph 16.0 - 59.3/6 e 20 min

S

-]
=
o]
-3

16.0 - 53.1/6 £ 12 sec

=

16. 62.3/6 3 hours
@@ 16.0 - 62.7/6 g 4 hours
©O)Ph
Ph
@@@ 16.0 - 57.4/86 g 5 min
h
@5 16.6 - 63.2/6 h,1i 1.6 hours
Ph
@‘@ 16.6 - 60.6/6 j 14 min
Ph
©8S 16.6 - 60.6/6 j 14 min
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Table III. (con't)

Ph
16.0 - 60.4/6 k 50 min

ortho 16.0 - 66.9/6 k 100 hours
meta 16.0 - 65.2/6 k 28 hours
h para 16.0 - 66.3/6 k 60 hours

@(_}'h 16.0 - 62.2/6 k 3 hours

O 17.2 - 59.3/6 h 1.3 min
©@
At 14.7 - 50.8/0 d 40 sec
P ‘Ph 14.8 - 56.7/6 d 50 min
Ph/—aph 15.8 - 54.6/6 d 1 min

s—s

AN

Ph/ Ph 15.8 - 60/0 1 1 hour
(o)
Ph Ph 16.0 - 72/8 n 200 days
H
Ph Ph 16.0 - 62/6 m 3 hours
AN 16.0 - 63.7/6 K 9 hours
g 15.3 - 70.6/0 a 330 days
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Table III. (con't)

0
/ A
Ph 15.7 - 62.4/6 n 7 hours
PR 07 14.9 - 67.2/9 n 70 days
/\
Estimat;% assuming k. (R,- Rz)/k (Ph Ph) = (Rl-Rz)/
(Ph Ph); k (Ph h) determined as 101°- 1 61/9 s™' (11j).
b gas(Rl R.) derived from thermodynamic properties of R,e and R:*

(1,11f) and R,-R, properties given in reference 27 or estimated
by group additivity (1), assuming Ri*/Rze recombination rate
constant of 109-5 M~' s-%,

CThis rate constant value is used to obtain relative rate
constants for bond homolysis of other bonds.

ddetermined in the authors laboratory (14).

®Assunes k_ (Pt?_<Ph)/k (Ph/_\Ph) - kgas()-()/k (/\) using

gas
gas(/_\) described in footnote f. kgas()—() obtained from
. o ] =
AR° f,298(/\) 19.0 + 1.5 kcal/mol (11b,d,e); $°35,()

66.7 cal/mol°K (1); thermodynamic properties of 1, 2-dimethyl-
butane(28), 1sopropyl radical recombination rate constant =
1095 M7 s=* (1).

f'Assumes k (Ph/—\Ph)/k (Pt{_\Ph) = kgas()—o/kg as /M.

gas()——() obtained from reference (1lc), and k (/_\)

estimated using: AH° £ 298(02}150) =27.5+1 kcal/mol (1,10b,d,
’

e); S°298(02H5) = 58.0 cal/molek (1); chemical thermodynamic

properties of butane (28); ethyl radical recombination rate

constant = 1010.0 y—t =? @.

/\
8estimated relative to ktet (Ph Ph) using equation 9.

hFor each tetralyl (or hydroaromatic) radical formed, it is
assumed that AS is 3 cal/moleK greater than AS for bibenzyl

homolysis. Note that S° (I:I ] ) - 8° (“ )~ 3
cal/moleK (2). int int
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Table III. (con't)

iActivation energy assumed to be 2 kcal/mol lower than for
/\

Ph Ph dissociation, since D(Cp ) - D(C

) ~ 2 kecal/mol (1).

rimary-cprimary primary-

Csecondary

©
JEstimated relative to ktet( @. ) using equation 9.

ktet (R1-R32) ) kgas(Rl-CH:.,)
ktet (Ph\_/Ph) kgas(PhCHz—Cl-Ia)

ktet(Rx-Rz) have been determined in the authors laboratory

(111,3,k,1)-

. All k's except

assumes

1enthalpy of formation of PhSSPh from reference (28), and of PhSe
from (11k) adjusted for recent benzyl radical enthalpy of
formation (11f). In the authors laboratory this molecule has
been found to undergo dissociation in tetralin much more
rapidly due, presumably, to a radical displacement chain
reaction.

Int:hermochemist:ry from references given in reference (lle).

¢ rom gas-phase homolysis rate constants reported in reference
(11a,m).
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Figure 1. Coal-related structures susceptible to rapid B-bond scission (radicals
formed by breaking C-X bond will decompose by B-bond scission in <107 s at
400°C)
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@:@+(§—t§++d;© )
8o - b

While each of these reactions is "allowed", the rate estimated
for decomposition of bibenzyl by this mechanism is many orders
of magnitude slower than the observed rate (18). Even if step
7 had no activation energy (a highly unlikely possibility), the
rate predicted for this pathway is still orders of magnitude
slower than the observed rate. Note that available thermo-
chemical evidence strongly suggests that the intermediate poly-
olefinic molecule in reaction 6 does not possess substantial
resonance energy. It might be argued that structures such as

PhOCH,Ph and @@ @@ are more susceptible to such concerted

reaction paths than is bibenzyl. However, it appears to be a
general rule that structures more susceptible to such concerted
reactions are also more susceptible to bond homolysis. For the
above two structures, and several others that we have examined,
computed rates via reactions analogous to reactions 6-8 are many
orders of magnitude slower than estimated (or measured) homolysis
rates. For the reaction of 1,2-a-dinaphthyl ethane, for instance,
the above concerted pathway is estimated to proceed at a rate
<10~'° that of bond homolysis at 300°C.

Retrograde Diels-Alder reactions are unlikely reactions in
coal liquefaction chemistry due, again, to the lack of suitable
molecular structures. Decomposition of cyclohexene to ethylene
and 1,3-butadiene, for instance, is 40 kcal/mol endothermic and
at 450°C proceeds at a rate such that the half-life of cyclo-
hexene is 13 hours (1la). For tetralin to react by an analogous
reaction, resonance stability would be lost, and the reaction
would be many orders of magnitude slower than cyclohexene.

Recent studies indicate that at 750°C tetralin may homogeneously
decompose to benzocydlobutane and ethylene (19). Near coal
liquefaction temperatures, however, this reaction would be

immeasurably slow.
Yet anotheﬁRpossible concerted reaction is

> + RH

However, when R = CHs; and X = H, concerted decomposition yields
only H, (20), and when R = X = CHs this molecule reacts by free-
radical pathways (21). In environments containing sufficiently
high free radical concentrations the preferred mode of
decomposition of such structures will be,
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R
R'e +:@: + R'H +
H

R
Klein and Virk (22) have pointed out that a key concerted
decomposition reaction may involve adjacent (ortho) hydroxyl and
ether structures on an aromatic ring, for example,
3
! 0

OH > &0 + CH,

Moreover, they reported that methane formation rates from
thermolysis of such molecules are significantly greater than

OCHs
from thermolysis of anisole (@ ). However, the above
structure is also prone to decomposition through a free-radical
chain sequence.
CHs
CH, I

|

? OH Re %/00 AH ~ 30 &/0 +  «CH

©/ ' kcal/mol 3
Studies of o-hydroxyanisole pyrolysis in our lab under conditions
of very-low pressure pyrolysis (23), where bimolecular reactions
cannot occur, show *CHs; but little or no CH, as a product.

Concerted bimolecular reactions, such as Hp-transfer by

donor molecules (24) or direct Hp,-addition (25), are often
thermochemically plausible and may play a role in bond breaking
by converting thermally stable structures into structures that
may decompose by free radical reactions. For example, the
following H,-transfer leads to a structure that may readily
dissociate by bond homolysis or B-bond scission.

© ©

2 hd D
DH + @@@ @.@ +

Of course, less direct, H-transfer pathways that involve free
radicals are also possible and will be discussed later.

Thermochemistry of Resonance Stabilized Radicals

Based on the structural entities known to be present in
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coal liquids or presumed to be present in coal, according to
current models of coal structure,the predominant organic free-
radicals in coal conversion are expected to possess extra
stability from odd-electron delocalization. Any consideration
of the reactivity of a resonance stabilized radical, Re, requires
a knowledge of its thermodynamic stability, as measured, for
example, by its R-H bond strength. Therefore, before considering
reactions of these radicals, the thermochemistry of two
important classes of resonance stabilized radicals will be
discussed.

One class of radicals are distinguished by their inability
to form a new aromatic ring by loss os‘a single H atom.

Examples are benzyl (@ ), phenoxy (@) and a-tetralyl (@:O )
radicals. A very simple scheme, based on Herdon's resonance
theory (26), for estimation of the stability of benzylic
hydrocarbon radicals has recently been proposed (2) and partly
verified (11g). This scheme estimates the extra stability from
odd-electron delocalization from the simple formula,

number of different number of different
A 1n |resonance isomers - B 1n |resonance isomers 9
of the radical, Re f RH

Recent thermochemical determinations suggest that A = 14.21
kcal/mol and B = 17.21 kcal/mol (1lg). To obtain, for instance,
benzylic C-X bond strengths, the stabilization energy
calculated from equation 9 is subtracted from C-X bond strengths
for corresponding saturated species. Recent studies of alkyl-
benzene pyrolysis (117) imply that within current uncertainties
in relative bond strengths this formula applies to secondary and
tertiary benzylic radicals (e.g., (:Iﬁ\ and ). For
complex phenoxy-type radicals less is known,although a tentative
assumption is that differences in resonance stability of such
radicals are the same as differences for corresponding benzylic
radicals.

A second class of radicals of relevance to coal reactions
are those that may form a new aromatic ring upon rupture of a
single bond (or conversely these radicals may be formed by
radical addition to a polyaromatic molecule). An example of

&

such a radical is @‘ which may decompose to form
anthracene by rupture’of a C,o-H bond. Some modes of
formation of these radicals are illustrated below:

Re + @5\6 7 R O:Q@ (10)

In New Approachesin Coal Chemistry; Blaustein, B., el d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch007

112 NEW APPROACHES IN COAL CHEMISTRY

R

Re  + oo)¢(o z @@) an
HH
g + oo * 2% az

Each of these reactions and their reverse reactions may,
in fact, be involved in major reaction pathways in coal
conversion. Reaction 10, for instance, is expected to be a key
step in H-transfer and aromatization, reaction 11 can lead to
crosslinking and polymerization while reaction -11 breaks up
complex molecules, and reaction 12 should provide a steady
source of free radicals in many pyrolytic systems even in the
absence of weak covalent bonds (vide infra). Furthermore,
these free radicals contain weak C-H bonds that may rupture to
yield H atoms, which can in turn 1lead to breaking of C-C or
C-0 bonds through aromatic displacement reactions (reaction 5).

Enthalpies of H-atom addition to various sites in benzene,
naphthalene, phenanthrene, anthracene and pyrene have been
derived from available thermochemical data (2,27a) and formula
9, and are given in Table IV.

Differences between enthalpies of addition of Re and He to
aromatics are expected to be close to differences between

C —R and C__ —H bond strengths (C is a secondary carbon
sec sec sec

atom). For instance, using available thermochemistry (1,11f)
addition of benzyl radicals to a given site on an aromatic ring
is ca. 22 kcal/mol less exothermic than H-atom addition to the
same site.

Use of the thermochemistry discussed above allows rough
estimation of reaction enthalpy for a wide range of reactions
involving resonance-stabilized radicals. Furthermore, reaction
entropies and heat capacities may often be estimated to a good
level of accuracy (+ 1-2 cal/moleK) (7b). Hence, equilibrium
constants may be estimated to a level of accuracy determined
primarily by the uncertainty in reaction enthalpy.

Several other noteworthy features of resonance-stabilized
radical thermochemistry are:

1. Aromatic substituents noticeably affect reaction
thermochemistry only when such groups either directly delocalize
the odd-electron or lead to a difference in strain energy
between reactants and products. For example, meta- or para-alkyl
groups, ether linkages, hydroxyl groups, etc. will not noticeably
influence reaction thermochemistry (111).

2. Replacement of an aromatic C-H group by an N (pyridyl)
atom generally destabilizes the radical slightly. The amount of
destabilization depends on the particular position of the N atom

within the aromatic system (11i).
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Table IV. Enthalpies of H-atom Addition to (Poly)aromatics

-A l/kcal mol~™ ' for H-atom addition to position

)98
a b c d e f g
20

222

30 38

g ©

g
o B

i ©,

o

[u
.

N

28 26 27 27 38 16 16

24

©

If AH pertains to reaction Ar + He - A;:H, then AH =

AH, (Ar + H, > ArH;) + D(ArH—H) - 2AHf(He); where D(ArH—H)/
kcal mol~* = 94.5 - (resonance energy from formula 9), is the
bond strength for breaking ArH—H bond, AH, is appropriate
enthalpy of hydrogenation. When ArH, may be 1,2- or 1,4-
dihydroaromatic, AH, was chosen as the average of the two,
assuming no ring strain energy for either (28). Enthalpy of
hydrogenation (7c) enthalpy of formation (7a) measurements
and estimates based on experimental data (2) support the
idea that such strain energy is quite small.

AHf(1,3—cyclohexadieny1 radical) = 50 kcal/mol from

reference (1).
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3. Accurate prediction of "ring strain" in hydroaromatic
structures is not possible at present (28a), so available
hydrogenation or other direct determinations should generally
be used in preference to estimated values. This can be a very
troublesome source of uncertainty.

Reactions Involving Highly-Stabilized Radicals

Using the thermochemical estimates given above, along with
the considerable body of available thermochemical and kinetic
data, several plausible reaction pathways in coal and model
compound reactions will now be examined. This analysis is
intended to discriminate between feasible and unlikely reaction
mechanisms. It should be kept in mind that absolute rate
constant estimates are often only very approximate, and we are
testing ideas, not proving them.

Rates of Molecular Disproportionation. Simple H-atom transfer
from a donor molecule to an acceptor molecule (reaction 13,
molecular disproportionation) generates two free radicals and
can lead to the net transfer of two H atoms by the following
reaction sequence.

RH + /A ‘_1133_\ Re + /'8 13)
H H H
e o+ X fasty e X (14)

In tetralin, for example, this reaction leads to saturation of

a double bond (or hydrogenation on an aromatic ring) and
formation of two tetralyl radicals. Such a reaction sequence
has, in fact, just been invoked to explain ethylene hydrogenation
by cyclohexene in the gas phase (28b).

To examine the potential importance of molecular
disproportionation, a means for estimating k,s must be found.
Estimates of k,s will be obtained from estimates of both the
rate constant for the reverse reaction (radical disproportiona-
tion, reaction -13), and the equilibrium constant, K.s; i.e.,

k),s = K13 an'

The equilibrium constant K,; will be obtained from estimates
of reaction enthalpy, AH,s, and entropy, AS;s. The following
formula provides a cgnvenient means of estimating AH,s

AHys = DRSH) + DO + MH (/A + H, > /N\) - 28Hg(He)  (15)
where D(RJ-H) and Dlz-7-\) are bond dissociation enthalpies of
molecules in equations 13 and 14, AH, is the enthalpy of
hydrogenation of /=\ , and AHg(He) (= 52.1 kcal/mol at 298 K) is
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the enthalpy of formation of a mole of H atoms. Reaction
enthalpy can often be estimated to within + 3 kcal/mol from this
formula, although errors in some cases may be even larger and

are generally expected to be the major sources of uncertainty

in estimates of k;s. Reaction entropy may be expressed as

AS;a = R1ln4 + R 1no + AS (16)

internal
where the first term on the right accounts for the electronic
degeneracy of the two product radicals (7b), 0 is, in essence,

reaction path degeneracy and ASinternal is the net change in

vibrational and internal rotational entropy. In all cases

considered in this paper, ASinternal ~ 0, although for other

cases involving substantial changes in number or type of
internal rotations this assumption may not be reliable, inwhich
case more accurate estimates should be made (7b).

Now an estimate of radical disproportionation, kdisp(sk"s)

must be found. Since radical recombination rate constants, krecs
and relative radical disproportionation/recombination rates,

di /k ec? have been directly measured for a large number of

reactions (29), k will be estimated using the formula,
— disp 9.5

- . 1
kdisp krec (kdisp/krec)' For krec’ a value of 10 M' s

is chosen which is in the range expected for most gas-phase and
liquid-phase recombination rates involving large free radicals
and elevated temperatures (1,7b,c,d). The ratio (k ),

-1

disp rec
on the other hand, depends on the particular radical pair
involved and should be corrected for reaction path degeneracy

(kdisp/krec values will apply to a single reaction path). For

two resonance stabilized hydrocarbon radicals, (k k)~
disp’ rec

0.01 in the range 400°-500°C. This value is based on literature
values for termination of benzylic radicals such as PhCHCHzCHa
at 118°C (30) and for the 1,3-cyclohexadienyl radical ((:},) at

100°C (31) assuming that the activation energy for recombination
is 1.5 kcal/mol greater than that for disproportionation 29).

Based on the above estimates for K,s and k_,
stabilized hydrocarbon radicals, k,s/M~' s~ =g 108 AH13/2.3R1
For reactions involving one stabilized and one non-stabilized

radical, (k /k__ ) ~ 0.1 (32). For self reactions of the
disp’ rec

resonance stabilized ketyl radical, Ph.COH, L /kr e ~ 0.03

(33); this value will be used for carbonyl disproportionation
with hydroaromatics.
For model compound studies in excess tetralin, reaction 13

will occur with a pseudo-first-order rate constant k/s” =

k;s[(:I:) ] ~ 5 k,s. However, for experiments carried out at
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temperatures above 446°C (the critical temperature of tetralin),
concentrations of tetralin, hence k, may be somewhat smaller.
Table V presents a list of estimated enthalpies and half
lives for molecular H-atom transfer (disproportionation) from
tetralin to a number of unsaturated molecules. At 450°C, and
even at 400°C, many structures will undergo rapid molecular
disproportionation with tetralin. Approximate relative rates
at 400°C for H-atom donation by molecular disproportionation
for selected hydrogen donors are estimated below (sources for
thermochemistry are given in footnote 1 of Table IV):

100 60 o9 30 ©X ). 30 4
O ! 0
OGR! 8 0.04 é 0.02 0.006

Some of these values are very approximate, especially for the
dihydronaphthalenes due to ring stain uncertainties in the
radical, and are meant to serve only as a rough guide until more
direct evidence is available.

Estimated rates of molecular disproportionation will now be
compared to observed reaction rates of unsaturated molecules in
the presence of various hydrogen donors.

Collins et al. have studied a number of reactions in excess
tetralin at 400°C (15). They reported 99% conversion of indene
to indane after 1 hour and conversion of cyclohexene and 1-
cyclohexenylbenzene to cyclohexane and cyclohexylbenzene after
18 hours. At 400°C values in Table V predict nearly complete
(>90%) hydrogenation of both indene and l-cyclohexenylbenzene
after 1 hour and a conversion of cyclohexene to cyclohexane at
a rate of 40% per hour. Molecular disproportionation is a
feasible pathway for these reactions.

Cronauer et al. (34) reported first-order rate constants
for the hydrogenation of trans-stilbene of 0.013 min~' at 400°C
and 0.06 min—' at 450° C; predictions from Table V are 0.004 min~
at 400°C and 0.04 min~" at 450°C.

Rate constants for reaction of benzothiophene (@2I;§),

indole ( ) and benzofuran (@):),O ) in tetralin at 400°C-
450°C have recently been reported by Mallinson et al. (35a). To
match their observed rates for these compounds, assuming that
molecular disproportionation is the rate limiting step, an
activation energy greater than the estimated activation energy
for indene hydrogenation (38.3 kcal/mol) by 9.8, 9.2 and 5.2
kcal/mol, respectively, is required. These values are
consistent with the idea that formation of radicals from
heteroaromatic molecules involves loss of resonance energy in
the heteroaromatic ring while relatively little stabilization
energy is lost when converting indene to the a-indanyl radical
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b 0
(@D ). For example, furan (§ /)) possesses less aromatic

stabilization energy than either pyrrole (@) or thiophene (@)
which is consistent with the observed higher reactivity of
benzofuran. Predicted rates of molecular disproportionation for
the series cyclopentadiene, furan and thiophene as given in

Table V are in the same order as observed for the benzo-analogues.
However, while pyrrole is predicted to be less reactive than
thiophene, benzothiophene was found to be less reactive than
indole (''benzopyrrole'").

Virk and Garry (24a) have recently investigated hydrogen
transfer from cyclohexanol to anthracene and phenanthrene and
have reported well-behaved second-order kinetics. These
workers suggest that this reaction may occur by a concerted
molecular H,-transfer. Simple second-order kinetic behavior,
however, is also consistent with molecular disproportionation
(and also with hydride, H , transfer). However, if it is

assumed that (kdisp/krec) = 0.1, predicted rates are only 1/100

of observed rates at 400°C. We therefore draw the tentative
conclusion that such hydrogen transfer by alcohols is not
primarily due to molecular disproportionation, although hydride
transfer remains a realistic possibility. It is curious that
observed relative rates of hydrogenation of anthracene and
phenanthrene by cyclohexanol are virtually identical to
estimated relative rates for molecular disproportionation at
350°C (estimated ratio = 30, experimental = 35).

Virk and co-workers (24b,c) and King and Stock (35b) have
reported rates for H,-transfer to anthracene and phenanthrene
in solution containing 1,2- and 1,4-dihydronaphthalene and
tetralin. Comparisons between reported rate constants and
estimated rate constants for bimolecular disproportionation are
given in Table VI. 1In agreement with Stock, this data does
not provide evidence for a concerted H:-transfer mechanism. Our
calculations indicate that molecular disproportionation may be
a major hydrogenation mechanism in these reaction systems.

Transfer of hydrogen to carbonyl groups differs from
analogous transfer to unsaturated hydrocarbons primarily due to
the greater likelihood for involvement of free ionic or ion-
pair intermediates in the former reaction. Linstead and co-
workers (36) have shown that transfer from dihydroaromatics to
quinones is best explained by a rate limiting step involving
hydride ion transfer. The applicability of this mechanism to
other systems is presently unclear (40). For example, under
appropriate conditions quinones can generate free radicals and
form adducts (37). Pseudo-first order rate constants for

H
reaction of benzaldehyde ([:Iq% ) and acetophenone ( gCHs)

have been reported by Cronauer et al. (34). Rate constants
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Table V. Molecular Disproportionation with Tetralin as H-Donor

° 2 _ 3
L AH 208 11/2 (H-acceptor)
H-acceptor (A) kcal mol~? 400°C 450°C
~
@\ 34.7 3 min 32 sec
g
38.3 10 min 1.7 min
@@" 38.8 8 min 2.4 min
[34.5% 43 sec 7.5 sec]
'
41.2 54 min 6.4 min
©
o X 42.7 2.8 hrs 18 min
Q 44.8° 13 hrs 26 min
-
45.7% 26 hrs 3.4 hrs
Y
53.5 200 days 12 days
© 61.6 150 yrs 6 yrs
e
@ 39.1 11 min 1.5 min
0
)
m 457 1.5 hr 1.5 hr
S w
)
0 577 14 yr 0.7 yr
I;l »
) 62’ 600 yr 22 yr
»
0
¢ 31.78 1 sec 0.2 sec
0
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Table V. (con't)

0
|Cl\
@:;@ 419’10 1 min 3.8 min
-
I
O H 4810 4.0 days 8.1 hrs
‘i\
|
c 10,11

@ \CH.3 46

10.

11.

43 hrs 2 hrs

arrow denotes thermodynsmically favored site of H-atom
addition; AH and T1/2 pertain to this hydrogen transfer site.

Derived using equation 15. When available, enthalpy of
hydrogenation A + H, - AH,, is taken from direct measurements
(27c) or differences between measured gas-phase enthalpies of
formation (27a) otherwise, estimation methods (1,7b) are
employed. Except where noted, bond strengths are derived
from recently recommended enthalpy of formation at 298 K of
benzyl radicals (47.0 kcal/mol) (11f).

S 1n2/k,s [tetralin]; assumes [tetralin] = 5 M; ki,
obtained as described in text.

Estimated value for AH (1,2-dihydronaphthalene) given in
reference (2).

Uses D(cyclohexyl-H) = 95.5 kcal/mol (1lle).

Uses AHf(9,10-dihydropenanthrene) = 36.90 + 0.30 kcal/mol
obtained by W. D. Good (28).

AHg (AH,) estimated by group additivity (1) assuming '"ring
strain" of 5 kcal/mol:

D(HO—@—O—H) assumed to be equal to D(@—O-H) (11h).

Latter value is corrected for recent enthalpy of formation
of benzyl radicals (11f).

Radical delocalization energy assumed to be 15 kcal/mol.

Assumes B-OH group lowers C-H bond strength by 4 kcal/mol
(11f).

Enthalpy of hydrogenation is assumed to be same as for
3-pentanone (27a).
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estimated for molecular disproportionation, kest’ relative to

observed rate constants, kobs’ are: for benzaldehyde,

kest/kobs = 0.005 at 400°C, 0.01 at 450°C; for acetophenone,
= 0.7 at 400°C, 1.3 at 450°C. Therefore, while

kest/kobs

acetophenone may undergo significant molecular disproportionation
with tetralin, benzaldehyde decomposes by way of other more

rapid pathways.

Formation of Free Radicals by Molecular Disproportionation. A
significant conclusion that may be drawn from considerations of
rate and equilibrium constants for molecular disproportionation
is that this path can provide appreciable concentrations of free
radicals in many systems long after most weak chemical bonds
have ruptured and bond homolysis has ceased to be a major source
of free radicals. 1In "pure'" tetralin, for instance, trace
concentrations of 1,2-dihydronaphthalene are expected to
equilibrate with tetralin and tetralyl raQ}cals,

o + @0 * 200

At a concentration of, say, 10~ % mole percent of 1,2-dihydro-
naphthalene, the concentration of a-tetralyl radicals at 400°C
and 450°C_ (assuming [tetralin] = 5 M) is estimated as 10°7-1 M
and 1076-7 M, respectively. These concentrations of free
radicals are in excess of that needed to carry out many chain
reactions at reasonably rapid rates. For instance, using H-
abstraction rate constants of benzylic radicals given in
reference (38), the half-life for exchange of benzylic H-atoms
in the presence of the above concentrations of radicals is ~1
hour at 400°C and ~10 min at 450°C.

Close examination of tetralin pyrolysis indicates that
reactions leading to irreversible termination of tetralyl
radicals are expected to be very slow due to the reversibility
of tetralyl radical recombination and disproportionation
reactions. This may, in effect, lead to sizable radical
concentrations even when the net reaction rate of tetralin is
very slow.

It is interesting to note that catalytic reactions tending
to equilibrate tetralin, 1,2-dihydronaphthalene and naphthalene
(19,39) will serve to generate free radicals since 1,2-dihydro-
naphthalene rapidly undergoes molecular disproportionation with
tetralin. For instance, at equilibrium a 0.5% solution of
naphthalene in tetralin (typical of distilled tetralin) will
generate ca. 107% mol percent 1,2-dihydronaphthalene at 400°C,
which will, in turn, form ca. 10 7 M tetralyl radicals (see
above).

Free-Radical H-Atom Transfer. In competition with molecular
H-atom transfer reactions, radical-induced transfer may occur,
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especially in environments containing high concentrations of
radicals. Benzylic and phenolic H atoms, and to some degree
paraffinic Hatoms, are expected to undergo exchange by simple
H-atom metathesis, for instance,

©+RH+©+R. an

However, rapid D/H exchange of very strongly bound aromatic H
atoms is known to occur both in coal systems (40) and in systems
containing phenanthrene (and anthracene) and PhCD.CD.Ph although
little exchange is observed in benzene/PhCD.CD.Ph systems (41).
Aromatic C-H bonds are ~25 kcal/mol stronger than benzylic C-H
bonds; hence,rapid D/H atom randomization of aromatic H atoms
cannot be explained by simple metathesis. The following
mechanism may explain this randomization:

—\C—Q/— _l§___\ —-\C—C,— _1?__; —\C—C/— __22_3
/ -18 / _19 * T220
D D D

+ \ S /

H ¢—c H—C—c¢’
Se=cl 7N /N
- ~N

N / \ /
. ,c—C 2, —t—¢—
D 21 H

N 7/ +

c—cC

/ D_

c=C
/A

Note that steps 19 and 20 go through transition states involving
relatively unstrained 5-membered rings. Related isomerizations
are well known in paraffin pyrolysis.

A very crude kinetic analysis of this system indicates that
such reactions are plausible for reactions in which step 18 is
exothermic and step 19 is not appreciable endothermic. These
conditions hold for addition of PhCDCDzPh to all positions in
anthracene and phenanthrene, especially to the 9 and 10 positions
(Table IV). For benzene, however, reaction 18 is 5 kcal/mol
endothermic; so randomization of H atoms on benzene is estimated
to be at least 40 times slower at 400°C than H-atom randomization
at any position in anthracene or phenanthrene.

The above radical addition sequence may also serve as a
means of H,-transfer if step 22 is competitive withsteps-19 & 20.

\/ o
—g—(lz— > ~c=c{ (22)
_\C_C / + R

7N —=c—c?
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This reaction could cause homogeneous equilibration of certain
hydroaromatic structures.

Free-Radical Induced Bond Formation and Aromatization. Based on
current understanding of free-radical aromatic substitution
reactions at low temperatures (7), a major pathway for
polymerization and crosslink formation in coal systems is
expected to be, HR

H
kas

Re + :@i = :@( (23)
kaw

Qs + ioi —_ )é:( + QH (24)

where Re and Qe are organic radicals. At coal conversion
temperatures, reaction 23 is expected to be highly reversible
and th rate of crosslink formation may be written, K22kz23[Re]
Q]I ], with Kzs = kzs/k-,,. Note that the rate of such
bond foFfmation is proportional to the square of radical
concentrations; hence,the very high free-radical concentrations
in coal conversion would cause the reaction to proceed much
faster than in typical model systems. Moreover, Qe may be a very
stable radical because of the very weak C-H bond in the adduct
radical formed in reaction 23 (typically 20-40 kcal/mol, see
Table 1IV).

High free radical concentrations are also expected to
assist aromatization through reactions such as,

60 > oo = f»“—'»-»

Based on the above considerations, high concentrations of
very highly stabilized radicals will facilitate polymerization
and aromatization and in this sense can be deleterious to coal
liquefaction processes.

Ionic Processes and Water Formation

The potential importance of reactions involving ions or ion
pairs in coal and model compound reactions has been emphasized by
Ross and co-workers (42) as well as by Brower (43). For many
types of reactions there exists considerable debate concerning
reactive intermediates and mechanism. However, in the case of
water formation, which is known to be rapid during coal
liquefaction under relatively mild conditions and appears to
occur in certain model compound reactions (15), it is difficult
to construct plausible pathways without postulating ionic
intermediates (although these intermediates may reside on solid
surfaces).

Free-radical schemes for water formation that involve *OH
radicals are not likely since the formation of this highly
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reactive free radical must involve very unfavorable thermo-
dynamics. Concerted molecular elimination of water has never
been unambiguously observed for the type of structures believed
to exist in coal or to be formed during coal reactionms.

Ionic reactions, on the other hand, provide a number of
plausible routes for H,0 formation from organic oxygen. For
instance, phenolic hydroxyl groups may be removed by hydride
transfer OH H OH H (H+)

W) + i)): > :@( > :@( + (OH) —> H,0

and aliphatic hydroxyl groups may be removed by proton transfer.
+ OH HOH
ahy + L+ K » X+ mo
?H
We have found that benzhydrol (¢C¢) rapidly forms diphenyl-
methane, benzophenone and presumably water in tetralin at 300°C

(11j). We cannot construct a reasonable mechanism to account
for this reaction without postulating ionic intermediates.

Test Case Pyrolysis. Liquid-Phase Pyrolysis of Bibenzyl

To begin the exploration of actual reaction pathways in
complex pyrolyses of aromatic substances, we have carried out
a detailed experimental and theoretical analysis of the liquid-
phase pyrolysis of bibenzyl. This pyrolysis system has been
studied by others (44,45,46), and the general kinetic features
of this reaction system are now rather well agreed on. Complete
details of this work will appear elsewhere (38a) and a few
implications of this work of particular relevance to coal
reactions will be discussed here.

(1) The reaction mechanism for formation of the major
products of this reaction is given in Table VII. Rate parameters
were obtained from both estimation procedures and separate
experiments and are all within the rather narrow range expected
on the basis of thermochemical kinetics considerations (1).

This mechanism has been found to exactly reproduce evolution of
the major products at low extents of reaction between 350°-425°C.
Bibenzyl pyrolysis proceeds by conventional well-understood,
free-radical reaction steps.

(2) A rather indirect mode of reaction accounts for 607 of
the product trans-stilbene (reaction sequence 1, 2, 4, 5, and 6
in Table VII). The importance of this path may be traced to
both the low disproportionation/recombination ratio for
resonance stabilized radicals, and the high rate constant for B-
bond scission of the intermediate radical recombination product,
1,2,3,4-tetraphenylbutane. Analogous decomposition routes
involving formation of an adduct, followed by irreversible
destruction of the adduct,may be important reaction paths in many
other coal related reaction systems.
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(3) Despite the fact that isomerization of bibenzyl to
1,1-diphenylethane proceeds through a rather thermodynamically
unfavorable intermediate (reaction 7 in Table VII), high
radical concentrations, high temperatures and high concentrations
in this pyrolysis allow this isomerization to proceed at a
measurable rate. This isomerization converts a thermally labile
substance to one that is less thermally reactive (or at least
reacts through different pathways). Related reactions may
significantly hinder coal dissociation since high free radical
concentrations in coal systems may cause such isomerization to
compete effectively with bond breaking reactions.

(4) 1In highly dilute mixtures of bibenzyl in tetralin (11j),
(one part bibenzyl in 200-1000 parts tetralin) 1,1-diphenylethane
is formed at a rate independent of dilution and roughly one-
sixth of the rate found in pure bibenzyl. This implies that
free-radical concentrations are independent of the concentration
of free-radical initiators in sufficiently pure tetralin.

Summary

(1) Gas-phase rate and equilibrium constants are generally
not very different from solution-phase values.

(2) Bond homolysis rate constants are estimated for many
covalent bonds presumed to be present in coal conversion
reactions. Other modes of bond breaking are examined using
thermochemical kinetic methods (1).

(3) Enthalpies of formation and entropies of resonance
stabilized radicals of importance in aromatic pyrolysis are
estimated to a level of accuracy suitable for order of magnitude
calculations.

(4) Molecular disproportionation may constitute a major
reaction pathway in coal-related systems both for transferring
hydrogen and for generating free radicals. Estimated rates of
this reaction are shown to often be close to observed reaction
rates in model systems.

(5) A free-radical hydrogen transfer mechanism is
proposed that may lead to rapid H-exchange in polyaromatic
systems.

(6) Water formation is briefly examined and ionic species
are suggested as the most plausible intermediates.

(7) Recent studies of bibenzyl pyrolysis are discussed in
the context of coal-related chemistry.
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Short-Contact-Time Coal Liquefaction:
Effect of Coal Rank and Solvent Source on
Conversions and Heptane-Insoluble Product
Compositions

JAMES R. LONGANBACH
Battelle Columbus Laboratories, 505 King Avenue, Columbus, OH 43201

The SRC-I coal liquefaction process is designed to produce
a clean, coal-derived solid fuel in a single, noncatalytic reac-
tion step. (1) Design of a demonstration plant for the SRC-I
process is now under way. (2) A two-step, hydrogen efficient
modification of the noncatalytic SRC I technology has been
proposed and studied extensively on a laboratory scale. (3-6)
Two-step SRC I technology is also being tested in pilot plant
scale facilities. (7, 8)

In the two-step SRC process the purpose of the first step is
to dissolve the coal at short contact times. The second step,
using more severe conditions, might be used to regenerate solvent
quality or, if necessary, to reduce the sulfur content of the pro-
duct. A single coal dissolution step might find practical appli-
cation 1if solvent were available from a nonprocess source.

Experimental

Coals and Solvents. Wyodak (Belle Ayr) subbituminous and
Monterey bituminous coals were used. Analyses are shown in Table
1. The coals were received as minus l-inch lumps and were ground
after cooling with liquid nitrogen. During grinding the coal
temperature did not rise above ambient and the evaporation of the
liquid nitrogen provided some protection from exposure to air.

The ground coals were stored in glass bottles under nitrogen.
The grinding procedure results in a slight increase in the mois-
ture content due to condensation.

Two solvents were used. Their analyses are given in Table
II. Solvent -019 is a hydrogen-enriched SRC I recycle solvent.
Solvent -035 is a hydrogen-depleted SRC I preheater effluent
solvent. These solvents represent extremes in the process derived
solvents associated with the SRC I process. Solvent -019 contains
more hydrogen, has a higher hydrogen-to-carbon ratio and much more
B-hydrogen which is an indication of tetralin-like materials
which can act as hydrogen donors in coal liquefaction. Solvent
-035 contains more aromatic hydrogen as measured by both Hl and

0097-6156/81/0169-0131$05.50/0
© 1981 American Chemical Society
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TABLE I. COAL ANALYTICAL DATA

(Weight Percent)

Wyodak
Monterey (Belle Ayr)

Moisture 10.57, 12.2® 29.80, 33.8
Elemental Analyses,

dry basis

Carbon 66.77 68.94

Hydrogen 5.17 5.40

Nitrogen 1.23 1.14

Sul fur 4,30 0.38

Oxygen (by difference) 11.34 19.41

Ash 11.19, 11.13® 4.73

e ———————t——————————————————————————————————————————— e S
e ——————— e —

(a) Analyses taken after grinding.
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TABLE II. SOLVENT COMPOSITIONAL DATA

(400 °F to 800 °F Boiling Range)

Preheater
Hydrogenated Effluent
SRC I Recycle Recycle
Mobil Solvent No. (92-26-019) (92-03-035)
Elemental Analyses
C 87.73 87.51
H 9.67 8.15
0 1.48 2,88
N 0.99 1.24
S <0.1 0.39
H/C 1.32 1.12
MMR Analyses
Polyaromatics 1.7 1.5
Aromatics 17.0 37.6
a 24,4 24,6
] 38.5 22.1
Y 18.4 14.3
c13 aromatics 51.6 74
Basic N (%) 0.34 0.42
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c13 NMR. Aromatics are unreactive as hydrogen donors. The
hydrogen-depleted solvent also contains more oxygen.

Summary of Experiments. Fifteen coal liquefaction experi-
ments were done using two coals and two solvents supplied by
Mobil Research and Development Corporation. Each coal-solvent
combination was tried at conditions designed to give conversions
to pyridine solubles of about 65 and 80 percent of MAF coal.

The time-temperature curves in the large reactor system
include significant amounts of time during heatup at temperatures
high enough for reaction to occur but below the desired reaction
temperatures (see Figure 1). The total heatup time averaged 4.7
minutes and in some cases the desired reaction temperature was
overshot. The average heatup time in Mobil Research and Develop-
ment's 300 cc coal liquefaction apparatus is about 1 minute. In
order to facilitate comparison of results obtained in the two
reactors and to compare results of different runs made in the
Battelle apparatus, a method was needed to compute a relative
reaction severity, Rg.

Such a parameter has been developed at Mobil and applied to
the Battelle experiments, (9)

Rg, a rate averaged severity, is defined as follows:

Rg = J.e—E/R T,

At

where t = Time, minutes
T, = Temperature, °K
E = Activation energy, 30 kcal/mole.

Table III shows the nominal reaction times, temperatures, and
reaction severities designed to give the desired conversions with
Wyodak (Belle Ayr) subbituminous coal.

TABLE III. RELATIONSHIP BETWEEN REACTION TIME, TEMPERATURE,
REACTION SEVERITY AND CONVERSION OF WYODAK COAL
TO PYRIDINE SOLUBLES

% MAF Coal
Reaction Conversion Reaction
Time, Temp, to Pyridine Severity
min °F (°C) Solubles Rg (x 10-16)
800 (427) 65 25
860 (460) 80 65
860 (460) 65 25
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The first half of the experiments were run to specified con-
ditions of time and temperature while the second half were run to
specific levels of Rg, calculated as the reaction progressed.

The experimental conditions are summarized in Table IV, The
shorter residence times used when Rg was calculated as the reac-
tion progressed reflect the portion of the reaction which occurred
during heatup. The desired reaction severities of 2, 25, and

65 x 10-10 were much more closely approached in the later experi-
ments.

Apparatus Description. A schematic diagram of the apparatus
used in these experiments is shown in Figure 2. One-gallon
stirred autoclaves were used for the reactor and quench vessels
and a 2-liter stirred autoclave was used for the preheater., A
coal-solvent charge of 1500 to 1800 g was used which left an
adequate head space for hydrogen in the reactor. The autoclaves
were connected in series with 3/8-inch transfer lines separated
by manually operated valves. Each autoclave was equipped with a
vent line so the system could be purged with nitrogen before
reaction and vented after reaction. Samples of the vent gases
from each autoclave were taken separately. Each autoclave was
also equipped with two thermocouples, one in the body of the
autoclave used to control the heater and a recording thermocouple
in the solution to measure the reaction temperature. AC2 was
also equipped with an inlet line for hydrogen and a separately
controllable internal heater to decrease the heatup time at the
start of reaction. The internal heater was also used to control
the temperature of the reaction during the reaction period. AC3
was equipped with a cooling coil to shorten the quench time at
the end of the reaction period.

Experimental Procedure. The coal and solvent were mixed
together and the moisture content of the coal was removed by dis-
tillation in glassware at atmospheric pressure. The water-free
slurry was then added to ACl with the stirrer on by applying a
vacuum to the system through the vent lines. This insured that
Ehe coal did not settle out., The preheater temperature was 200

C.

AC2 was preheated empty to 20-30 °C above the reaction
temperature such that the equilibrium temperature reached when
the reactants were added was 5 to 10 °C below the desired reac-
tion temperature. The internal heater was used to make up the
heat difference needed to reach the desired temperature.

After purging with nitrogen and heating the system, the
slurry was transferred from the preheater to the reactor.

Typical transfer times between autoclaves were 5 to 10 seconds.
The reactants were stirred rapidly and the hydrogen overpressure,
typically 1500 psig added hydrogen, was added quickly to AC2.

After transfer from the preheater to the reactor the temper-
ature was followed to the minimum and then a temperature reading
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Tempercture, C
L
(=]
o

340

320

O I T T O B
302468I0I2l4

Time, min

Figure 1. Typical time vs. temperature curves for Battelle coal liquefaction ex-
periments

Vent

Transfer lines === 3/8"
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Hydrogen

Carbon
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|=°ﬁ* —— !
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Figure 2. Schematic of coal liquefaction apparatus. AC2 is equipped with an

internal heater and AC3 is equipped with an internal ‘cooling coil. All autoclaves

and the heated fitter are equipped with pressure gauges, thermocouples, and tem-
perature controllers.
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was taken every 10 seconds and a hand calculator was used to
determine Rg., The plot of temperature versus time was rechecked
after the experiment to get a final Rg. At the conclusion of the
desired reaction time the products were transferred to AC3 and
quickly cooled to 200 °C using the internal cooling coil., Each
autoclave was vented separately to about 20 psig. The sample
was then collected from AC3 and stored in a refrigerated glass
bottle under nitrogen.

Product Workup Procedures. A sample of the products was
continuously extracted with THF and then with pyridine. Pyridine
insolubles were analyzed for ash and conversions of MAF coal to
pyridine solubles were calculated on the basis of the ash analy-
ses and the mass recoveries. A mass recovery balance was calcu-
lated for each experiment. The mass recoveries averaged 97.8
percent. The mass and ash based conversions diverged by an aver-
age of only 2,7 percent.

The THF solubles were distilled under vacuum to obtain frac-
tions containing THF (<70 °C), water (70 °C to 110 °C), light oil
(100 °C to 204 °C), and solvent (204 °C to 427 °C). The distil-
lation residue was SRC. This procedure may result in coking and
cracking of the SRC residue and inaccurate separation at the cut
point between solvent and SRC.

The workup procedure was later modified to distill only THF,
water and light oil. Solvent and SRC were separated by dropping
a THF solution of the slurry into boiling heptane with rapid
stirring. THF distilled off and the heptane was increased to at
least a 20:1 ratio of heptane-to-sample and allowed to cool over-
night with stirring. After filtration and drying, heptane solu-
bles were counted as solvent derived and heptane insolubles were
considered to be SRC. The 427 °C+ distillation residue has been
found to average 28 percent heptane solubles. Thus, a different
SRC yield structure is obtained depending on the product workup
method used.

Results and Discussion

MAF Coal Conversions to Pyridine Solubles. MAF coal conver-
sions, based on ash analyses, are shown for each coal-solvent
combination in Figure 3. Subbituminous coal is converted more
slowly, resulting in lower conversions at identical reaction
severities than bituminous coal. Maximum conversions are higher
with bituminous coal, approaching 90 percent on an MAF basis for
the Monterey coal compared to about 75 percent for Wyodak coal.
As reaction severity approaches zero the Monterey coal conversion
is about 70 percent and the Wyodak is about 40 percent. Lique-
faction appears to occur very rapidly to these levels and then
slower to the maximum conversion. The initial liquefaction may
be a physical dissolution while the slower rate represents a
reaction in which chemical bonds are broken, although other
explanations are possible. (10)
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The quality of the solvent also affects the conversion
levels. With the hydrogen-enriched solvent (-019) conversions
approach maximum levels at all reaction severities tried in this
work and no retrograde reaction was observed to reform pyridine
insolubles. A maximum conversion followed by a decline in conver-
sion was seen with the hydrogen-depleted solvent (-035) with both
coals. The maximum conversions are 5 to 10 percent lower with
the hydrogen-poor solvent than the best observed conversions
obtained with the hydrogen-rich solvent for each coal.

SRC Composition. The elemental analyses of the SRCs
obtained by the distillation workup procedure from the liquefac-
tion of Wyodak coal in the hydrogen-enriched solvent (-019) are
shown in Figure 4 as a function of reaction severity. The use of
the heptane precipitation workup procedure changes the composition
of the SRC using the same coal and solvent. These elemental
analyses are shown in Figure 5. The trends with increasing reac-
tion severity are the same. The hydrogen and oxygen contents
decrease, carbon content increases, and nitrogen and sulfur are
not affected significantly by increasing reaction severity.
Comparison of the nondistillable (SRC) product compositions
obtained by the two product workup methods are shown in Figure 6.
The less soluble material which remains after heptane precipita-
tion contains less hydrogen, more nitrogen and oxygen and about
the same amounts of sulfur and carbon. The heptane precipitation
procedure was used to obtain the SRC fractions discussed below.

The elemental analyses of SRCs from the liquefaction of
Wyodak coal in the hydrogen-depleted solvent (-035) are shown in
Figure 7. These data were obtained over a wider range of reac-
tion severities., Up to a point the trends are roughly the same
as seen with the hydrogen-enriched solvent. However, at the
highest reaction severity tried, the conversion decreased and at
this point the oxygen content of the SRC increased, and the
carbon and hydrogen contents decreased.

A comparison of the effect of the two solvents on the compo-
sition of SRCs from Wyodak subbituminous coal is shown in Figure
8. Compared to the hydrogen-enriched solvent, use of the hydro-
gen—-depleted solvent results in a SRC with higher sulfur and
oxygen contents and lower carbon and hydrogen contents.

The oxygen content of the hydrogen-depleted solvent is
higher, as was noted earlier, which suggest that the oxygen con-
tent of the solvent increases during liquefaction. Oxygen in the
coal reports to water, gases such as CO and CO2, and smaller
molecules which have boiling points within the solvent range as
the coal is liquefied. The rates and fractions of oxygen distri-
bution to each product type appear to be a function of the
hydrogen content of the solvent and the extent of reaction.ggy

The compositions of the SRC product fraction obtained from
liquefaction of Monterey bituminous coal with the hydrogen—
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enriched solvent (-019) are shown in Figure 9. The corresponding
compositions are shown in Figure 10 for liquefaction in the
hydrogen-depleted solvent (-035). With both solvents oxygen and
sulfur contents decrease and carbon and nitrogen contents increase
with increasing reaction severity. Hydrogen content is nearly
unchanged with increasing reaction severity with the hydrogen-
enriched solvent but decreases with increasing reaction severity
with the hydrogen-depleted solvent.

The reversal of carbon, hydrogen and oxygen contents when
retrograde reactions are observed at high reaction severities with
Wyodak subbituminous coal (Figure 7) are not as apparent when
retrograde conversion occurs with Monterey bituminous coal
(Figure 10).

The rates of change of the carbon, hydrogen and oxygen con+
centrations with increasing reaction severity are the most
obvious differences due to solvent source at the lower range of
reaction severities tried with Monterey coal. These are compared
in Figure 11. The changes are more rapid with hydrogen-enriched
solvent since conversion is greater and more of the less soluble
portion of the coal, containing less oxygen and more carbon is
soluble in the solvent. Hydrogen content also increases and sul-
fur content decreases more rapidly, probably reflecting better
hydrogen transfer from the hydrogen-enriched solvent.

The comparison in Figure 12 shows the effect of coal rank on
the elemental compositions of the nondistillable products. The
hydrogen, carbon and oxygen contents of the nondistillable pro-
ducts converge as reaction severity is increased. Nitrogen and
organic sulfur contents, which are higher in the bituminous coal,
are significantly different in the heptane insoluble fractions
resulting from liquefaction in the hydrogen-enriched solvent.

The organic sulfur content in the Wyodak subbituminous coal is
unaffected by increasing reaction severity while the types of
organic sulfur compounds in the Monterey bituminous coal are
removable as reaction severity is increased.

Carbon, hydrogen and oxygen contents also converge as reac-
tion severity is increased with the hydrogen-depleted solvent
(-035) until retrograde reactions occur with the Wyodak coal
(Figure 13). No data at equally high reaction severities are
available for the Monterey coal. Trends with nitrogen and sulfur
are the same as those described previously with the hydrogen-
enriched solvent,

Summary

MAF conversions to pyridine solubles from short contact time
coal liquefaction are dependent on the coal type, solvent source,
and reaction severity. As reaction severity increases conver-
sions approach a maximum value with a hydrogen—enriched solvent
but go through a maximum and decline with a hydrogen-depleted
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solvent. Subbituminous coal liquefies more slowly and reaches a
lower maximum conversion than bituminous coal. SRC type products
have been isolated as an 800 °F+ distillation residue and as hep-
tane insolubles. The heptane insoluble materials contain less
hydrogen and more nitrogen and oxygen.

When Wyodak subbituminous coal is dissolved in either a
hydrogen-depleted solvent or a hydrogen-enriched solvent, the
concentrations of hydrogen and oxygen in the heptane insolubles
decrease and carbon increases as the reaction severity is
increased. When retrograde reactions occur at high reaction
severities with the hydrogen-depleted solvent, the oxygen content
of the heptane insolubles increases and hydrogen and carbon
decrease.

Liquefaction of Monterey bituminous coals with either solvent
results in increasing concentrations of carbon and nitrogen and
decreasing concentrations of sulfur and oxygen in the heptane
insolubles with increasing reaction severity. Hydrogen content
does not change significantly with increasing reaction severity
when a hydrogen—enriched solvent is used but decreases signifi-
cantly when a hydrogen-depleted solvent is used. Sulfur content
also decreases faster with increasing reaction severity when a
hydrogen-enriched solvent is used.

Comparison of analyses of heptane insolubles from the lique-
faction of Monterey bituminous and Wyodak subbituminous coals in
the hydrogen-enriched solvent shows that carbon, hydrogen and
oxygen concentrations converge with increasing reaction severity
to form a product with similar elemental analyses. The same con-
vergence is seen when the hydrogen-depleted solvent is used.
There are significant differences in the nitrogen and organic
sulfur contents related to the concentrations of these elements
in the starting coals.
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The Effect of Solvent Compositions on the
Liquefaction Behavior of Western Subbituminous
Coal

L. R. RUDNICK and D. D. WHITEHURST
Mobil Research and Development Corporation, P.O. Box 1025, Princeton, NJ 08817

There is considerable evidence in the literature that
Western coals behave differently toward liquefaction than do
coals from the East or from the Interior (l). The differences
can be attributed to the geological and biological history of
these regions and yielded a different skeletal structure for
Western coal. Coal liquefaction studies have demonstrated that
the direct liquefaction of Western coals is more problematic and
requires more severe conditions than for Eastern coals.

Our earlier work has shown that short contact time coal
liquefaction when coupled with catalytic upgrading can offer
several advantages including economy of hydrogen usage. These pre-
vious studies of short contact time (SCT) dissolution were conduc-
ted using synthetic solvent mixtures with both Eastern and Western
coals. The work presented here has examined the short contact
time liquefaction of Belle Ayr coal using process derived sol-
vents. One requirement for such a process is that it be self-
sufficient in solvent and that an appropriate solvent quality
can be maintained in the overall process. This may require that
the solvent used in the first step be generated elsewhere.

The purpose of this paper is to describe some of our findings
which examine the liquefaction behavior of Western sub-bituminous
coal to determine which components of the solvent are most criti-
cal in the short contact time dissolution stage. The work will
be presented from two points of view:

e The effect of solvent composition on coal liquefaction, and
o The effect of coal conversion and the reaction conditions
on the composition of the solvent.

Effect of Solvent Composition on Coal Conversion

Past work by us as well as others has identified the follow-
ing critical solvent components: hydrogen donors, phenols,
hydrogen shuttlers, hydrogen abstractors. Our studies used low
boiling model compound mixture solvents for ease of distribution

0097-6156/81/0169-0153$05.00/0
© 1981 American Chemical Society
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of solvent and coal products. High solvent to coal ratios were
used to allow rapid heat-up on injection of the coal into the
reactor. Thus accurate time-temperature-conversion relationships
could be achieved.

In the present study we are using representative process
derived solvents which could be produced and recycled at lower
(commercially feasible) solvent to coal ratios. These changes
created several new experimental problems which will be discussed.

The solvents which have been used to date represent two
extremes (Table 1). One is a hydrogen enriched (9.67% H) SRC-1
recycle solvent (92-26-019) while the other is a hydrogen depleted
(8.15% H) SRC-1 preheater effluent solvent (92-03-035). Reactions
were performed in a 300 cc stainless steel batch autoclave which
has been previously described in detail (l). The experimental
procedure has also been described (2). Experiments in this paper
were performed at 1400 psig of hydrogen at a solvent to coal ratio
of three to one.

We have previously derived a parameter called Reaction
Severity (Rg) which provides a measure of the extent of reaction
expected from a given time-temperature sequence (3). One could
attempt to average the temperature over the period of reaction by
integration of the product of temperature and time increments.

The average temperature could then be calculated and the total
area (time X avg) would be representative of the extent of reac-
tion. The details of Ry derivation are provided in Reference 3.

Figure 1 shows the relationship between conversion, defined
as gas + pyridine soluble liquids, and Rg derived at two different
maximum temperatures. It can be seen that the conversions obtain-
ed at similar severities are the same (within experimental error).
This is true even though all of these data involved rather extreme
time-temperature fluctuations. Within limits a certain reaction
severity can be obtained either at lower temperature (800°F) for
longer time (6 min.) or at higher temperature for shorter time.

With changing reaction severity the composition of SRC prod-
uct also changes systematically (Table 2). The hydrogen content
and H/C mole ratio both decrease with increasing severity. The
nitrogen and sulfur contents show little variation. The oxygen
values may indicate that the response of conversion to soluble
products and deoxygenation may have different activation energies.
We have noted in past work that this Westerr coal did produce less
polar materials initially; thus the oxygen content may indeed go
through a maximum at short time. The table also shows that the
aromatic carbon content of the hexane insolubles (SRC) increases
with reaction severity.

The data shows that, for Belle Ayr coal, the initial SRC prod-
uct, at Rg < 11, is lower in aromatic carbon and richer in ali-
phatic carbon than the parent coal. With increasing severity, the
situation changes; at Rg of 20-25 the carbon distribution in the
SRC is similar to that of the parent coal; at Rg > 25, the SRC
product is more aromatic and less aliphatic than the coal. This
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Table 1. Compositional Data of Solvents (400°—800°F boiling range)

SRC-1
PREHEATER HYDROGENATED
EFFLUENT SRC-1 RecycLE
RECYCLE (conoco)
SOLVENT # 92-03-35 _92-26-019
ELEMENTAL ANALYSES
C 87.51 87.73
H 8.15 9.67
0 2,88 1.48
N 1.24 0.99
S 0.39 < 0.1
H/C 1.12 1,32
NMR ANALYSES
POLY AR 1.5 1.7
AR 37.6 17.0
a 24.6 24,4
8 22.1 38.5
Y 14,3 18.4
13 74.0 51.6
BASIC N (R) 0.42 0.34
CCR 0.07 0.10

In New Approachesin Coal Chemistry; Blaustein, B., el d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch009

156 NEW APPROACHES IN COAL CHEMISTRY

75 1 75.3
70 4
65 -
3
ol 60 ; 61.0
Z 59.1
o
55 56.2
50
an (23) (23) (67)
(800/2) (800/6) (860/2) (860/6)
SEVERITY
Figure 1. Relationship between conversion and severity
Table 2. Relationship Between SRC Composition and Severity
SEVERITY 11 23 23 67
T/t 800°F/2 min.  800°F/6 MIN. 860°F/2 min, 860°F/6 MIN.
o 81.87 81.76 83.17 86.09
H 7.08 5.95 6.09 5.82
0 9.45 9.98 8.76 6.12
N 1.40 1.57 1.51 1.58
S 0.21 0.24 0.22 0.21
H/C 1.04 0.87 0.88 0.81
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is in agreement with our earlier work which showed that the H/C
atomic ratio of the low severity SRC was higher than that in the
parent coal and that, with increasing severity, it decreased to a
value lower than that in the coal. Similar observations were made
in earlier studies where it was shown that the initial liquefac-
tion products of Wyoming coal were also richer in hydrogen and
aliphatic carbon and lower in phenolic content than both the
parent coal and products from larger time reactions.

There are indications that the formation of these initial
hydrogen enriched products and the rate at which the hydrogen con-
tent subsequently decreases is dependent upon the solvent donor
capacity.

The hydrogen to carbon (H/C) atomic ratio of the SRC follows
the relative changes in aromatic and aliphatic carbon distribu-
tion, being reduced with increasing aromatization.

With increasing SRC yield, concomitant with increasing con-
version, the product becomes more aromatic. Three effects should
be distinguished; firstly, that the progressive increase in coal
conversion involves the liquefaction of an increasing proportion
of elements within the coal structure which are more aromatic and
richer in heteroatoms. The second aspect to be considered is that,
with increasing severity, some hydrogen richer portions (e.g.
aliphatic substituents) of the SRC will be reduced in molecular
weight which will remove them from the SRC product range. Lastly,
the effect of increasing severity will lead to dehydrogenation of
hydroaromatic components in the SRC. The net result of these con-
siderations will effect a reduction in H/C atomic ratio of the SRC,
as observed.

Calculation based on previous data show that the aromatic car-
bon content of the SRC can only be increased to the values shown
by data by dehydrogenation reactions. These calculations take in-
to account the carbon types present in residue and in the gases.
As an illustration of some of these effects, if it is assumed that
the average molecular weight of the SRC is ca. 480, then the aver-
age structural unit will contain 33 carbon atoms. In the parent
coal, this unit contains 22 aromatic and 11 aliphatic carbons. At
Ry = 67, this changes to 28 aromatic carbons and 5 aliphatic
carbons. This is represented in model structures below:

Hexane Insoluble
Belle Ayr Coal After R = 67
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It should be noted that these models only consider the
cyclic carbon structure; no heteroatoms or side chains have been
included. Though this may not be totally accurate one very
important observation is that the extent of ring condensation
increases dramatically. This implies that the portion of coal
which becomes hexane insoluble (SRC) products is extensively
dehydrogenated even when high hydrogen content process derived
solvent (92-26-019) is used.

Using reaction severity it is now possible to compare the
liquefaction behavior of different solvents. Solvents containing
higher hydrogen donor concentration (92-26-019) are more effective
than the hydrogen-depleted solvent (92-03-035) even at short
times. The results also show that up to 55% conversion is
essentially solvent independent.

The severity parameter also allows us to compare our
results with those of others (Battelle). Figure 2 shows that
the results with solvent 92-26-019 compare very well. Other
synthetic and fractionated process derived solvents were used
and these results also show that up to 55% conversion is indepen-
dent of solvent composition.

The overall products of coal conversion can also vary when
reacted with solvents of different compositions. A combination
of data from our earlier studies using solvents containing v 40%
tetralin and data from this project shows that in general all of
the CO, production ceased by about Rg = 50 or in other words,
the short contact time regime.

Carbon monoxide, by contrast, continued to increase with
increasing severity. The results were somewhat scattered but
did indicate that CO formation involved more difficult trans-
formations.

The SRC yields at short times parallel conversion and few
light liquids were formed. Figure 3 compares some of the key
compositional features of SRC's produced with different solvents.
It is clear that the SRC contains more hydrogen and higher H/C
mole ratios when produced with solvents rich in hydrogen donors
as opposed to solvents which are deficient in hydrogen donors
even at the same conversion level. Sulfur contents though low
in all cases are slightly lower when hydrogen rich solvents are
used. Nitrogen contents were insensitive to solvent composition.
The trends noted earlier of hydrogen, H/C mole ratio and oxygen
are the same for both solvents used and the data are supportive
of lower oxygen content SRC's when produced at higher tempera-
tures.

In summary, we find that the application of reaction
severity parameter to predict conversion appears useful. We have
now coupled computer calculations of this value directly to our
reactors as a means of preselecting the conversion desired by
a computer controlled quench.

For Belle Ayr coal, conversion up to Vv 55% is independent of
solvent composition. Beyond this point, conversion is responsive
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Figure 2. Conversion to pyridine solubles. Solvent: 92-26-019 (O),; 92-03-035
(O); SS* 43 (A); 92-01-050 (V' ); 92-01-051 (X); BATELLE 92-26-019 (+).
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to solvent composition with hydrogen donor rich solvents pro-
viding higher values. This two component conversion may require
the incorporation of conversion level and solvent quality into
the severity parameter in order to develop a quantitative pre-
dictive equation.

The SRC composition is dependent on solvent composition at
all conversion levels and high hydrogen donor solvents produce
higher quality products.

SRC's produced at different temperatures have different
compositions (oxygen contents) at the same reaction severity and
it may be necessary to use a different assumed activation energy
for compositional changes.

In order for a coal liquefaction process to be viable two
requirements must be met. First, the process must be self-
sufficient in solvent, in other words that the quantity of
recycle solvent be greater than or equal to the initial solvent
used to initiate the process, and second, the solvent quality
must remain sufficiently high to perform desired conversion of
the coal while keeping to a minimum solvent consuming reaction,
charing, and gas formation.

Effect of Coal Conversion on Solvent Composition

Earlier work at Mobil and other laboratories (4,5) had
identified several processes responsible for solvent degradation
(e.g. hydrogen transfer, cracking, isomerization, alkylation and
condensation). In general, each of these processes converts a
molecule which is useful in the liquefaction process to one
which is less useful. Each of these processes can lead to both
changes in structure and the physical properties of the solvent
components.

Product Isolation. The use of true process derived solvents
instead of the model compound solvents used in past work (6) led
to several unexpected complications which required that we
modify our methods of product isolation.

The major problem area was the observation that even
hydrogen enriched solvents can react with coal or other solvent
components to produce products of higher boiling range and are
thus difficult to separate from SRC's by distillation. When a
400-800°F solvent was employed to convert Belle Ayr coal to SRC
at 800-860°F for 2-6 minutes contact time approximately 4-6% of
the solvent is converted to material boiling above 800°F. These
higher boiling components are soluble in paraffins and can be
distilled or sublimed at higher temperature.

Our previous studies with model compound solvents indicated
that higher boiling products can be produced via dimerization by
coupling of aromatic methyl groups and by alkylation of the
solvent by light coal fragments.
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When distillation is used to isolate solvent range material
the SRC yields were often higher than the calculated conversions
for these runs. Our past experience with a synthetic solvent
containing high hydrogen donor contents did not have this problem.
Assuming that the higher SRC yields at similar conversion were
due to the experimental difficulty of distilling at temperatures
above 800°F, the SRC samples were sublimed at 245°C/0.5 mm. The
SRC yields obtained after sublimation result in better agreement
with runs employing synthetic solvents. However sublimation is
experimentally tedious and difficult to perform on a large scale.
A new procedure was developed which would minimize the problems
encountered in distillation at temperatures above 800°F while
still providing clean separation of solvent components. Extrac-
tion of the SRC's with hexane in a soxhlet apparatus provided
hexane soluble and insoluble fractions. In this way we defined
SRC as the portion of the THF soluble product that is insoluble
in hexane. The hexane soluble portion is considered as solvent
or distillable products. When SRC yield was calculated in this
way and compared with older data in which the oils (obtained by
liquid chromatography) were subtracted the agreement was much
better (Figure 4). In order to minimize any problems due to
encapsulation of soluble materials in the precipitate the
reaction products are dissolved in THF (the solvent used for
autoclave washing, etc.) and the soluble products are added drop-
wise to an excess (20 times the m.a.f. coal fed) of hot heptane
(85-90°C). At this temperature the THF flashes off and the
solute is efficiently partitioned into heptane soluble and
insoluble products. The heptane slurry is then distilled to
totally remove THF, additional heptane being added as necessary.
Finally, additional heptane is added to increase the dilution to
30 times the m.a.f. coal fed. The mixture is then allowed to
cool and stand overnight, with stirring, before filtering.

Changes in Solvent Composition. The compositional data for
the low and high hydrogen solvents are shown in Table 1. The
SRC-1 Preheater Effluent (92-03-035) represents a low hydrogen
recycle solvent (8.15% H). NMR analysis indicates a high
aromatic content with a correspondingly low value for B hydrogen
which indicates a low concentration of hydroaromatics. The
aromatic carbon content, as determined by 13¢ NMR, is high and
is consistent with a low concentration of hydroaromatics. It is
interesting to note that although the absolute values for
nitrogen differ in the two solvents, the ratio of basic N to
total nitrogen is 0.34 in both cases.

A comparison by vpc of the high hydrogen (92-26-019) and
low hydrogen (92-03-035) solvents shows differences in major
components as well as in the boiling point distributions. The
high hydrogen solvent having a variety of possible hydroaromatic
structures for each aromatic carbon structure has fewer unique
major components than the solvent of low hydrogen content.
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Comparison of the low hydrogen solvent (92-03-035) with the
heptane soluble fraction from a SCT liquefaction which employed
the low hydrogen solvent by vpc indicates that the heptane
solubles closely resemble the starting solvent.

The reaction conditions and product analyses of the hexane
solubles for SCT liquefaction of Belle Ayr coal in high and low
hydrogen solvents are shown in Tables 3 and 4 respectively.

Examination of the composition of recovered solvent from
those runs with high hydrogen solvent (92-26-019) indicates that
the hydrogen content decreases with increasing severity and
approaches the hydrogen content of the recovered pre-heater
effluent solvent after only 6 minutes of reaction (Figure 5). We
also observed an increase in the oxygen content in the hexane
solubles with increasing severity. The nitrogen content decreased
slightly with increasing severity while sulfur content remained
relatively constant. The nature of this oxygen has not yet been
established.

Structural Changes of Solvent Components. Of the several
possible reactions which solvent components can undergo we have
examined three:

e cracking of solvent to form gases
® condensation of solvent molecules, and
e alkylation of solvent by coal.

Examination of gas samples taken prior to the injection of
coal from our SCT runs with Monterey coal and with low hydrogen
solvent indicate that as the severity of the conditions to which
the solvent is exposed increases, the amount of paraffins and
olefins (C; - Cg5) increases (Figure 6). A gas make of 3.6% was
formed in the run of highest severity.

If we then compared the solvents isolated after preheating
at low and high severities we find that the solvent which has
been subjected to higher severity is shifted to higher boiling
point distribution by virtue of the loss of lighter boiling
components.

Table 5 shows the composition of the solvents subjected to
preheat, the solvent composition based on the percentage of pre-
heated solvent in the total reaction solvent and the composition
of the heptane solubles isolated from each reaction. The data
shows that the preheated solvents are reduced in percent hydrogen
and hydrogen to carbon ratio with increasing severity of preheat.
The hydrogen to carbon ratio of the heptane solubles after
reaction with coal is essentially the same as that of the solvent
(92-03-035 + preheated solvent) which reacted with coal.

Condensation reactions also represent a process by which
components of solvent can interact to produce materials of higher
boiling point. If recycle solvent is isolated by distillation
then condensation can result in loss of solvent range components.
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Table 3. Reaction Conditions and Product Analyses. Hydrogenated
Recycle Solvent, —019; Hexane Solubles, Belle Ayr Coal
92-26-019 - - - 1.32 87,73 9,67 1,48 0,99 0.1
AC-196 800 2 11 1.31 86,46 9,41 3.05 0.8  0.06
AC-199 800 6 23 1,26 84,24 8.85 5.67 0.78 0.08
AC-197 860 2 23 1,17 81,15 7.92 10.15 0.81 0.0
AC-198 860 6 67 1,11 84,90 7.87 5,98 0.72 0.07
Table 4. Reaction Conditions and Products Analyses. SRC-1 Preheater
Effluent Solvent, —035; Hexane Solubles, Belle Ayr Coal
92-03-035 - - - 112 87,51 8,15 2.88 1,24 0,39
AC-201 800 2 5.68
AC-208 860 2 21,78 1.12 87.62 8.20 3.07 0,9  0.07
AC-209 800 6 23.17 1.06 87.31 7.68 3,78 0.82 0.30
AC-210 860 6 63.58 1,07 87.02 7.77 3.60 0.87 0.41
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Table 5. Changes in Solvent Composition

COMPOSITION OF SOLVENTS - AFTER PREHEAT

21 220 218 219 035
88.45 88.61 88.72 88.54 87.51
8.17 7.85 7.53 7.42 8.15
0.66 0.58 0.58 0.66 1.24
2.13 2.70 2.85 2.77 2.88
0.38 0.29 0.36 0.42 0.39
0.07 0.13 < 0.01 0.15 -
. 1.06 1.02 1.0 1.12
ity 32.6 45.9 81.06 12.9 -
COMPOSITION OF SOLVENTS - AFTER REACTION WITH COAL
218 221 220 219
Heptane Heptane Heptane Heptane
Sol. Sol. Sol. Sol.
(87.90)* 85.83 (87.80) 88.30 (87.52) 87.55 (87.30) 86.77
(7.95) 7.98 (8.18) 8.24 (8.14) 8.13 (8.11) 8.02
(1.03) 1.09 (0.98) .53 (1.06) .58 (1.084) .57
(2.87) 4.53 (2.80) 2.68 (3.03) 3.47 (3.21) 4.02
(0.38) .43 (0.42) .46 (0.39) .39 (0.42) .48
(0.09) .14 (0.05) .14 (0.03) .13 (0.02) .07
(1.09) 112 (1.12) 1.2 (1.12) 1.2 (1.12) 1.
ity 2.65 2.1 23 65.3
Solvent composition based on percentage of preheated solvent in the total

reaction solvent)
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For example, the solvent products of a liquefaction carried
out with a synthetic solvent (80% 2-methyl naphthalene, 18%
p-cresol and 2% y-picoline) were shown (by gc/ms) to have formed
a variety of dimeric products. Figure 7 presents the gas chromat-
ogram of this solvent after reaction in which the major compon-
ents were identified.

It can be seen that the major product 1,2-dinaphthyl ethane
results from coupling of the methyl groups of 2-methyl naphtha-
lene. This and other 2-methyl naphthalene condensation products
have boiling points above 800°F. Other high boiling products
result from the condensation of p-cresol with 2-methyl naphtha-
lene. The same condensation processes occur independently of
the coal used though the absolute amounts varied. Such dimers
formed preferentially in solvent mixtures in which methyl
aromatics were prevalent. As the concentration of tetralin
decreased there was an increase in the yield of methyl naphtha-
lene dimers (Figure 8). This was independent of the coal and
implies that the quality of the recycle stream must remain high
to minimize condensation processes.

We have found in the present work that as the reaction
severity is increased the average molecular weight (as measured
by FIMS) of the hexane soluble components (solvent) increases
for SCT liquefaction. The hexane insolubles do not significantly
vary in average molecular weight although a slight decrease is
observed.

Some of the chemical transformations which can be responsi-
ble for changes in the boiling point of the solvent are dispro-
portionation, dimerization, and condensation. Isomerizationm,
which has been studied in detail by others (4,5) has not been
mentioned because although isomerization significantly affects
the quality of the solvent, boiling point shifts are minimal.

Disproportionation provides the possibility for modified
reactivity of alkyl chains and also produces structures capable
of condensing to form heterocyclic rings.

Dimerization and condensation of alkyl aromatics and phenols
produce higher boiling polycyclic aromatic hydrocarbons which
may not be isolable as recycle solvent.

Alkylation of solvent represents still another pathway for
changing the properties of a recycle solvent. If we consider
alkylation in terms of the transfer to methyl groups from coal
to solvent components, then there are several structural and
physical changes that occur to the solvent. Alkylation will
increase the hydrogen content of the solvent at the expense of
coal since the solvent molecule will have a C-H replaced by
C-CH,. This represents an increase in the aliphatic content and
conversely a decrease in the aromatic content of the solvent.
Kleinpeter (7) has indicated that alkylation of condensed
aromatics is a problem. High aliphatic character will decrease
the ability of the solvent to act as a physical solvent for coal
liquefaction products.
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There will also be a small but real increase in the molecular
weight of the alkylated aromatic solvent components which result
in an increase in the boiling points of these components.

These alkyl aromatics can then further condense and dimerize
to produce products of higher boiling point as discussed above.
We are presently attempting to estimate the amount of solvent
alkylation which occurred in the autoclave runs described above.

In summary, the effects of solvent composition on the
liquefaction of Western sub-bituminous coal and the effect that
the conditions of the reaction and the coal has on the solvent
have been described. Use of our newly defined reaction severity
parameter to predict conversion allowed us to compare various
liquefaction experiments. A new product isolation procedure use-
ful for SCT conversions, allows separation of SRC from solvent
range material. Experiments have been performed in process
derived solvents of low and high hydrogen content. Belle Ayr
coal conversion up to Vv 55% was found to be independent of
solvent composition. Beyond this point, conversion is responsive
to solvent composition with hydrogen donor rich solvents providing
higher values. The SRC composition is dependent on solvent
composition at all conversion levels and high hydrogen donor
solvents produce higher quality products (higher hydrogen con-
tent). Not only are there differences in the SRC composition but
also in the solvent range material isolated from these rums.
Three processes were found to be important in considering the
self sufficiency of solvent in liquefaction technology; cracking
of the solvent to form gases (which is < 3.67% of solvent used) ,
condensation of solvent components, and alkylation of solvent by
coal (Figure 9 ).
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Interaction of Naphthalene with Bituminous Coal:
An EPR and NMR Study

JOSEPH J. RATTO and IRA B. GOLDBERG
Rockwell International Science Center, Thousand Oaks, CA 91360

Coal, mixtures of coal with naphthalene-dg, or mixtures of
coal with naphthalene-hg were heated at 400°C for periods up to
10 h. After cooling to ambient temperature, the heated coal was
investigated by EPR spectrometry, and the reacted naphthalene was
investigated by NMR spectrometry. The radical concentrations in
the heated coal increased slightly with time, while the radical
concentrations in the coal heated with naphthalene increased more
rapidly suggesting that the solvent may act as a stabilizing agent
for the thermally generated radicals. The g-factors of the sam-
ples of treated coal decreased rapidly from the room temperature
value of 2.00282 to a constant value in the range 2.00265 t
0.00003 during the time period from 1 h to 10 h, suggesting that
the radicals rapidly become more hydrocarbon in nature. The peak-
to-peak linewidths from the coal-naphthalene-ds samples were
slightly narrower than the linewidths from the coal-naphthalene-hg
samples, indicating that deuterium was not preferentially incorpo-
rated close to the stable radical centers. Significant hydrogen
exchange was observed between the coal and naphthalene-dg. The
incorporation of protium into the a position of naphthalene-ds
occurred more rapidly than in the g position, and a model was
developed to account for the rate of this exchange.

One of the methods used in the production of liquid fuels from
coal is to heat coal in the presence of solvents in order to dis-
solve and stabilize low molecular weight fragments. Many studies
(1-6) have been devoted to elucidating the chemical mechanism of
product formation in hydrogen donor and non-donor solvents. In
most of these studies, the time dependence of the product yield
was used as a measure of the rates of reaction, or the product
yield was correlated with the solvent, the rank of the coal or
other properties of the coal. In order to gain a better under-
standing of the nature of the coal-solvent interactions, we

0097-6156/81/0169-0173$05.00/0
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monitored the time dependence of the radical production and the
degree of hydrogen exchange between the coal and solvent.

A number of workers (7-15) have used isotope labeling of donor
and nondonor solvents to investigate hydrogen transfer, hydrogen
exchange reactions between coal and model compounds, and struc-
tural rearrangements of the solvent under liquefaction conditions.
In this study, I11inois bituminous coal, and mixtures of coal and
either naphthalene-dg or naphthalene-hg were heated at 400°C to
examine the time dependence of the reaction between coal and naph-
thalene. Aromatic hydrocarbons such as naphthalene can partially
dissolve coal at a temperature of 350°C. The mechanism of this
solvation (6,16) has been attributed to physical break-down of the
coal particles due to normal solvent activity and to chemical
interaction of the solvent with the coal. This chemical activity
may be the result of transfer of hydrogen via solvent from one
part of the coal to thermally generated radicals in another part
of the coal. Resulting radicals may then be stabilized by the
solvent, may rearrange to form low molecular weight products, or
may combine with large molecular groups to form chars. To
determine the concentration and nature of the radicals in these
reactions, the coal and coal products were examined by electron
paramagnetic resonance (EPR) spectrometry. Deuterated naphthalene
was used to distinguish between hydrogen (2H) originating from the
solvent and hydrogen (!H) originating from the coal. Deuterium
incorporated into positions in the coal close to radical centers
will narrow the linewidth of an EPR absorption. Isotope labelling
was also used to measure the exchange of hydrogen between the sol-
vent and the coal. The spent solvent was analyzed by 'H and 2H nu-
clear magnetic resonance (NMR) spectrometry to follow the exchange
process in different structural positions.

Experimental

Materials I1linois No.6 coal (74.5% C, 5.1% H, 1.3% N, 19.1%
S and 0, by weight, daf basis); 4.0% water and 13.1% ash by
weight, -200 mesh was dried at 110°C in vacuum for 4 h prior to
use. Naphthalene-ds, containing 98.5% 2H enrichment,
naphthalene-hg (Aldrich Chemical Co.) and anhydrous ethyl ether
(J.T. Baker Chemical Co.) were used. NMR analysis showed that the
starting naphthalene-dg contained 1.5% !H; 0.9% was in the a
position and 0.6% was in the B position.

Sample Preparation Multiple samples from Sets 1-4 were pre-
pared. Set 1: A 30 mg sample of coal was evacuated for 18 h at
< 0.2 Pa (10"* torr) and sealed in a 4.4 mm o.d., 12 cm long
quartz tube. Sets 2 and 3: Coal and naphthalene-ds (Set 2) or
coal and naphthalene-hg (Set 3) were mixed in a 1:1 weight ratio.
A 150 mg sample was placed in a 6.5 mm o.d., 15 cm long thick-
walled pyrex tube. The tube was cooled in liquid nitrogen, evac-
uated at < 0.2 Pa for 15 min, closed to vacuum, then allowed to
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warm to room temperature. These steps were repeated three times
before sealing the sample under vacuum. Set 4: A 60 mg sample of
coal and naphthalene-ds was degassed as described for Sets 2 and 3
and was sealed in a 4.4 mm o.d., 12 cm lTong quartz tube.

Experimental Procedure The four sets of samples were heated
for different lengths of time, ranging from 10 to 600 min in a
Marshall cylindrical furnace at 400°C. The glass tubes were
attached lengthwise to a rod extending through the furnace which
was tilted at an angle of 20° from the horizontal position. The
tubes were rotated at 200 rpm to provide agitation. The times
required for sample heat-up and cool-down between 25°C and 400°C
were respectively 200 s and 80 s. After cool-down, Sets 1 and 4
were examined unopened by EPR spectrometry. Samples from Set 1
were repeatedly heated and re-examined by EPR spectrometry at room
temperature. Sets 2 and 3 were opened, and the reacted naphtha-
lene was extracted from the sample with ethyl ether at ambient
temperature. Based on the initial and final weights of the coal,
less than 4 mg (~ 5 wt%) of coal was extracted from the spent coal
using this procedure. The remaining spent coal was evacuated at
< 0.2 Pa for 18 h and sealed under vacuum in quartz tubes for
analysis by EPR spectrometry. Based on the initial weight, the
amount of spent naphthalene extracted from the coal ranged from
70-95 wt%. The spent naphthalene was sublimed, and the naphtha-
lene was examined by NMR spectrometry.

NMR and EPR 2H and 'H NMR spectra of naphthalene samples were
obtained with a JEOL FX-60-Q spectrometer at 9.18 MHz and 59.79
MHz, respectively. Spectra were accumulated in the free induction
decay mode and were reconstructed by Fourier transform. A 45°
pulse interval was used corresponding to 75 us for 24 and 14 us
for lH. Chloroform and acetone-ds or chloroform-d were used as 14
or 2H NMR solvents with TMS as reference for 1H NMR spectra. Sam-
ples were contained in 10 mm o.d. quartz tubes, and the probe tem-
perature was 30°C. Quantitative measurements were made using p-
dioxane-ds (2H) and p-dioxane (lH) as internal standards. Trans-
forms and numerical integrations were obtained using software
supplied by JEOL, Inc. EPR measurements were made at 9,533 GHz
using a TE oy mode dual sample cavity. The computer-controlled
spectrometer and the integration techniques have been described
elsewhere (17). Data analysis was carried out with off-line BASIC
programs to determine the double integral, g-factor and linewidth
(aHpp). Less than 250 ug of diphenylpicrylhydrazyl (95%) were used
to calibrate the spectrometer. The Curie temperature of the
standard was assumed to be -26 K. Sample sizes were selected to
ensure that the cavity was not overloaded, which would cause non-
linear resggnse of the EPR signal (18). g-Factors were measured
against Mn2" in Ca0 (19). The magnetic field at which the
derivative of the absorption crossed the baseline of the spectrum
was selected for the determination of the g-factor.
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Results and Discussion

EPR Measurements of Heated Samples The EPR spectrum of the
unheated coal (Figure 1a) is composed of a sharp and a broad spec-
tral component. The narrow component has a larger signal amplitude
than the broader one and almost obscures the high field lobe of
the broader component. This sharp component has been attributed
to fusains in the coal (20), while the broad component has been
associated with exinite and vitrains (21). When the coal or mix-
tures of coal and naphthalene are heated, the intensities of the
sharp component decreases relative to that of the broad component.
This appears to occur: (a) because the linewidth of the broader
peak decreases so that the amplitude of the derivative increases
thereby masking the sharp component, and (b) because the intensity
of the sharp component decreases. Both sharp and broad components
were observed only for the coal in the absence of non-donor sol-
vent. The presence of oxygen can cause considerable broad-
ening of the linewidths; therefore, the measurements must be made
after removing oxygen in order to observe details of the spectra.

Radical Concentrations The number of radicals relative to the
concentration in unheated coal was determined from the suscepti-
bility according to the Curie-Weiss law (22). The radical con-
centrations from Set 1 are shown in Figure 2. The repeated heat-
ing of a single coal sample is shown by the lines connecting the
data points. In general, as the coal sample is heated for longer
periods, more radicals are produced as shown by the upward trend
of the data points between the pairs of dotted and broken lines.
Samples of coal heated for a short period of time (10-15 min) show
a slight reduction in the number of radicals even after cooling to
room temperature. A maximum of 40% more radicals were present
after heating for 120 min. Grandy and Petrakis (23) reported a
seven-fold increase of the radical concentration of a Powhatan
No. 5 HVb coal on heating to 450°C with 10.35 Pa of hydrogen mea-
sured at the elevated temperature in a rapid heat-up EPR cavity.
Reheating our samples of coal resulted in a slight increase or
virtually no change in the radical concentration. On the other
hand, fresh samples heated for 25 to 120 min show a significant
increase in the number of radicals produced. It is difficult to
ascertain the experimental scatter of these samples. Double
integrals were reproducible to ca. + 2%; however, heating and
rotation of the samples can cause a redistribution of the para-
magnetic material within the sample tube during reaction. This
can cause considerable scatter in the data, and we have no way to
evaluate this source of error.

The number of radicals produced after heating the coal samples
from Sets 2 and 3 relative to the radicals present in unheated
coal are shown in Figure 3. These coal samples were separated
from the solvent and sealed under vacuum before the EPR measure-
ments were made. The broken and dotted lines indicate the general
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10mT '
d e

Figure 1. EPR spectra of coal, coal-naphthalene-hy and coal-naphthalene-d,

heated at 400°C: a. unheated coal; b. coal heated for 30 min; c. coal heated for

10 h; d. coal heated with naphthalene-ds for 10 h; e. coal heated with naphthalene-
hg for 10 h.
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trend of the data. The greatest change of the radical concentra-
tion occurs within the first hour. The relative radical concen-
tration increases to a maximum of approximately 1.3 to 1.4 after
25 min. The concentration then slowly decreases to ca. 1.2 after
60 min and to ca. 0.9 after 600 min. This steady decrease in the
concentration of the radicals after 25 min is consistent with the
hypothesis (6,16) that naphthalene acts as a hydrogen transfer
agent, that is, hydrogen is transferred from one part of the coal
to thermally generated radicals in another part. Resulting
naphthyl radicals can either continue the chain or end it by form-
ing other products. A discussion of the stability of the naphthyl
radicals is given elsewhere (14). Some of the reduction in
radical concentration may also occur by combination of dissolved
radicals derived from the coal or by combination of these radicals
with either heterogeneous coal or other dissolved radical species.

g-Factors The g-factors of samples from Sets 1-4 are shown in
Figure 4. In general, the sets of data parallel each other with
the g-factors of Set 4 ~ Set 2 > Set 3 > Set 1. To show the gen-
eral trends, lines are drawn through the data from the heated
coal-naphthalene mixtures (@ ,0, and A) and through the data from
the heated coal (o). Although no measurements were made on the
coal heated between 0 and 10 min because of the finite heat-up
time, there is a large difference between the room temperature
value (2.00282 + 0.00002) and the values obtained after 10 min of
heating each of the four sets (2.00263 - 2.00268). This suggests
that the concentration of heteroatom containing radicals decreases
rapidly during the first few minutes of heating. Other workers
(22,24,25) have described similar behavior for heated coals.

The average value of the g-factors of samples of coal heated
between 1 h and 10 h is 2.00263 with a standard deviation of
0.00003. This indicates that only small structural changes, if
any, occur. Studies of unsubstituted aromatic hydrocarbon
radicals (26,27) have shown that either neutral radicals or
radical ions of large size should exhibit g-factors of 2.00262 t
0.00001. o-Radicals are expected to exhibit g-factors smaller
than 2.00262. Thus, it is possible that the radicals in heated
coal are wn-aromatic, of neutral charge, and contain very little
heteroatom character. g-Factors of coals heated with naphthalene
(Sets 2 and 3) are larger (2.00266 to 2.00270) but parallel the g-
factors of the heated coal (Set 1), suggesting that these radicals
may have significantly larger heteroatom content; they may be sta-
bilized by the solvent. Part of the difference between g-factors
of Sets 2 and 3 (ca. 0.00003 units) may be an artifact due to the
different line shapes (Figure 1); the broader line of Set 3 allows
more weight to the sharper spectral component at the point at
which the derivative crosses the baseline. g-Factors of the sam-
ples from Sets 2 and 3 increase after heating between 8 to 10 h as
shown by the dotted line in Figure 4. A possible explanation for
this increase is that radicals are formed in the coal after long
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heating times which react irreversibly with oxygen or the solvent
on exposure at ambient temperature thus increasing the g-factors.
Lewis and Singer (28) have reported the measurement of the g-
factors of 25 aryloxy radicals. The g-factors varied between
2.0032 and 2.0040.

The samples from Sets 2 and 4 can be compared to examine the
effect of exposure of the spent coal to air before resealing under
vacuum followed by measurement of the g-factors and linewidths.
The samples from Set 2 were opened, and the samples from Set 4
were unopened. As shown in Figure 4, the g-factors from Set 4 are
equal to the g-factors from Set 2 within experimental uncer-
tainty. This indicates that exposure to air and solvent at
ambient temperature does not significantly affect the g-factor
of the product. If oxygen does have an affect on the radicals in
the sample, those radicals which are changed are not detected.
This result indicates that peroxy radicals, if formed, do not
influence these measurements.

Linewidths The EPR spectra of the spent coal samples from
Sets 1-4 contained both sharp and broad components. Several ex-
amples are shown in Figure 1. The measured values are shown in
Figure 5. The sharp component was only observable for Set 1 over
the entire range of heated samples. It decreases slightly from
0.13 mT (1 mT = 10 Oe) after heating for 20 min to 0.09 mT after
heating for 600 min. The sharp components of the spectra of
heated coal-naphthalene mixtures (Sets 2 and 3) could be measured
only for samples heated for up to 40 min before being obscured by
the high field lobe of the broad component of the derivative spec-
trum. These values were very close to the values of the heated
coal samples, Set 1.

The linewidths (AHpp) of the broad component from Set 1 de-
crease rapidly during initial heating and are constant at 0.45 t
0.02 mT for samples heated from 10 to 600 min. AHpp of the broad
component of Sets 2 and 3 are much broader initially, starting at
0.68 mT (10 min) and decreasing to 0.49 mT (180 min). AHpp of Set
2 decreased further to 0.45 mT after 600 min of heating while that
of Set 3 remained constant at 0.49 mT.

In Figure 4, the values of AHpp from Set 4, sealed samples of
heated coal-naphthalene-ds which have not been exposed to air,
parallel the values of AHpp from Set 2, the corresponding sepa-
rated samples exposed to air, but those of Set 2 are much broader.
This broadening may be due to the samples irreversibly absorbing
oxygen from the air during the extraction of naphthalene. This re-
sult suggests that even prolonged evacuation does not remove all
of the oxygen from the coal product. It is also possible that
exposure to the solvent causes some change in the environment of
the radical, although the g-factors suggest that the radicals are
chemically equivalent.

Linewidths of radicals can reflect the degree of delocaliza-
tion of an unpaired electron in an aromatic radical and the extent
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of hydrogen incorporation. A hydrogen atom bonded to a carbon atom
in a m-electron system exhibits a hyperfine splitting which is
proportional to the fraction of electron spin density on that tri-
gonal carbon. As the electron becomes more delocalized, the line-
width tends to narrow for two reasons: (a) The spin density on
each carbon decreases so that each hyperfine splitting due to hy-
drogen is smaller, and the number of hydrogen atoms interacting
with the electron increases, so that the spectral density in-
creases in the region in which the total nuclear spin is near
zero. (b) A consequence of increased delocalization is that the
radical contains a higher proportion of tertiary (bridgehead)
carbon atoms so that spin density is consumed without a corre-
sponding increase of hyperfine interactions. A reduction in the
nunber of B8 hydrogen atoms (bonded to carbon atoms a to the aro-
matic system) will also decrease the linewidth. This occurs be-
cause of fewer hyperfine interactions which result from the inter-
action of the spin on the trigonal carbon with two or three hydro-
gens. Applying this reasoning to coal samples of Sets 1 and 3
indicates that coal heated without solvent forms more highly
conjugated systems than the coals heated with solvent. This is
also supported by the lower g-factor.

Deuterium labelling permits the extent of hydrogen incorpora-
tion near the radical centers to be estimated. Sample Sets 2 and
3 were treated identically, except that in Set 2, naphthalene-ds
was used as a solvent, while in Set 3, naphthalene-hg was used.

If the only source of linewidth of the coal is due to inhomogene-
ous hyperfine broadening, as described above, and if all of the !H
in the coal is replaced by 2H, the linewidth should decrease by a
factor of 3.25 (22). After heating for 10 h, 21.1% of the 24 in
the naphthalene of Set 2 is replaced by !H (see Figure 6). Based
on this amount of 2H being incorporated in the coal, the linewidth
of Set 2 should be about 0.03 mT [(1/3.25) (.211)(.49 mT)] smaller
than that of Set 3 after heating for 10 h. The experimental dif-
ference is 0.04 mT, which is close to the predicted amount. This
result suggests that exchange is not significantly preferential
near the sites of the stable radical products, in contrast with
results obtained for autoclave experiments (22) in which coal was
heated with D2 and Tetralin-d;.

Exchange of Hydrogen Between Coal and Naphthalene Incorpora-
tion of 'H into the a and B positions of naphthalene-ds as mea-
sured by 'H NMR spectrometry is shown in Figure 6. Progressively
more protium was found to be incorporated into the naphthalene-ds
solvent as the reaction time was increased. During the first few
minutes, the incorporation in both positions occurred more rapidly
than later in the reaction. Throughout the measured duration of
the reactions, the rate of incorporation of protium into the a
position was more rapid than in the g8 position.

If we define the total hydrogen (deuterium and protium) in
either the o and 8 positions as unity, so that f  or fB represent
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respectively the fraction of protium in the a or B positions, then
the respective fractions of deuterium are given by 1 - f and
1 - f,. After heating for 600 min, f_  increased from 0.018 to
0.33, while fg increased from 0.012 £0 0.092. This represents an
increase from 1.5% [100%°*(0.018 + 0.012)/2] protium to 21.1% pro-
tium. Our measurement of f is equal to 0.138 after 60 min and is
close to the value of 0.108 reported (L%) for naphthalene-ds and
HVB Loveridge Mine, Pittsburgh Seam coal heated in an autoclave
reactor at conditions of 1 h and 400°C.

A simple chemical model to interpret the data in Figure 6 is
based on the following chemical mechanism for the exchange
reactions:

+ coal—D (1)

ka
+ coal—H ——

D H
+ coal—H ——ke + coal=D (2)
D
D H
::::EE::::: I::::"::::) (3)
k-1

The a-hydrogen exchange, Reaction 1, and the B-hydrogen exchange,
Reaction 2, are interrelated by a 1,2-hydrogen exchange as shown
in Reaction 3. Each of these reactions may be more complicated
than that shown above, since they probably involve solvent or coal
radical intermediates. In reactions 1 and 2, for example, the
coal probably abstracts 2H® from the naphthalene-ds to form a
naphthyl radical, and subsequently the naphthyl radical abstracts
1H& grom a different part o? the coal as shown in Reactions 4

and 5:

g4 &
8.

+ coa]. + CO&]—D (4)

@)
@ ;
H
@)
@.
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H
.

©© + coal—=H — o @@ + coal'e (5)

By using the additional simplifying assumptions that the number of
active coal sites remains constant during the reaction and that
the forward and reverse rate coefficients are equal, k =k_,

k, =k 8 and k) = k_), then the rate equations for the incorfora-
t8on of®1H into the™a and g positions of naphthalene reactions can
be written

df
a: - - -
dt ka chc kacha klNB(fa fB) (6)
and
de
—at = KgNefe = KgNefg = kN (fg - ) (7)

where the first term of Reactions 6 and 7 is the forward rate, the
second term is the reverse rate, and the third term is the 1,2-
hydrogen exchange rate. In these equations, f. is the fraction of
active sites in the coal substituted with protium, and Na, NB
and N, are the number of active sites in the naphthalene™and
respectively.

If all of the protium and deuterium remains in the reactive
components, the conservation of protium can be written

Ng= (1-f)N, (8)

coal

faNa + fB
Since Na = NB’ solving for fc we obtain

N
- _a
fo=1-(F + fB) N (9)

This can be substituted into Equations 4 and 5 to give

df N N
a - % - & -
3t - kaNc 1 - fa(Nc +1) fB Nc klNa(fa fB) (10)
and
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de Na Na
—dt' = kBNC 1 - fB(N: + 1) - faN—c' - klNa(fB - fa) .

(11)

The exact solutions of Equations 10 and 11 can be obtained by
Laplace transforms or the solution of simultaneous differential
equations. The resulting coefficients of f and f, are very
complex functions of k;, k , k,, N and N_ .~ However, as seen in
Figure 6, the reactivity of thg 8 ﬁositioﬁ is small relative to
the « position. Thus, in the limiting condition where f, is close
to the initial value and neglecting exchange between the « and 8
positions,

df

Tk N DL -F NN+ DT (12)

Integrating with respect to fa, gives

en [1 - fa (Na/Nc +1)] = ka(Nc + Na) t . (13)

As an upper limit of the amount of active hydrogen in the coal, we
can assume that all hydrogen in coal is equally active; then Na/Nc
equals 0.5 under these experimental conditions. A plot of 2n

[1 - 1,5 f ] versus time showed that the general form of Equa-
tion 13 is obeyed, and k (N_ + N ) = 2.0 x 1075 s™! in the entire
period of 10 h. Although this vdlue is related to the rate con-
stant k_, it can not be directly compared with other rate con-
stants involving model compounds under homogeneous conditions. As
a qualitative comparison, some first order rate constants of reac-
tions of Tetralin have been measured at 400°C: the decomposition
of tetralin to form naphthalene - 4.8 x 1077 s~! and the rear-
rangement of tetralin to l-methylindan - 9.4 x 1077 s™1; the
transfer of hydrogen from Tetralin to : benzothiophene - 4.7 x
1078 s~1, indole at 425°C - 2.0 x 1076 s~!, and benzofuran - 2.7 x
1076 s71 (29). Although the decomposition of Tetralin to form
naphthalene or l-methylindan and the hydrogen transfer reactions
of tetralin with model compounds appear to be slower than the
exchange of the hydrogen in naphthalene with the hydrogen in coal,
these reactions are homogeneous while the coal-naphthalene
reaction is heterogeneous. We are investigating the rate of
transfer and exchange of hydrogen in the coal-Tetralin system in
order to compare it with the coal-naphthalene system.

Structural Analysis of the Spent Solvent The spent naphtha-
lene-hg, extracted from the spent coal with ethyl ether, was ex-
amined for hydrogenation or dimerization of the solvent. No di-
hydronaphthalene or Tetralin were detected by !H NMR spectrometry.
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Conclusions

Heating coal or mixtures of coal-naphthalene at 400°C provided
useful information about changes in the thermally generated radi-
cals. The radical concentrations, g-factors and linewidths from
the samples of heated coal (baseline measurements) and the samples
of heat coal-naphthalene were compared to study the effect of sol-
vent interaction with the coal. After a few minutes of heating,
the g-factor of the heated coal approached the value of 2.00263,
which is close to the g-factor of a small, neutral or a large,
fonic m-aromatic radical. The g-factors of the coal and naphtha-
lene samples were on the average slightly greater than those of
the coal samples. The broad linewidths of the coal samples were
constant at 0.45 + 0.02 mT, while the linewidths of the coal-
naphthalene samples initially decreased to 0.37 mT, were constant
from 10 min to 7 h, then increased slightly between 7 h to 10 h.
The linewidths of the samples of heated coal exposed to air at
room temperature were irreversibly broadened, even after evacu-
ating the samples to < 0.2 Pa for 18 h.

The spent naphthalene-hg was examined by !H NMR for structural
changes in the solvent. No hydrogenation of the naphthalene was
detected. The naphthalene-dg was examined to determine the amount
of deuterium which was exchanged with protium in the coal. After
10 h, 21.1% of the deuterium in the o and g positions of naphtha-
lene had exchanged. The o position was the most active position
for exchange.

By examining the narrowing of the linewidths of the coal-
naphthalene-ds samples compared to the coal-naphthalene-hg sam-
ples, it was found that deuterium was not preferentially incor-
porated close to stable radical centers in the coal.

A model was developed to interpret the exchange process, and a
rate of exchange in the a position was calculated to be
ka(Ne + Na) = 2.0 x 1075 s71,
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Coal Mineral Matter Catalysis in Liquefaction

BRADLEY C. BOCKRATH and KARL T. SCHROEDER

U.S. Department of Energy, Pittsburgh Energy Technology Center,
P.O. Box 10940, Pittsburgh, PA 15236

It is generally appreciated that the mineral matter
associated with some coals may act as a catalyst for
liquefaction. A common observation is that among bituminous
coals from the eastern United States, those with a relatively
high mineral matter content also provide relatively high lique-
faction yields. Also, addition of coal-derived mineral matter
increases the liquefaction yields from those coals with low
mineral matter content. The involvement of pyrite in these
effects has been fairly well established. The importance of
clay and/or other minerals is less well defined.

The catalytic properties of coal-derived mineral matter
are of fundamental importance to the practical operation of
coal liquefaction processes. However, little is known about
the basic chemical reactions by which the mineral matter acts
or how these reactions are related to the liquefaction of coal.
Such knowledge might assist us in reaching the full potential
in the use of these catalysts. Especially attractive goals
include increasing the activity of the catalyst, manipulating
its selectivity to provide maximum distillate yields at minimum
hydrogen consumption, and determining the optimum operating
conditions under which these catalysts may be employed.

Inferences may be drawn from reports on liquefaction
studies regarding the types of chemical reactions that might be
catalyzed by mineral matter. For example, hydrogenation activ-
ity has been indicated by an increased rate of hydrogen uptake
by creosote o0il in the presence of pyrite (1) and the
accelerated disappearance of major aromatic compounds such as
naphthalene (2). The viscosity of liquid products from coal
has been observed to decrease with addition of pyrite (2,4),
which implies removal of polar functional groups and/or
reduction in molecular weight. After hydrogenation with pyrite
present, the sulfur content of creosote oil was found to be
somewhat lower than when hydrogenated without pyrite (1). Con-
firmation that pyrite is indeed connected with catalytic
activity has been made by studies with model compounds. Hydro-

This chapter not subject to U.S. copyright.
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desulfurization of thiophene (5) and benzothiophene (6) has
been reported, but the pyrite catalysts were found to be much
less active than commercial CoMo catalysts. In one case (6)
pyrite was found to promote hydrogenation of benzothiophene but
was ineffective at actual extraction of sulfur from the hydro-
genated product, dihydrobenzothiophene. The low temperature
ash of mineral matter from Western Kentucky coal was reported
to isomerize l-butene to trans-2-butene (5). Pyrites from
mineral deposits have been shown to catalyze the
dehydrogenation of tetralin* (7). Residues from coal
liquefaction processes and crystall1ne pyrite mineral were
shown to catalyze the conversion of isopropanol to acetone and
propene (8).

Although mineral matter may provide a catalytic surface
for various reactions during the liquefaction of coal, it is
also possible that a large number of free radical reactions are
initiated by thermolysis of the organic components in coal.
Any study of catalytic activity must separate effects caused by
the former from those caused by the latter. A sizeable portion
of the work described below is devoted to establishing that
separation.

Eerrimental

Materials. Tetralin, purchased commercially, was passed
over activated alumina and stored under argon before use. In
order to correctly identify the isomer of methylindan found in
the product mixtures, authentic 1- and 2-methylindans were pre-
pared from the corresponding indanones by reaction with methyl-
magnesium iodide, dehydration, and subsequent hydrogenation
over Pd on asbestos.

Mineral matter was a Deister table concentrate from Robena
mine coal. It contained 68% pyrite and less than 4% organic
material. The remainder was largely clay. In one case, a hand-
picked sample taken from a pyrite nodule found in a Pittsburgh
seam coal was used. The microcrystals were crushed and sieved
to 325 x 400 mesh. X-ray diffraction analysis indicated the
only major component was pyrite, with a trace of marcasite also
present. After heating in tetralin at 450 °c for 15 min., the X-
ray diffraction patterns of the recovered microcrystals
indicated conversion was complete to pyrrhotite 1C. The coal
was hvB, Homestead Mine, Kentucky, ground to pass 200 mesh. Ash
and pyrite contents were 16.8% and 4.9%, respectively. The
asphaltene was a homogenized mixture of samples isolated from
liquid products derived from Pittsburgh seam, hvA coal. Its
ash content was <0.1%(9).

Methods. Reactions were run in stainless steel micro-
autoclaves of 30 mL. capacity. Reactors were charged with 20
g. tetralin plus the appropriate additive, flushed with

¥Tetralin is a registered trademark of E,I. DuPont de Nemours
& Co.
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nitrogen and sealed. Five such autoclaves were attached to a
module designed to fit a reactor apparatus equipped with both
heating and cooling fluidized sandbaths. Heating was
accomplished by immersion of the entire module in the hot bath
which had been preheated to 500-510°C. Heat-up time to final
temperature of 450%5°C was 6%1 minutes. Each autoclave was
equipped with an individual thermocouple. Autoclaves at both
ends of the module were always used as controls and were charged
with just tetralin. The entire module was shaken pneumatically
at 55-60 cycles/minute, with the autoclaves in a horizontal
position. Cool-down to under 200°C in less than 3 minutes was
accomplished by immersion in the second sandbath held at room
temperature. Gasses formed were vented at room temperature,
the reactors were weighed, and the products were poured into
centrifuge tubes. After centrifugation at 2000 rpm for 60
minutes, the liquid was decanted and analyzed by VPC. The
internal standard method was used to make a quantitative deter-
mination of the products. Five standard solutions were
prepared with concentrations bracketing the expected range of
the unknowns. Relative correction factors used in this study
had coefficients of determination >0.98. Most of the analyses
were done with 10' x 1/8" stainless steel columns packed with
Carbowax 20M on Chromosorb-WAW. Some were done with a 50M fused
silica capillary column coated with SP-2100. A Hewlett-
Packard 5840% gas chromatograph equipped with autosampler was
used to provide replicate analyses. Relatively short times for
full chromatographic analyses were achieved with the capillary
column. When it was used in conjunction with the autosampler
and computerized data reduction, analysis of each unknown and
standard solution could be replicated at least 3 and usually 4-
6 times within a reasonable length of time. Use of many
standard solutions and many replicate analyses allows a fairly
high degree of precision to be obtained. We estimate typical
precision of the determination of an unknown to be + 2% of its
value.

Results and Discussion

The reactions of tetralin in the presence of coal were
investigated to determine the extent of conversion along
various pathways in the absence of further added catalysts. As
may be seen from Figure 1, the yield of products generated under
typical liquefaction conditions (450°C, 30 minutes) increases
with the amount of coal added. Three products arise from
tetralin: naphthalene, n-butylbenzene, and l-methylindan.
Positive identification of the latter isomer was made by
comparison of gas chromatographic retention times with those of
authentic samples of 1- and 2-methylindan prepared by
independent synthesis.
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The decalins*recovered in the product were present in the
tetralin before reaction as minor impurities. The cis- and
trans-isomers were fully resolved in our chromatograms and
positively identified by spiking experiments with authentic
samples. Material balance calculations indicate that the total
amount of decalins was essentially unchanged over the course of
the reaction. Hooper et al. (10) have also reported that the
amount of decalin in tetralin did not change when it was heated
to 450°C with coal. However, we do observe that the ratio of
the trans- to cis-isomer is greatly changed and seems to
approach an equilibrium value after reaction at the highest
coal concentration.

All of these reactions presumably arise through free
radical mechanisms. The abstraction of hydrogen from tetralin
by coal to produce naphthalene is of course expected. What sets
this reaction apart from the rest is the linear dependence of
naphthalene yield on coal concentration. From the slope of the
yield curve, we calculate that hydrogen was removed from
tetralin in the amount of 2.5 wt. percent of the added coal.
This is a reasonable amount of hydrogen to be transferred to
coal under liquefaction conditions. However, we note a recent
report on the decomposition of 1,2-diphenylethane in tetralin
in which Benjamin states that over twice the amount of naphtha-
lene required in the formation of toluene was produced (11).
Presumably, the excess appears as molecular hydrogen. In the
present case, we cannot rule out the possibility that some
fraction of the naphthalene was produced by a similiar
mechanism.

The rearrangement of tetralin to l-methylindan is the most
prominent reaction at coal concentrations less than about 14
wt. percent coal. As may be seen by the intercept, a signifi-
cant amount of rearrangement took place even in the absence of
coal. There is now good evidence that rearrangement arises
primarily and perhaps exclusively from the 2-tetralyl radical
(12,13). It has been demonstrated that this rearrangement is
to some extent reversible (12) and that degradation of
l-methylindan to lower molecular weight products also occurs.
These reactions may account for the non-linear form of the
yield curve in Figure 1. In contrast, it has been shown (12,12)
that under liquefaction conditions similiar to those used here,
tetralin is not formed from naphthalene, the only one of these
products with a linear yield curve.

The yield of n-butylbenzene also increases with coal con-
centration, although the relative amounts are much smaller than
the yields of either naphthalene or l-methylindan. The
relative amount of the cracking of aliphatic groups from
tetralin and l1-methylindan has been observed to increase in the
presence of vitrinite (12). It has been suggested that the
opening of the aliphatic ring of tetralin may be accounted for
by the intervention of hydrogen atoms (}2312). Although the

*Decalin is a registered trademark of E.I,NDuPont de Nemours &Co.
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autoclaves were not pressured with hydrogen gas in our
experiments, hydrogen atoms might still arise from the
interaction of free radicals with minor amounts of hydrogen gas
generated during the course of the reactions or by B-scission
of hydrogen atoms from suitable radicals. Vernon (17) has
demonstrated that such a mechanism can account for the cracking
of otherwise thermally stable compounds.

The isomerization of the decalins is most easily explained
as a free radical reaction initiated by hydrogen abstraction at
one of the tertiary carbons. Inversion at the free radical
center followed by hydrogen abstraction would yield the other
isomer of decalin. Sufficient repetition of the process would
bring about equilibrium between the cis and trans forms.

Figures 2 and 3 contain yield curves for naphthalene and
l-methylindan as a function of reaction time for tetralin and
tetralin plus coal, pyrite, or asphaltene. The asphaltene was
a homogenized mixture of several samples isolated from coal
liquefaction products during other work in our laboratory (9).
This asphaltene sample contained essentially a negligible ash
content (<0.1%). Therefore, it contains many organic
structures similiar to those found in coal, but unlike coal,
its reactions will be free of any complicating factors due to
mineral matter. The yields of naphthalene and l-methylindan
are greater in the presence of asphaltene than in its absence,
although not quite as high as in the presence of coal. This is
additional evidence that these two products arise mainly from
reactions associated with the presence of the organic portion
of coaly matter. These reactions are quite likely free radical
in nature.

Pyrite vs. Pyrrhotite. Figures 2 and 3 also contain
yields of naphthalene and l-methylindan found in the presence
of mineral matter isolated from Robena mine coal on a Deister
table. The major component of this sample was pyrite (68%). X-
ray diffraction analysis of the residue recovered after
reaction confirmed that the reduction of pyrite to pyrrhotite
was complete within the shortest reaction times (15 min.). The
stoichiometric amount of naphthalene expected from the corre-
sponding oxidation of tetralin may be calculated. In Figure 2,
the dotted line is the sum of this calculated value and the
"thermal" yield found in the absence of additives. As may be
seen, the naphthalene yield always exceeds this calculated sum,
and the amount of the excess increases with time. Thus, as
required if pyrrhotite is acting as a (de)hydrogenation
catalyst, naphthalene is produced beyond, in both time and
amount, that required by the reduction of pyrite. However, we
note that the addition of pyrite is even more effective than
asphaltene in promoting the formation of l-methylindan (Figure
3). Although not shown in the figures, we have also found that
equilibration of cis- and trans-decalin and the ring opening of
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Figure 1.
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Figure 2. Naphthalene yield as a function of time in the presence of various addi-
tives. The dotted line is the sum of the thermal yield curve and the calculated
amount of naphthalene obtained by the full reduction of 50 mg of pyrite
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tetralin to n-butylbenzene is promoted by addition of pyrite,
just as in the cases of coal or asphaltene. Since all of these
products have been shown to arise from non-catalytic reactions,
we cannot establish on the basis of this data whether catalytic
or simply free radical processes dominate.

The results described above illustrate the problem of sep-
arating effects due to catalysis provided by pyrrhotite from
those due to the chemistry of the reduction of pyrite. It must
also be borne in mind that reduction of pyrite produces a nearly
equivalent amount of H,S, which remains available to enter sub-
sequent reactions by méchanisms now only poorly understood. In
order to remove these complications, pyrrhotite was prepared by
the reduction of pyrite with tetralin, isolated from the
reaction residue, and then heated with fresh tetralin. Figures
4 and 5 contain the yields of naphthalene and l-methylindan,
and the ratios of trans- to cis-decalin as a function of
concentration. In this case, the pyrite was a hand-picked
sample of micro-crystals taken from a coal nodule. As may be
seen, the yields of naphthalene and l-methylindan, and the
ratio of trans- to cis-decalin all increase with pyrite
concentration. The slope of the line for naphthalene yield is
0.91. A slope of 0.53 is calculated for stoichiometric
reduction of FeS, to FeS by tetralin to yield naphthalene.
Thus, roughly halz of the naphthalene produced can be accounted
for by the demand for hydrogen in the reduction of pyrite.

The yield curves found in the presence of the recovered
pyrrhotite shown in Figure 5 are quite different from those for
pyrite. Production of l-methylindan and trans—decalin was
negligible. The increment in naphthalene yield is about 0.6
g/g pyrrhotite. On a molar basis, this is equivalent to about
0.45 g/g pyrite. This value is in good agreement with the
amount of excess naphthalene produced during the reduction of
pyrite. From this comparison, pyrrhotite by itself appears to
catalyze the dehydrogenation of tetralin but is unable to
initiate the free radical reactions which lead to l-methylindan
or trans-decalin by abstraction of secondary or tertiary
hydrogens, respectively. With this limited set of data, it
cannot be established whether the lack of radical reactions is
due to the absence of radical initiators or lack of a good chain
carrier such as H,S, both of which are normally generated when
pyrrhotite is formed in situ by the reduction of pyrite.

These studies have shown that a variety of reactions are
promoted when either organic matter from coal or mineral matter
from coal, principally pyrite, is heated to liquefaction temp-
erature with tetralin. However, when just pyrrhotite is heated
with tetralin, only dehydrogenation is catalyzed. Thus, in
order to evaluate the effects of iron sulfides, it is of
critical importance to separate their actions as reactants from
their actions that are truly catalytic in nature.
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The Kinetics of Flash Hydrogenation of Lignite
and Subbituminous Coal

B.L. BHATT!, P. T. FALLON, and M. STEINBERG

Process Sciences Division, Department of Energy and Environment,
Brookhaven National Laboratory, Upton, NY 11973

A reaction model, based on a single coal particle
surrounded by Hy gas, is developed for the hydrogenation of
lignite and subbituminous coal. Conversion data from
experiments conducted at various pressures, temperatures,
particles residence times and gas residence times are correlated
to calculate activation energies and to obtain one set of
kinetic parameters. A single object function formulated from
the weighted errors for the four dependent process variables,
CH4, CoHg, BTX, and 0il yields, was minimized using a program
containing three independent iterative techniques. The results
of the nonlinear regression analysis for lignite show that a
first-order chemical reaction model with respect to carbon
conversion, satisfactorily describes the dilute phase
hydrogenation. Data obtained from experiments using
subbituminous coal are correlated using similar techniques.
Results from data analysis of the two types of coals are
compared. The mechanisms, rate expressions, and design curves
developed can satisfactorily predict conversions to various
products at different conditions and hence can be used for
scale-up and reactor design.

Flash hydrogenation is a short residence time (1 to 10 sec)
gas—-phase, non-catalytic process in which pulverized coal is
rapidly heated (20,000-30,000° C/sec) in hydrogen to obtain
liquid and gaseous hydrocarbons directly. Experiments were
conducted in a 2 1b/hr, 1" ID x 8 ft long downflow tubular
reactor in the range of 500° to 900°C and 500 to 3000 psi Hp
pressure for North Dakota Lignite and New Mexico subbituminous
coal (1), The ultimate analyses of these coals are given in

I Current address: Air Products and Chemicals, Inc., P.O. Box 427, Marcus Hook,
PA 19061.
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Table I. An on-line process gas chromatograph analyzed the gas
stream for 10 components every 8 minutes from sample taps
located at intervals of 2 feet along the length of the reactor
2). The heavier hydrocarbon products (> Cg), collected in
liquid product condensers, were measured at the end of each
experiment.

Modelling. The flash hydrogenation is assumed to take
place via the following reaction steps:

C (in coal) + Hy —<L> CH, +Hy —55 c*
C (in coal) + Hy —2-> CyHg + Hy —6 c*
C (in coal) + Hy —3> BIX + Hy —L> CH,

C (in coal) + Hy —4> 01ls + Hy —B-> CH,

C* designates the non-reactive elemental carbon contained
in the char product. The chemical reaction is assumed to be the
rate controlling step. This assumption is justified in the
Discussion of Results. The reactions are considered to be first
order with respect to fraction of carbon remaining in coal as
well as converted to hydrocarbons and mth order with respect to
Hy partial pressure. The details of the development of the
model is reported elsewhere (3). The experimental data
correlated was obtained from dilute phase operation in an excess
of hydrogen atmosphere, so the partial pressure of hydrogen was
considered to be approximately equal to the total system
pressure and was assumed constant along the length of the
reactor.

For isothermal conditions, differential equations set up
from material balances of each component can be solved
analytically to obtain the relationships in Table II.

Arrhenius behavior of the rate constant with temperature
was assumed as follows:

ky = kyge "Ey/RT for all i

Regression Technique. A minimization program 'MINUIT'
(4) was used on CDC 7600 to fit the equations to the data and
find the unknown parameters. Three different minimization
algorithms, Monte Carlo, Simplex, and Variable Metric, available
in MINUIT, were used for the correlation.

A single object function was formulated for the four
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TABLE I

ULTIMATE ANALYSIS (WT PCT DRY) OF LIGNITE
AND SUBBITUMINOUS COALS

(1 (2
North Dakota New Mexico

Lignite Subbituminous
Carbon 59.0 59.3
Hydrogen 4.0 4.2
Oxygen* 25.5 16.8
Nitrogen 0.9 1.2
Sulfur 0.6 0.8
Ash 10.0 17.7
100.0 100.0

*By difference

1) From Baukal Noonan Inc. Mines, P.0. Box 879, Minot, N.
Dakota 58701

2) From Western Coal Co. Mines, P.0. Box 509, Farmington, N.
Mexico 87401
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TABLE II
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BTX] = -k7 P tg _._ ~kj234 P t
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Weighting factors inversely proportional to the variance of
each dependent variable were used (23. To take into account

the variable number of data points available for each dependent
variable, weighting factors were taken proportional to the
number of data points and can then be represented as follows:

W1 = ——N"_" ~ for 1 = 1a2’3a4'
(Y - ¥y)?

Results of Regression Analysis. For simplification, it was
assumed that all activation energies for initial formation of
hydrocarbons from coal are the same, 1i.e. E; =Ep = Eq = E4se A
rationale for this is that during decomposition, coal is in
equilibrium with the same transition complex regardless of the
final products.

Data from 83 experimental runs, with Hp/coal weight ratio
of about 1, using North Dakota Lignite, were correlated.

Details of the correlation for the lignite are reported
elsewhere (é). For New Mexico subbituminous coal, data from

47 experimental runs, also with Hy/coal weight ratio of about 1,
were correlated. For these runs, 166 data points, corresponding
to different locations in the reactor, were available for CHy,
CoHg and BTX concentrations. O0il data, obtained from the total
amount of oil collected in the condensors, were available for 17
runs.

Estimated values of various parameters for subbituminous
coal are tabulated in Table III, along with those found for
lignite. The order of magnitude of the parameters is the same
for both coals. Correlation coefficients and standard errors
for the subbituminous coal are tabulated in Table IV. The
standard error of 8% carbon conversion for CH, seems to be high,
but because of higher amounts and variation in the CH, data, a
correlation coefficient of 0.92 is obtained, indicating
excellent correlation. The correlation of the oil data is
better compared to those of CyHg and BTX data.

Using Student's t statistics, hypothesis: p=0 was tested
(6). 1t was found that the hypothesis p=0 can be rejected at
the 0.005 significance level. It therefore appears almost
certain that the % carbon conversions to CH;, CyHg, BTIX and Oils
can be related to reaction temperature, Hp partial pressure,
particle residence time, and gas residence time by the
correlations.

Using Fisher's Z transformation (9), 95% confidence
limits for the overall correlation coefficient for the
subbituminous coal were 0.70 < r < 0.84.

A sensitivity analysis was performed on the correlation.
The kinetic parameters and correlation coefficients were
estimated for N = 166, 156, 146, and 136 with N, = 17, 16, 15,
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and 14 respectively. The correlation coefficients obtained are
tabulated in Table V. The correlation coefficients do not show
any significant change (< 5% variation) indicating that the
correlation is good.

Design curves were developed in the range of the
experimental data from the kinetic parameters and rate
expression, using a Tektronix interactive graphic terminal
connected with CDC 6600. Figures 1, 2 and 3 show percent carbon
conversion to CH; Vs. reactor length, gas residence time, and
particle residence time, at various temperatures and pressures.
For pressures of 1500 psi and 2500 psi, maxima in CH, yields are
found within the range of the experiments. CH, yield increases
and occurs at lesser residence times as the temperature
increases. Figures 4, 5, and 6 show percent carbon conversion
to CoHg, BTX and Oils, respectively vs. reactor length for
various temperatures at 1500 psi. The maximum yields of these
products decrease and occur at lesser residence times as the
temperature increases.

Maximum yields of various products and necessary operating
conditions are tabulated in Table VI. Maximum yields from
subbituminous coal are found at 2500 psi, which is the highest
pressure used in experiments for that coal. For comparison
purposes, lignite yields are also tabulated for 2500 psi, though
some experiments were conducted at 3000 psi with the lignite,
obtaining higher yields. For both coals, the CH; maximum is
found at higher temperature and occurs at shorter residence
times, compared to CoHg, BIX and Oils. Higher maximum yields of
CH, and BTX and slightly lower maximum yields of CyHg and 0Oils
were obtained for the subbituminous coal compared to the
lignite. Maximum % carbon conversion to CH, vs. pressure is
plotted in Figure 7. The maximum CH4; conversion shows a linear
increase with increase in pressure for both coals. At all
pressures, the maxima are found at 900°C and the subbituminous
coal maximum yields to CH, are higher than those from the
lignite.

Discussion of Results and Conclusions. The results of
regression analysis show that a chemical reaction model, first
order with respect to fractional carbon conversion, with a
production and a decomposition step for each of CHy, CoHg, BIX
and Oils, satisfactorily describes the dilute phase flash
hydrogenation of both lignite and subbituminous coal.

The activation energy estimates of > 20,000 cal/gmole
justify the assumption that chemical reaction is the rate
controlling step. The activation energy for the initial
formation of hydrocarbons was 42,700 cal/gmole for lignite and
43,200 cal/gmole for subbituminous coal, with estimated errors
of only 50-80 cal/gmole. This indicates that the error involved
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TABLE IV

CORRELATION COEFFICIENTS AND STANDARD ERRORS
FOR THE SUBBITUMINOUS COAL RESULTS

Standard Errror,

Correlation Coefficient %C Conversion
CHy 0.92 8.0
CoHg 0.66 3.2
BTX 0.72 2.9
0ils 0.81 0.7
Overall 0.78
TABLE V

RESULTS OF THE SENSITIVITY ANALYSIS FOR THE SUBBITUMINOUS COAL

CORRELATION COEFFICIENT

N N4 CHy, CoHg BTX 0ils Overall
166 17 0.92 0.66 0.72 0.81 0.78
156 16 0.92 0.65 0.71 0.84 0.77
146 15 0.92 0.64 0.69 0.81 0.76
136 14 0.92 0.66 0.69 0.80 0.77
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Figure 1. Flash hydrogenation of subbituminous coal: pressure — 500 psi; H,
flow rate ~ 1 Ib/h; coal feed rate ~ 1 1b/h.
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Figure 2. Flash hydrogenation of subbituminous coal: pressure = 1500 psi; H,
flow rate ~ 1 Ib/h; coal feed rate ~ 1 1b/h.
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Figure 3. Flash hydrogenation of subbituminous coal: pressure = 2500 psi; H,
flow rate ~ 1 1b/h; coal feed rate ~ 1 1b/h.
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Figure 4. Flash hydrogenation of subbituminous coal: pressure = 1500 psi; Hy
flow rate ~ 1 Ib/h; coal feed rate ~ 1 1b/h.
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Figure 5. Flash hydrogenation of subbituminous coal: pressure = 1500 psi; H,

flow rate ~ 1 Ib/h; coal feed rate ~ 11b/ h.
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Figure 6. Flash hydrogenation of subbituminous coal: pressure = 1500 psi; H,
flow rate ~ 1 Ib/h; coal feed rate ~ 1 Ib/h.
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Figure 7. Flash hydrogasification of coal: maximum percentage of carbon conver-
sion to CH, vs. pressure (at 900°C). Solid residence time (t,); gas residence time
(tg); North Dakota lignite (O ); New Mexico subbituminous ((J).
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in the assumption, that all the activation energies for initial
formation of hydrocarbons from coal are the same (E] = Epy = E3 =
E4) 1is probably small. The values of these activation energies
estimated are comparable to the mean activation energy of 48,700
cal/gmole found by Anthony (7) for devolatilization of Montana
Lignite and the activation energy of 48,900 cal/gmole found by
Bhatt (3) for hydropyrolysis of North Dakota Lignite. The
kinetic parameters (ksg, kggs k70s Es5, Eg, E7) corresponding to
the decomposition steps for CH;, CyHg and BTX are found to be
almost the same for both lignite and subbituminous coal, as
expected. The pre—exponential factors for oils are different
for the two coals, probably due to some difference in nature of
the oils produced. The pre-exponential factors (kyg, kg, k30,
k40) for initial decomposition of subbituminous coal are found
to be different than those for lignite. At optimum conditionms,
subbituminous coal produces more CH; and BTX and slightly less
CoHg and Oils than lignite. The power of the hydrogen partial
pressure, m, was about +0.14 to +0.15. This indicates a small
increase in % carbon conversion to hydrocarbons with increase in
hydrogen partial pressure.

The correlation for subbituminous coal with overall
correlation coefficient 0.78, having 95% confidence limits of
0.70 and 0.84, is considered good.

The mechanism, rate expressions, and the design curves
developed satisfactorily represent the experimental data and
hence can be used for scale-up and reactor design.

The model developed might be applicable to other types of
coal while the regression technique used is applicable to any
experimental data for correlation.

The model was developed from experiments conducted in a
downflow reactor, where gas residence times are greater than
solid residence times. The model may not be able to predict
residence time effect in a fluid bed or upflow reactor where
solid residence times are greater than gas residence times. But
it does give useful information for pressure and temperature
effects in these reactors.
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Nomenclature

[BTX]

[ifi]exp
[CH4]
[CHalexp
[C2He)
[C2Hglexp
E, Eg

F

kg

[0i1s]

fraction of carbon converted to benzene, toluene
and xylene.

mean of [BTX]exp

fraction of carbon converted to methane.
mean of [CH4lexp

fraction of carbon converted to ethane.
mean of [CaHglexp

activation energy, cal/gmole

object function

rate constant, sec”l

pre—-exponential factor, sec”l

sum kj+ko+k3tky, sec”l

order of reaction with respect to Hy gas
number of data points

fraction of carbon converted to Oils
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[011s]exp mean of [0ils]exp

PH2 partial pressure of hydrogen, psi
r sample correlation coefficient

R gas constant, cal/gmole °K

tg solid residence time, sec

T temperature (absolute), 9K

ug gas velocity, ft/sec

ug solid velocity, ft/sec

ugg ratio ug/us

Wy weighting factors

Y, Y4, Yij dependent variable
Y, Yy mean of Y
Greek letter

1) theoretical population coefficient of correlation

Subscripts

cal calculated value
exp experimental value
g gas

i ith component

s solid

RECEIVED June 16, 1981.

In New Approachesin Coal Chemistry; Blaustein, B., el d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch013

13

Characteristics of Coal-Derived Liquids from
Different Processes:
Relationships to Coal Structure

LARRY L. ANDERSON, KWANG E. CHUNG!,
RONALD J. PUGMIRE, and JOSEPH SHABTAI

Department of Mining and Fuels Engineering, William C. Browning Building,
University of Utah, Salt Lake City, UT 84112

The structural description of coals at molecular level has
not heretofore been possible for several reasons. Included
among these are the heterogeneous nature of coals, as well as
the difficulties in direct examination of a solid material which
cannot be easily converted to simpler degradation products by
mild, predictable chemical reactions. As solid materials, coals
can be examined by relatively few methods which give precise
chemical structural information. Methods which have been used
include X-ray diffraction and fluorescence, ultraviolet, infra-
red and visible light absorption, reflectance and refractive
index, proton and C13 nuclear magnetic resonance, magnetic sus-—
ceptibility and density. Results from such measurements have
been used for clarification of some general structural features
of coals. Liquids derived from coals are more amenable to
studies which yield molecular level information. However, the
method of converting solid coals to liquids must be well defined
and controlled in order to provide data which can be useful for
elucidation of structural features in the original coals.

In the past, derived liquids have been prepared from coals
by extraction, chemical reaction (reduction, hydrogenolysis,
alkylation, etc.) and destructive distillation (pyrolysis).
Depending on the conditions of liquefaction, the chemical
changes have varied considerably in depth. These preparation
processes are very complex and some assumptions are always
necessary in describing the chemistry involved.

In order to formulate a chemical picture of coals, many
types of conversion have been studied along with descriptions of
the chemical changes involved (1-5). The results reported by
different investigators do not always agree since different
coals were used and sample preparations were not uniform. How-
ever, from the work cited and other results, the following
general description seems appropriate for bituminous coals.

1 Rockwell International Science Center, 1049 Camino Dos Rios, Thousand Oaks,
CA 91360.
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Coals are chemically heterogeneous and no one representa-
tion or model appears adequate for descriptive purposes. Based
on microscopic, X-ray and other spectral analyses no regular or
repeating structure, as in simple polymers, seems appropriate.
Rather, coals are apparently composed of a variety of condensed
aromatic-hydroaromatic ring structures having substituents, e.g.
short chain aliphatic groups as well as O-, S- and N-containing
groups, some of which serve as linking units between the ring
structures (1-5). The structural components range from highly
stable, e.g. aromatic rings, to reactive functional groups, e.g.
OH and SH. It has been concluded that ring clusters contain
from 1 to 6 aromatic rings, with an average of about 3, con-
densed with 1 to 2 hydroaromatic rings. These clusters are
linked together by means of carbon-carbon, etheric, thioetheric,
and other bonds, which are more susceptible to attack than the
clusters themselves. Products of coal pyrolysis, hydrogenation
and extraction could provide structural information on the
clusters if it is assumed that the latter are preserved in most
of these reactions, except at temperatures high enough to cause
cracking of aromatic ring systems, e.g. >600°C. There is evi-
dence that aromatic rings remain unchanged even under drastic
hydropyrolytic conditions (500-600°C; hydrogen pressure, 2500-
3000 psi; absence of catalyst) (6).

The objective of this communication is to report structural
information on a bituminous coal from a thorough characteriza-
tion of its extracts. The characterization was carried out
according to a scheme devised on the basis of our current under-
standing of coal chemistry. The scheme consists of considera-
tions in preparation, fractionation, and analysis of coal-
derived liquids (CDL) to obtain molecular-level information on
the CDL per se as well as on the parent coal. The information
obtained relates mostly to the structure of component clusters.

Experimental

A high volatile (Clear Creek, Utah) bituminous coal (Table
I) was ground to -40+100 mesh and subjected to liquefaction by
two methods: (A) hydrogenation as a dry powder in a short-
residence-time hydrogenation unit, using ZnCl, as catalyst (7,8),
and (B) solubilization with NaOH-ethanol at two different tem-
peratures. Process descriptions of these liquefaction proce-
dures follows:

TABLE I

Proximate and Ultimate Analyses of Clear Creek Coal
(<40 +100 mesh)
Proximate Analysis (wt %)
Moisture 6.0 Ash 10.0
Volatile Matter 39.4 Fixed Carbon 45.6
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TABLE 1 (Cont'd.)
Ultimate Analysis (wt %, MAF basis)
Carbon 79.3 Hydrogen
Nitrogen 1.7 Oxygen (difference) 1
Atomic Ratio H/C 0.83

w un
PSS,

Procedure A. Coal derived liquids (CDL) were obtained by
hydrogenating dry powdered coal in a coiled-tube reactor (9).
The reactor temperature was 500°C and the hydrogen pressure
applied was 1800 psig. The residence time of coal and/or pro-
ducts was 10-20 seconds. The pulverized coal had been previous-
ly impregnated with 5% by weight of zinc chloride. Products of
the hydrogenation treatment included 10% gases, 5% light liquids
(b.p. <250°C), 55% neavy liquids, 15% char and 15% water (per
cents by weight of dry mineral matter free coal). Conversion
was 857 assuming char as unreacted coal. c13 nuclear magnetic-
resonance analysis of the feed coal and heavy liquids indicated
that about 80% of the carbons in the product were in a similar
chemical environment as in the solid coal (10). It was expected
that particularly the heavy fraction (b.p. >250°C) would retain
some of the features of the feed coal. This fraction was there-
fore selected for characterization. The work-up included wash-
ing with distilled, deionized water to remove catalyst, strip-
ping water and light products, distilling under vacuum and
extracting with solvents. It was found that paraffinic material
made up part of the heavy liquid product (HVL)and these were re-
moved by extraction with ethanol and acetone at ambient and
-5-0°C, respectively. With the paraffinic materials removed,
the remaining liquid was designated as HVL-P.

Procedure B. Solubilization with NaOH-ethanol was done
following the procedures developed by Ouchi et al (11,12). 1In
each experiment 24 grams of coal was reacted with 120 grams of
ethanol and 40 grams of sodium hydroxide. Reactions were con-
ducted in a stirred autoclave at 300°C and at 320°C, using a
processing time of 100 minutes after the reaction temperature
was reached. At the completion of the reaction, the reactor was
cooled to room temperature. Distilled, deionized water was in-
troduced inside the reactor, and the product was collected in
two forms:

i. Water slurry--the fraction of the product dissolved or

floated as small particles upon stirring.

ii. Solid product--the rest of the product attached to the

reactor wall.
SP-300 and SP-320 were the designations given to the solubiliza-
tion products obtained at 300 and 320°C, respectively.

Fractionation of CDL

In preliminary experiments, distillation and solvent extrac-
tion were compared to each other as separation means. HVL (or
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HVL-P) was extracted with two solvents: once with ethanol, and
once with cyclohexane at room temperature and a solvent/sample
ratio of 10. HVL-P, the ethanol-soluble fraction (ES) of HVL,
and cyclohexane-soluble fraction (CyS) of HVL-P were distilled
at temperatures ranging from 250° to 365°C under a variable
vacuum down to 2 torr. Distillable fractions were designated
"light", "middle" and "heavy'" with the undistilled part termed
"resid". The "light" fraction was yellowish and fluid up to
-59C; the "middle" fraction was reddish and fluid at room tem-
perature but solidified at lower temperatures, while the 'heavy"
fraction was red, and the '"resid" fraction was black.

The water slurry of SP-300 was acidified to pH 2 with 10%
HCL to obtain two forms of precipitates: one was lumpy and the
other was powder-like. After separation from the solution,
each form of precipitate was dried. The former was designated
as fraction I and the latter, fraction J. The solid product
from SP-300 was acidified, separated from the solution and
dried. Then the product was extracted with pyridine at room
temperature with a solvent/sample ratio of 10. The soluble por-
tion was called fraction K. Thus SP-300 was divided into four
fractions: fractions I, J, K, and Pyridine-Insoluble. Likewise,
SP-320 was divided into four fractions: fractions I', J', K',
and Pyridine-Insoluble. Figure 1 summarizes the procedures used
in the preparation of all CDL products. Elemental compositionms,
molecular weight, nuclear magnetic resonance and infrared spec-
tra were obtained for each major fraction. Details of the
preparation of specific fractions of HVL-P and solubilization
products and analyses can be found elsewhere (13,14).

Analyses

Fractions separated as described above were analyzed for
elemental composition, molecular weight, and ash content.
Nuclear magnetic resonance and infrared spectra were obtained
for most fractions. No complete analytical data were obtained
for certain fractions, where insolubility or insignificant
yield prevented some of the determinations.

A Perkin-Elmer Model-240 Analyzer was used for determina-
tion of carbon, hydrogen, nitrogen and oxygen contents. Molec-
ular weights were determined by vapor phase osmometry using a
Corona Model 117 Apparatus (Wescan Instruments, Inc.). Proce-
dure and concentrations were carefully selected in order to
ensure good accuracy. Determinations were performed using
approximately 0.5 and 1.0 milligrams of sample per ml. of sol-
vent (14). Chloroform was used as the solvent for HVL-P and
its fractions, and pyridine was used for SP-320 and SP-300 frac-
tions. Some molecular ion values and distributions were also
obtained by Plasma Desorption Mass Spectroscopy (15).

Proton magnetic resonance (PMR) spectra were obtained using
a Varian EM-390 spectrometer at 90 MHz. Deuterated chloroform
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was used as solvent for HVL-P and its fractions and pyridine—D5
for SP-320 and SP-300 fractions. Tetramethylsilane was used as
the reference for assignment of chemical shifts. Residual pro-
tons in a solvent were determined by means of an internal stan-
dard, p-dioxane.

Infrared spectra were obtained using a Perkin-Elmer Model
283 Spectrometer. Spectra of liquid samples were obtained from
smear coating on KBr cells and KBr pellets were used for solid
samples.

Structural parameters were obtained for the fractions of
HVL-P using elemental composition, molecular weight and PMR data.

Definitions and formulae of the molecular parameters (16,17,
18,19) obtained are as follows:

NUMBER OF AROMATIC CARBONS

C,=C-+(u +H
o

A 2 H, + HB) (1)

1
2 g) — 3 (Hy

FRACTION OF AROMATIC CARBONS (=AROMATICITY)

fam 2 (2)
TOTAL NUMBER OF RINGS

RT=ZC-2H+2‘%CA (3)
NUMBER OF AROMATIC CLUSTERS

CAP=HA+%H20.+%H30£ )

#cl = % (Cpp - % c,) (5)
NUMBER OF AROMATIC RINGS

Cy - 2 fel

R, =~ (6)
NUMBER OF NAPHTHENIC AND SATURATED RINGS

Ry = Ry - B, ™
MOLECULAR WEIGHT = MW (8)

In addition to the molecular parameters defined above, the
following cluster parameters were also calculated:

CLUSTER SIZE = RA/#cl (9)

CLUSTER WEIGHT = MW/{#cl (10)
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In the formulae, C and H are the numbers of carbon atoms
and hydrogen atoms, respectively, in the empirical formula of a
sample. The formula was obtained from elemental composition and
molecular weight. Regarding the elemental compositions of SP-300
and SP-320 fractions, substantial amounts, Vv 10%, of an unknown
component were revealed by the analysis. In the calculation of
empirical formulae, the unknown was assumed to be Na or Cl incor-
porated into the fractions during the solubilization, since more
than 85% of original ash in coal was recovered in the pyridine
insolubles of SP-300 and SP-320. The incorporation means that
the molecular weight of each fraction includes the contribution
of Na of Cl in the fraction. 1In the empirical formula, Na or Cl
was not included because the contribution of either one was minor.
The number of hydrogen, H, was divided into those of five types,
Hpp, Hpy, Hgy, Hg and based on the assignments of NMR spectrum.
This division was done in HVL-P fractions. In SP-300 and SP-320
fractions, however, H o and were included in HZa and Hp, re-
spectively, because taeir spectra showed that (1) Hyy and H.Y
were much smaller than Hp, and HB’ respectively, and (2) the
resolution was poor.

Parameters, R,, , , MW and #cl are for the average
molecule of a sample: hey will be called molecular parameters.
Parameters, R,/#cl and MW/#cl, are for the average cluster; these
will be called cluster parameters. Carbon aromaticity, f,, is
for either the average molecule or the average cluster; (fp, of
the molecule is assumed to be the same as that of the cluster).

Results and Discussion

The CDL products prepared in this study were characterized
with the purpose of determining structural similarities and dif-
ferences. Since the products from the two alternative types of
conversion (hydrogenation or solubilization) were from the same
coal, it was expected that some relationships to structures pres-
ent in that coal would be possible.

A proper method of fractionation is indispensable in the
study of the composition of coal-derived liquids (CDL). Data in
Table II show large differences between solvent extraction and
distillation as fractionation methods. Two fractions, ES and
EI-AS, from ethanol extraction exhibited little differences from
each other, while two fractions from distillation of ES revealed
marked differences in molecular weight, H/C ratio, hydroxyl group
content and physical appearance.

The data in TableITllikewise show a major difference between
solvent extraction and distillation. Cyclohexane soluble mater-
ial, CyS, had a wide spread in molecular weight as did HVL-P
itself. Cyclohexane dissolved all of the Light and Middle frac-
tions, and about 50% of the Heavy fraction and Resid in HVL-P.
Thus, cyclohexane extraction is not as effective as distillation
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TABLE II

Yields and Analytical Data on Ethanol-Extraction Products
from HVL-P and Distillation Products from the Ethanol
Soluble Fraction ‘

Separation Solvent Extraction Distillation
Process of cDL? of ES
Products £s ¢ EI-AS ES-dist © ES-resid
Yield
wt % 60.3 25.4 56.0 44.0
Mole 7% - - 71.7 28.3

Average Molecular Formula

C 17.9 19.3 12.9 27.7
H 20.2 21.7 16.7 27.6
N 0.2 0.2 0.1 0.3
0 1.2 1.1 1.1 1.1
Molecular Wt 257 273 192 383
Atomic H/C 1.13 1.13 1.29 1.00
Total O b 7.38 6.17 9.41 4.69
% W/wW)
Phenolic O 58.2 52.7 70.0 26.4
(% of Total
oxygen)®©

Physical Appearance Black Liquids, Yellowish- Black Solid,
at room temperature Very viscous. Brown 1liq, Brittle and
Much Less Shiny.
Viscous Than ES.

3The third fraction (EI-AI) is mostly paraffinic material.

bpetermined by difference from C-H-N analysis.

CDetermined from NMR spectra, elemental composition and molecular
weight.

dES=ethan§1 soluble fraction, EI-AS=ethanol insoluble-acetone
soluble fraction.

eyjelds (weight % and mole %) for ES-distillate and ES-resid are
based only on the total quantity of ES.
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TABLE III

Comparison of Distillation Products from HVL-P
and its Cyclohexane Soluble Fraction

Molecular Yield
Sample Operation Product Weight Weight % Mole %
HVL-P -— -_— 258 100 (1007
Distillation Light 183 19.2 30.4
Middle 210 15.7 21.6
Heavy 272 17.6 18.7
Resid 390 40.0 29.2
Loss - 7.5 -
HVL-P  Cyclohexane CyS$S 72.1 -
CyP 29.7 -
cys — — 267(254) 72.1(100)2 (100)?
Distillation Light 181 19.6(27.2) 40.4
Middle 229 16.7(23.2) 27.2
Heavy 290 7.9(11.0) 10.2
Resid 401 23.8(33.0) 22.2
Loss - 4.1( 5.6) -

8Values in parentheses are weight % of total CyS. Mole % values
are for HVL-P or CyS.

In New Approachesin Coal Chemistry; Blaustein, B., el d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch013

232 NEW APPROACHES IN COAL CHEMISTRY

in fractionating HVL-P according to molecular size. The advan-
tage of fractionation by distillation to the understanding of the
nature of HVL-P will become clear as we examine other data.

Structural parameters were obtained for the fractions of
HVL-P using elemental analysis, molecular weight determinations
and PMR data. Structural parameters for HVL-P and its fractions
are given in Table IV. The values are experimental, except
those in parentheses which are calculated for the total liquid
product from the weighted values of the four fractions. Experi-
mental values of HVL-P agree well with the calculated ones,
indicating good consistency. Along with the differences in
molecular weight and yield, the structural parameters, except
for #cl, change considerably from one fraction to another.
These large variations nearly coincide with the change in the
number of aromatic rings, R,.

The number of aromatic clusters, fcl, revealed that mole-
cules in Light, Middle and Heavy fractions consisted of one
aromatic cluster, while about 30% of the molecules in the Resid
have, on the average, two clusters. Overall, molecules in
HVL-P have one aromatic cluster, i.e., HVL-P is apparently a
product of almost complete depolymerization of the coal.

If one assumes that aromatic bonds are not broken during
the production of HVL-P, then large (4- to 6-ring) arene mole-
cules like those in Heavy and Resid would not be converted to
smaller (1- to 3-ring) arene molecules like those in Light and
Middle fractions. This non-convertibility suggests that the
HVL-P fractions were derived from a very limited number of
different arene structural groups in the feed coal. There are
supporting views on the stability of aromatic clusters (12,20,
21,22), and there is experimental evidence indicating consider-
able similarity in the fundamental arene structures of the coal
and of the coal-derived liquid (10). The following examination
of solubilization products provides more quantitative data on
the origin of the aromatic clusters.

Since the values of molecular weight are number averages,
it is possible that the molecules comprising a particular frac-
tion vary greatly in size and structure. To determine the
molecular weight distribution in HVL-P, the latter was investi-
gated by plasma desorption mass spectroscopy (PDMS). This
method of analysis, described by MacFarlane et al (15), is
less destructive than electron impact ionization. While the
exact relation to actual molecular weight values for coal
derived materials has not been determined, the spectra should
give a qualitative picture of the molecular size distribution.
Figure 2 shows the result for HVL-P, depicting this CDL as a
complex mixture with maximum molecular size of less than 1000
but with major portions having molecular weights between 180
to 370 and 370 to 750. The number average molecular weight
258 (268) from Table IV seems, therefore, reasonable. This
HVL-P product was fractionated by vacuum distillation, as

previously described, to obtain the HVL-P fractions.
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Figure 2. PDMS for heavy coal-derived liquid produced from Clear Creek (Utah)

high-volatile bituminous coal. The liquid was produced by hydrogenation at 10-20

s in a catalytic process. The test was based on University of Utah heavy CDL
(HCG) No. 267-22 positive ion 4 ns/CH 20000 s.
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TABLE IV

Structural Parameters of HVL-P and Its Fractions

HVL-P Light Middle Heavy Resid
Weight Z 100 (92.5)* 19.2 15.7 17.6 40.0
Mole % --- (100) 30.4 21.6 18.7 29.2
Mol. Wt. 258 (268) 183 210 272 396
fA 0.63 (0.60) 0.55 0.58 0.59 0.68
R 3.2 (3.4) 1.8 2.3 3.7 5.6
RA 2.4 (2.4) 1.2 1.6 2.4 4.4
RN 0.8 (0.9) 0.6 0.7 1.3 1.2
ftcl 1.1 (1.1) 1.0 1.1 1.0 1.3

*Values in parentheses for the total 1liquid (HVL-P) were cal-
culated from the data of the four fractions. For example:

(MW)HVL-P = MWL X WtL + MWM X WtM + MWH X WtH

+ MWR X WtR
where: L,M,H and R = Light, Middle, Heavy and
Resid fractions, respectively
MW = molecular weight
Wt = weight fraction for the individual
fractions
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Table V shows yields and structural parameters of SP-300
fractions. These fractions were black solid materials like the
feed coal, as compared to dark-brown viscous liquids of the
HVL-P fractions. The overall average molecular weight of SP-300
was more than three times that of HVL-P. SP-300 fractions have
much larger Ry, Ry and #cl than HVL-P fractions. The #cl values
disclosed that there were, on the average, 2.8 aromatic clusters
per molecule in SP-300, as compared to 1.1 aromatic clusters per
molecule in HVL-P. Thus SP-300 fractions are high molecular
weight materials, in which the degree of depolymerization is
relatively low. This in turn suggests that SP-300 has retained
more of the original structures of the parent coal than has
HVL-P.

In spite of the above differences, SP-300 had a similar
cluster size, RA/#cl, to that of HVL-P. This result is very
important and needs to be carefully evaluated.

HVL-P represents about 70% of condensed-phase product (CPP)
(viz. 1liquid and solid products) which includes light liquid,
heavy liquid, and char. An estimate showed that the average
aromatic cluster size of CPP is 2.2, which is practically the
same as that of HVL-P. This indicates that HVL-P has the
average chemical characteristics of CPP. This estimate was
made by assuming that the light liquid and the char were similar
to Light and Resid of HVL-P, respectively, in molecular weight
and cluster size. If we assume that CPP retains any stable
structural features of the feed coal then HVL-P would reveal
such structural features.

It seems significant that the average cluster size for
HVL-P and SP-300 are identical (vide infra). This would seem
to indicate that although SP-300 has considerably more linking
units intact, as evidenced by the number of clusters per mole-
cule (#cl), the actual clusters have essentially the same size
(Rp/#cl). This reinforces the notion that the aromatic clusters
are stable even under the relatively drastic conditions by
which HVL-P was produced.

Examination of SP-320 gives additional insight on the
stability of the aromatic clusters. SP-320 fractions were black
solid materials like SP-300 fractions or the parent coal. Table
VI, however, shows that SP-320 fractions are lower in molecular
weight, Ry, Ry and #c1 than SP-300, which could be expected from
the higher reaction temperature. In addition, yields were
changed.

Since only the reaction temperature was different, it is
reasonable to treat SP-300 as an intermediate in the production
of SP-320. Then the comparison of the yields of SP-300 and
SP-320 fractions discloses, for example, that a substantial
portion of fraction K (in SP-300) was converted to fraction J'
(in SP-320). Further, although molecular weight, R,, Ry and flcl
are much smaller, yield and Rp/#cl of fraction I' are practically
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the same as those of fraction I. This means that aromatic clus-
ters were not altered during the conversion of fraction I to I'.
During the conversion, linkages between aromatic clusters were
broken to produce smaller molecules without cleavage of the
clusters. The average cluster in fraction I and I' contained
1.9 aromatic rings.

The product yields of fractions J' and K' in SP-320 are
considerably different than J and K in SP-300, indicating that
some linking units have been broken as a result of this rela-
tively small (20°C) temperature increase. There are several
types of reactions, including hydrogenation, which could account
for not only the change in yields but also the different number
of aromatic rings per cluster (Rp/#cl).

Thus, for example, when anthracene is converted to 9,10-
dihydroanthracene, the number of clusters increases from 1 to 2
while Rp/#cl decreases from 3 to 1. The same trend is shown by
fractions K and K'. Ross and Blessing (21) have obtained data on
model compounds which support this interpretation. According
to Makabe and coworkers (11,12), some Japanese coals were
slightly hydrogenated in the same solubilization process as in
this investigation. They did not fractionate their products.
Since our results reveal that small aromatic clusters were not
changed, then the large clusters of K must have undergone par-
tial ring hydrogenation.

Infrared absorption spectra provide information about the
functionality of the fractions but also give some indications
about the makeup of the aromatic clusters. Infrared absorption
maxima of the CDL fractions in the 690-900 eml range (CH out-
of-plane bending in substituted benzene rings) were examined
in order to obtain information on the type of substitution in
the aromatic rings included in the cluster systems. Srong bands
observed near 800 cm~l indicate that aromatic rings with two or
three adjacent hydrogens, e.g. 1,4-disubstituted, 1,2,3-trisub-
stituted, and 1,2,3,4-tetrasubstituted rings (any condensed ring
being at least disubstituted), are among the preferred ring
substitution types. The presence of other substitution types
is presently under investigation (23).

In order to determine whether any direct structural infor-
mation about coal can be obtained from the liquids used in this
study, structural parameter data are compared in Table VII.

Some general observations include the following:

1. Aromaticity values (f,) for all solubilization fractioms
were essentially identical (n0.52); f, values were
higher (0.60) for the hydrogenation product (HVL-P)

2. Molecular weights were highest for SP-300 fractions
(which were prepared under the mildest conditionms),
lower for SP-320 and lowest for HVL-P and its fractioms.

3. The number of clusters per molecule in SP-300 was
highest (2.6), lower for SP-320 (2.1) and lowest for
HVL-P (essentially 1), indicating the relative degree
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of depolymerization, viz. the degree of cleavage be-
tween clusters.

4. The number of naphthenic rings was lowest for HVL-P

fractions (0.8), higher (2.4) for SP-320 and highest
(3.9) for SP-300.

The molecular weights per cluster (Table VII) are in the
same range of values as found by others for products prepared
by other methods (24,25) and also by Makabe and Ouchi using
NaOH ethanol on Japanese coals (11,12).

Structural parameters and IR spectra confirm the presence
of oxygen—containing functional groups in the liquid products.
The types and relative stability of phenolic, etheric and
carbonyl functional groups have been studied by Kang (24) and
it was indicated that some of these could serve as linking
groups between the clusters. Recent IR studies of high vola-
tile bituminous coal extracts, obtained under very mild condi-
tions, clearly indicate the presence of a variety of carbonyl
groups, e.g. ester and keto groups, which in addition to
etheric and alkylene (e.g., methylene) groups could serve as
intercluster linkages in the original coal (23).

Taking into account the results reported here on the
various fractions, Figure 3 shows structures consistent with
the data. Molecular formulae were determined from the elemental
analyses of the fractions. Other functionalities and linking
units could also satisfy the data; however, those shown were
considered most likely based on the results and steric and
stability considerations. The structures in Figure 3 contain
only major features such as the nature of the aromatic clusters,
as well as the approximate numbers of aromatic and naphthenic
rings per cluster. Functional groups and side chains are indi-
cated only in a qualitative manner.

Conclusions

Results obtained in this investigation indicate that a
large portion of the bituminous coal used is composed of
"super-clusters" of aromatic rings that are not significantly
altered by different liquefaction procedures, e.g., hydrogena-
tion or solubilization. Increasing the severity of the treat-
ment appears only to break more linkages between these 'super-
clusters" and to cleave hydroaromatic rings condensed to them.
In the HVL-P hydrogenation product essentially all of the
linking units between clusters were broken, resulting in one
cluster per molecule. Solubilization with NaOH-ethanol gave
products which were less '"depolymerized".

The implications of the results obtained include the
possibility that the types and molecular weight distribution
of 1iquid products obtainable from a particular coal are con-
trolled to a large extent by the size and the structure of the
clusters in the original coal. Therefore, the depth of the
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depolymerization of coal is apparently limited, and the limit
could only be approached by elimination of all intercluster
linking groups. Any further decomposition of the aromatic
clusters could be achieved by upgrading reactions, e.g., ring
hydrogenation followed by cracking, which do not usually occur
to a significant extent in primary liquefaction processes.
Further work on other coals should be done to determine the
validity of this conclusion.
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Dialytic Extraction of Coal and Its Application to
the Study of Metals Speciation

DENNIS H. FINSETH, BERNARD J. PORZUCEK, and RICHARD G. LETT

U.S. Department of Energy, Pittsburgh Energy Technology Center,
P.O. Box 10940, Pittsburgh, PA 15236

A question of considerable interest in coal hydroliquefaction
chemistry is the amount and nature of "organically bound metals" in the
coal. One reason for this interest is the observation that when supported
metal direct conversion catalysts are used in liquefaction reactors, a
primary mode of deactivation is metals deposition (1, 2). In particular,
recent work at the Pittsburgh Energy Technology Center (PETC) (4,5)
and elsewhere (3) has indicated very high levels of titanium deposition on
supported CoMo catalysts used in the fixed bed continuous reactor
system. It has been suggested that the culprits in such deposition are
"soluble metal species" (6-9). The analyses of a Western Kentucky
(Homestead) hvBb feed coal and of material deposited between the
catalyst pellets in the fixed bed reactor at PETC (4) are shown in
Table L.

Table I. Metals Analysis of Reactor Deposit and
Feed Coal From Run FB-61

Metals Analysis

Te S it
Reactor Deposit 11% 10% 127
Feed Coal 3.6% 3.3% 0.1%
Enrichment Ratio 3 3 120

(Deposit/Coal)

The high enrichment ratio observed for titanium in the deposit is
difficult to explain if all the metal in the coal is present in the mineral
state. The data can be interpreted as an indirect indication of the
presence in the feed slurry of an unstable titanium species which, upon
contact with the catalyst surface, codeposits with carbon, boron, and
other metals. A plausible explanation for this observation would be that
organotitanium compounds exist in the coal and that they thermally or
catalytically decompose to yield a stable inorganic species. Some recent
model compound studies by Treblow and coworkers have indicated that

This chapter not subject to U.S. copyright.
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indeed titanium organometallics will be quantitatively converted to '1‘i02
(anatase) under reactor conditions (5).

The goal of this work was to design an experiment which would
allow one to establish the level of "soluble" titanium compounds in a
coal. The determination of the level of these materials in coal is made
extremely difficult not only by the insoluble nature of the coal but also
by the difficulty in discriminating between truly soluble material and
finely divided particulate matter which slips through the filters and
thimbles used in classical extraction procedures, re maining suspended in
the extract solution.

A number of workers have investigated the size distribution of
mineral particles in coal, and it seems that irrespective of the technique
used, the particle size distribution extends beyond the lower limit of the
technique (10, 11). 1In particular, a recent tranmission electron
microscopy study (11) found the mineral size distribution to extend down
to~50£. This result indicates that the problem in characterizing the
nature of '"soluble" metal is one of discriminating between soluble
molecular species and 50& particulates.

Organometallics have been identified in coals via very tedious
separation procedures similar to those used for their isolation from
petroleum samples (12). The difficulties associated with such schemes
for the characterization of organometallics in coal are far greater than
those associated with similar studies of petroleum crudes. This increase
in difficulty is primarily due to the insolubility of the sample.
Unfortunately most methods for increasing the solubility of coal are
chemically of such severity that they would simultaneously decompose
any organometallic that was originally present.

Accepting the limitation that organometals can only be studied in
the soluble portion of the coal, it would be very useful to have a method
which would allow discrimination between "soluble" and microparticulate
metals. With such a method, one could at least determine an upper limit
for the soluble metal concentration.

Experimental

The procedure arrived at in this work is a modification of a
previously reported dialysis method for separation of petroleum (13) and
coal hydrogenation products (14). The method involves transport of
soluble material through a latex rubber membrane in an appropriately
chosen solvent. The only material which can be transported through the
membrane is that which is truly soluble in the solvent/membrane system;
therefore the technique discriminates soluble material from colloidal or
suspended matter.

The apparatus used is described in Fig 1. The application of this
apparatus depends on the use of a solvent which swells the latex
membrane and is also a good solvent for the sample to be dialyzed.
Benzene, chloroform, or methylene chloride can be used when the
method is applied to coal-derived liquids. However, these solvents are
not particularly effective for the dissolution of coal. On the other hand,
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pyridine -- a good coal solvent — is not as effective as CH2012 fqr
swelling the membrane; furthermore, a much higher pot temperature is
required to use it in the reflux loop. To permit the use of pyridine as the
coal solvent and CH,CL, as the reflux solvent, the apparatus was
operated with CH,CL, inside the membrane and pyridine outside the
membrane in the Sample compartment. This is not an ideal situation
because it precludes the unattended long term operation of the unit. The
reason for this limitation is that the permeability of the membrane, the
key to the utility of the technique, allows the CH,Cl, to pass freely into
the sample compartment, diluting the pyridine and thus reducing coal
solubility. Simultaneously the pyridine accumulates in the dialyzate
receiver, raising the boiling point and thus terminating reflux.

To perform a dialytic extraction, the apparatus is assembled and
preextracted for 48 hours using pyridine and methylene chloride outside
and inside the membrane, respectively. The coal (%100 g) is then slurried
in a 2-3 fold excess of pyridine (A CS reagent grade) and placed in the
sample compartment, where it is constantly stirred. The methylene
chloride reflux is begun at this point, and the extract collects in the
receiver. When the buildup of pyridine in the receiver results in
stoppage of the reflux cycle, the contents of the receiver are collected,
and it is refilled with clean methylene chloride. The overflow from the
sample compartment was evaporated under a flow of dry nitrogen,
redissolved in pyridine, and replaced in the sample compartment daily.
The dialytic extraction is slower than the soxhlet procedure, and the
yield is substantially less. For example, the yield of a four day dialytic
extraction of Powhatan Coal was 6%, while a two day pyridine soxhlet on
the same coal yields 12-157% extract.

After allowing it to stand overnight, the dialytic extract is
isolated from the pyridine-methylene chloride solution in the receiver by
filtration, three consecutive water washes, and rotary evaporation.
Residual solvent was removed by freeze drying from benzene. The
filtration and water washes are necessary to remove (( C 5}1 N)ZCH

Cl ),, which unfortunately forms on mixing pyridine ana methylene
chloride.

Results

The comparison of a number of dialytic extracts with the parent
coals is given in Table II. These results indicate that the elemental
composition of the dialytic extract closely mirrors that of the organic
fraction of the coal. Similar conclusions were reached when coal liquids
were separated via the dialytic method. The conclusion that dialysis
does not concentrate any particular compound type deserves further
investigation, since obtaining a representative sample is crucial to the
utility of the method. In Table II, it is particularly interesting to note
that in each case the "organic sulfur" from the classical coal analysis is
almost identical to the sulfur content directly determined on the dialytic
extract.
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Figure 1. Continuous dialysis apparatus
Table II. Analysis of Coals and Extracts
SAMPLE | COAL ANALYSIS° EXTRACT ANALYSIS
clu|Njo|s|c|u|N]o]|s|[mMw"
808(56 | 14 | 82| 21 {825(66(14 65|19 |450
POWHATAN

SOXHLET = |789/56 (28| 88 |20(2000
BURNING STAR |783(52 | 16 [113| 23(824(74 (12 (67 (24380
SHANG SHI 783|155 (11 |47|78 (84|66 | 9|30(79|400

o Elemental Analysis on MAF basis
b MW. determined by VPO in pyridine
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Several of these extracts have been analyzed for iron and
titanium via the X-ray fluorescence technique. The results for West
Virginia (Ireland Mine) hvAb coal, one which has been found to deposit
titanium on fixed bed catalysts, are presented in Table IIL

Table III. Metals Analysis of Ireland Mine Coal and Its Extracts

Metals Analysis

Fe Ti
Coal a) 47 400 ppm
Dialytic Extract( 10 ppm 2 ppm
Soxhlet Extract 600 ppm 90 ppm

(a)The metal levels in this sample are very near background, resulting in
large uncertainties (+ 100%).

These metal analyses indicate a marked reduction of both titanium and
iron in the dialytic extract relative to both the coal and the soxhlet
extract. The question remaining is, how much of this metal is
background? It should be noted here that attainment of good trace
element analyses in the low ppm range requires very careful
experimental precautions and replicate analyses. This particular experi-
ment is, by its nature, difficult to conduct in a scrupulous "trace element
clean" manner. However, if it is assumed that contamination from any
source (solvents, glassware, utensils, etc.) will usually add to the
concentration of metal, we can use the metal content determined in the
dialyzate as an upper limit for soluble metals content. The higher iron
and titanium concentrations in the soxhlet extract indicate that these
metals may be associated with material which is not truly soluble, such
as microparticulate mineral matter.

Discussion

The results of this investigation indicate that the level of
transition metals in the soluble portion of Ireland Mine coal is <20 ppm.
Consequently if one desires to study them in more detail, the techniques
used must be sensitive to this level. The utility of this method in
drawing conclusions about the absolute concentration of soluble metals
depends very strongly on further work to establish the background level
for metals in the experiment. If organometallics are not found to any
significant extent in the soluble portion of coal, the organometallic
decomposition model for catalyst deposition/deactivation may require
modification. The data presented in this work suggests that if this
mechanism for deactivation is operable, the organometallics are
associated with the insoluble portion of the coal.

A further complicating possibility which must also be considered
is that the metals are indeed present in soluble form but are bound in
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very high molecular weight complexes which have difficulty traversing
the membrane. In work on liquefaction products, a small selectivity for
lower molecular weight (size) components has been observed. (15)

Conclusion

In conclusion, it appears that the dialytic method, although
somewhat more cumbersome than traditional soxhlet techniques,
provides a coal extract which is representative of the soluble organic
material in the coal and is free of particulates. Preliminary results
indicate that this dialytic extract may be very useful in studies of the
existence and/or nature of soluble metals in coal. Although further work
is indicated, the very low metal content of the dialyzate casts some
doubt on the model for titanium deposition on catalysts, which involves
decomposition of a soluble organically associated metal species on the
catalyst surface.
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Characterization of Coal-Derived Materials by
Matrix Isolation Spectroscopy

E. L. WEHRY and GLEB MAMANTOV
Department of Chemistry, University of Tennessee, Knoxville, TN 37916

The identification and quantitative determination of specific
organic compounds in very complex samples is an area of intense
current research activity in analytical chemistry. Optical
spectroscopy (particularly UV-visible and infrared absorption and
molecular fluorescence and phosphorescence techniques) has been
used widely in organic analysis. Any optical spectroscopic
technique to be used for characterization of a very complex
sample, such as a coal-derived material, should exhibit very high
sensitivity (so that trace constituents can be determined) and
extremely great selectivity (so that fractionation and separation
steps prior to the actual analysis can be held to the minimum
number and complexity). To achieve high analytical selectivity,
an analytical spectroscopic technique should produce highly
structured and specific spectra useful for '"fingerprinting
purposes," as well as to minimize the extent of overlap of
spectral bands due to different constituents of complex samples.
In addition, the spectral behavior of any particular sample
constituent (both the positions and intensities of the various
bands) should be unaffected by the other constituents of the
sample, irrespective of their identities and concentrations. Most
"conventional" sampling techniques utilized in spectroscopic
analysis fail to satisfy these admittedly stringent criteria. 1In
order to maximize the selectivity of spectroscopic analysis
without undue sacrifice of sensitivity, we have turned to the
sampling technique of matrix isolation for the spectroscopic
characterization of very complex samples.

In the technique of matrix isolation (hereafter denoted
"MI"), samples which are liquid or solid at room temperature are
vaporized under vacuum, and then mixed with a large excess of a
diluent gas (termed the "matrix gas") which in effect, is the
"solvent" in the spectroscopic analysis. This gaseous mixture is
then deposited on a cold surface for spectroscopic analysis as a
solid. For most purposes, temperatures of 15 K (which can be
obtained by use of commercial closed-cycle refrigerators) are
satisfactory; for some specialized fluorescence experiments,

0097-6156/81/0169-0251$05.00/0
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temperatures as low as 4 K (which require use of liquid cryogens)
are occasionally needed. The purpose of the matrix isolation
procedure is to produce a solid sample in which the solute
molecules are distributed in an essentially random manner in the
solid matrix, thus eliminating aggregation of solute molecules.
In the ideal MI experiment, solute-solute interactions will be
absent and solute-solvent interactions will be weak. Under these
conditions, highly structured and reproducible molecular spectra
are obtained, and interferences by one compound in the
determination of another are minimized. The techniques and
objectives of analytical MI spectroscopy are reviewed thoroughly
(1), and the reader is referred to that review for additional
detail.

MI Molecular Fluorescence Spectrometry

Molecular fluorescence spectrometry has long been regarded
as a useful technique for the determination of polycyclic
aromatic hydrocarbons (PAHs) and related materials, due to the
very high sensitivities which can be achieved. However, molecular
fluorescence spectra measured in liquid solution usually are
broad and relatively featureless; hence, spectral interferences
are common in the liquid-solution fluorometric analysis of
multicomponent samples. Moreover, the fluorescence of a
particular component of a complex sample may be partially
quenched by other sample constituents; if quenching occurs to a
significant extent, the fluorescence signal observed for a
particular compound present at a particular concentration will
also depend upon the identities and concentrations of other
substances present in the sample. Under these conditions, it is
virtually impossible to obtain accurate quantitative results.
Therefore, it is generally observed that molecular fluorescence
spectrometry in liquid solution media is useful for quantitative
determination of individual components in complex samples only if
the fluorescence measurement is preceded by extensive separation
steps (ideally to produce individual pure compounds or, at worst,
simple two- or three-component mixtures).

It has long been recognized that both the diffuse spectra
and quenching problems can be alleviated by performing the
fluorescence measurement in a low-temperature solid matrix,
rather than in a fluid solution. The most common low-temperature
matrices used in molecular fluorometric analysis are frozen
1iquid solutions; the analytical characteristics of frozen-
solution luminescence spectrometry have been discussed
extensively in the literature (2-10). Obviously, MI represents
an alternative technique to use of frozen liquid solutions fox
low-temperature fluorometric analysis. There are two principal
advantages of MI over frozen-solution fluorometry. First, in MI,
any material which has an appreciable vapor pressure at room
temperature can be used as a matrix; one is not limited by the
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solubility characteristics of the sample constituents. Second,
the formation of a frozen solution may be accompanied by
aggregation of solute species (the solubilities of which decrease
with decreasing temperature). In that event, spectral broadening
and quenching may occur, and the purposes of the low-temperature
measurement technique may therefore be negated. In matrix
isolation, such effects cannot arise if a sufficiently large mole
ratio of matrix gas to sample is employed and if the solid deposit
is prepared properly (e.g., by ensuring that the surface upon
which the deposit is formed has a high coefficient of thermal
conductivity). The major disadvantage of MI is its restriction to
samples which can be vaporized without accompanying decomposition;
frozen-solution techniques of course are not subject to that
restriction.

The characteristics of MI fluorescence spectra of PAHs and
their derivatives have been discussed in a series of publications
from this laboratory (1, 11-19); the following characteristics of
MI fluorescence spectrometry are especially relevant to PAH
analyses in coal-derived materials. First, highly resolved
spectra are obtained> Sufficient for distinguishing between
isomeric PAHs, such as the six isomeric methylchrysenes (12).
Especially high spectral resolution is achieved if a laser is
used as the excitation source (17-19); when laser-induced
fluorescence techniques are employed in conjunction with matrix
isolation, it has been shown possible to excite fluorescence
spectra for individual constituents of complex samples which are
indistinguishable from the spectra of the pure compounds in
question (17). Second, the quantitative calibration curves for
MI fluorometric analyses are linear from the detection limit
[which may be less than 1 pg in optimal cases (llﬂ tc an amount of
an individual PAH exceeding 1 ug (11). Therefore, the linear
quantitative working range is typically at least four, and
occasionally as many as seven,orders of magnitude in solute
concentration. Third, the temporal (as well as spectral)
characteristics of molecular fluorescence can be used to
distinguish between different fluorescent sample constituents by
the technique of time-resolved fluorescence spectrometry (16);
time-resolution experiments are facilitated by tendencies for
fluorescence decay times for PAHs in low-temperature matrices to
be somewhat longer than those observed in fluid media. Finally,
as will be discussed in more detail below, the fact that MI
requires vaporization of the sample means that it is amenable to
direct interfacing with gas chromatographic separations.

The principal analytical disadvantage of MI fluorescence
spectrometry is the obvious one that fluorescence is not a
universal analytical technique. Many organic compounds of
interest fluoresce weakly and can not be determined by any form
of fluorescence spectrometry at realistic concentration levels.
Accordingly, it is often necessary to use MI fluorometry in
conjunction with other techniques which, though less sensitive
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for some compounds, are responsive to substances which can not be
detected by fluorescence. For this purpose, we have employed
matrix isolation Fourier transform infrared (FTIR) spectrometry.

MI Fourier Transform Infrared Spectrometry

While virtually all molecules exhibit an infrared spectrum
(which is a highly characteristic "fingerprint"), infrared
spectrometry has received little use in the characterization of
coal-derived materials. The principal reason for this situation
is the relatively insensitive response of infrared absorption
(which is conventionally regarded as a useful analytical technique
only for major constituents of complex samples). The development
and commercialization of Fourier transform infrared spectrometers
has greatly enhanced the analytical sensitivity of infrared
spectroscopy (20), so that it is now feasible in favorable cases
to detect organic compounds in submicrogram quantities by FTIR.
However, the sampling procedures conventionally employed in
infrared spectroscopy (KBr discs, liquid solutions, mulls) exhibit
shortcomings which are revealed in particularly dramatic fashion
when high-performance FTIR instrumentation is used. As in the
case of fluorescence spectroscopy, we believe the analytical
capabilities of FTIR analysis can be significantly enhanced by the
use of matrix isolation as the sampling technique.

MI offers several rather obvious advantages over more
conventional infrared sampling procedures. First, provided that
the proper matrix (e.g., argon or nitrogen) is used, the matrix
material is transparent throughout the entire near- and mid-IR
region, thus utilizing effectively the multiplex and throughput
advantages of FTIR instrumentation. In contrast, virtually all
liquid solvents, media for mull preparation, and solids for pellet
preparation exhibit absorption in parts of the infrared region
which are of potential analytical interest. A second important
advantage of MI as an IR sampling technique is that spectral
bands are usually narrower than in other media, and spectra
frequently are simpler than those obtained for the same molecule
in other condensed-phase sampling media or in the gas phase.
Third, in an MI experiment, intermolecular (solute-solute)
interactions should be suppressed, thus leading to adherence to
Beer's law over wider ranges of analyte concentration than is
normally observed in more conventional IR sampling media. Fourth,
the size of a deposit in an MI experiment can be controlled and
can be made to be very small; hence, MI has some very attractive
features as a technique for microsampling in IR spectroscopy.
Finally, if the proper apparatus is used, samples for FTIR
analysis can be prepared rapidly by MI; many of the conventional
IR sampling techniques (particularly mulls and KBr pellets) are
time-consuming to prepare. The principal disadvantage of MI as
an IR sampling technique is the fact, as noted above, that the
sample must undergo vaporization without decomposition for the
technique to be applicable.
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We have described elsewhere the nature of the MI FTIR spectra
of PAHs and their derivatives (1, 12, 13, 15, 18, 21-24); the
following points are especially significant. First, FTIR spectra
devoid of rotational sgiucture and having individual bandwidths
on the order of 2-7 cm = are obtained both for PAHs and for polar
derivatives thereof (such as nitrogen heterocycles). These
spectra are sufficiently characteristic to enable identification
of individual isomers to be made in mixtures [e.g., the six
methylchrysenes (12) and the various mono- and dimethyl
naphthalenes and biphenyls (24)]. Second, detection limits for
individual PAHs can be as low as 50 ng, if special "microsampling"
deposition apparatus is used (23). Third, Beer's law plots
typically are linear over 1.5-2 decades in PAH concentration; by
the complementary use of two different deposition cells, linearity
over 3 decades in PAH concentration for Beer's law plots can be
approached (23). Finally, for both MI FTIR and MI fluorescence
spectrometry, analytical precision of ca. 3-7 % relative standard
deviation can be achieved.

MI Spectrometric Characterization of Real Samples

In some cases, MI spectrometry can be used for the direct
identification of PAH constituents without prior separation. For
example, Figure 1 shows the fluorescence spectra, in a vapor-
deposited n-heptane matrix excited by a dye laser, of a Solvent
Refined Coal sample (SRC 1) at two different excitation
wavelengths and with the use of time resolution to reduce the
level of background fluorescence from the sample. Previous
studies have shown that very sharp flggrescence spectra
(frequently having bandwidths of 5 cm ~ or less) are obtained by
laser excitation of fluorescence of PAH mixtures in organic
matrices; often, selective excitation of fluorescence from a
single PAH is possible even in mixtures containing more than 20
PAHs (including isomer sets) (17). In this particular example,
the fluorescence spectrum of benzo[a]pyrene (BaP) is selectively
excited at 383.0 nm if a time delay of 35 ns between excitation
and measurement of fluorescence is used to allow the fluorescence
of a possible interferent (perylene) to decay. [The use of time
resolution in MI fluorometry to distinguish between compounds
having similar fluorescence spectra 1s discussed in detail
elsewhere (16)]. If the excitation wavelength is changed to
405.0 nm, perylene is now selectively excited, and time resolution
is not needed to effect additional selectivity because, at that
particular wavelength, only perylene fluorescence is excited.

For the direct excitation of fluorescence from low-temperature
samples of coal-derived materials, without prior separation steps,
use of a laser as the source appears absolutely essential (2, 17).

In other cases, it may be prudent or necessary to subject the

sample to some degree of separation prior to spectroscopic
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analysis. In such samples, the objective of the separation is
not to produce individual pure compounds, but rather to generate
fractions (which themselves may still be very complex) which can
be dealt with by high-resolution spectroscopy. For example,
Figure 2 shows the fluorescence spectrum in a nitrogen matrix of
a wastewater sample from a steel mill coking plant which had been
subjected to a preliminary class separation by column
chromatography (the fraction whose MI fluorescence spectrum is
shown was the PAH fraction). The spectrum shown in Figure 2 is
complex, but a number of PAHs can readily be identified. The
selective laser excitation technique discussed in the preceding
paragraph produces spectra of much greater specificity (17). For
example, Figure 3 compares the MI fluorescence spectra, excited by
a dye laser in a heptane matrix at 15 K, of pure benzo[a]pyrene
and of the coking plant water chromatographic fraction. Although
the chromatographic fraction in question contains at least 20
different PAHs including several isomers of BaP, the fluorescence
spectrum clearly demonstrates that only BaP fluorescence is
excited at the particular wavelength used. It must be stressed
that the location of the "optimum" wavelength for excitation of
fluorescence from a particular PAH requires considerable trial-
and-error, but this can be accomplished with a pure sample of the
PAH in question and does not vary from one sample to another. 1In
addition, for both MI fluorescence and FTIR spectroscopy, it is
necessary to assemble a file of reference spectra of pure
compounds (because spectra of these compounds in low-temperature
matrices are not generally available for comparison purposes in
the literature). The nature of the spectrum for a particular

PAH is very sensitive to the nature of the matrix used (17, 19);
thus, one "file spectrum” must be obtained for each PAH of
interest in each matrix to be used. For MI fluorescence, we have
found that n-alkanes and nitrogen are the optimum matrices for
PAHs, and argon or perfluorinated alkanes are the most
satisfactory matrices for MI fluometry of polar derivatives of
PAHs, such as phenols and heterocycles (17, 19). The situation
is somewhat simpler in MI FTIR spectrometry, wherein only two
matrix materials (nitrogen and argon) are required to deal with
both nonpolar and polar aromatic compounds.

MI spectrometry can be used to identify PAHs in coal liquid
samples subjected to preliminary fractionation by high performance
1iquid chromatography [HPLC] (15). For example, Figure 4 shows
the liquid chromatogram of "Synthoil" obtained using cross-linked
poly (vinyl pyrrolidone) as the stationary phase (25). Even when
individual fractions of the eluant are collected and then passed
back through the column, resolution of individual compounds is not
achieved. However, it is known (from studies on model mixtures of
pure PAHs) that PAHs elute from this stationary phase in order of
increasing number of aromatic rings. Consequently, it was
possible to collect seven fractions from the original coal liquid
sample and then examine each one of them by MI FTIR and

In New Approachesin Coal Chemistry; Blaustein, B., el d.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



Publication Date: October 26, 1981 | doi: 10.1021/bk-1981-0169.ch015

15. WEHRY AND MAMANTOV Matrix Isolation Spectroscopy 257

(@ ) ()
3830 nm EXC >pe
\ 35 ns delay !‘\
BaP
N
3830 nm EXC
3 ns delay 405.0 nm EXC
3 ns delay
400 440 aso 400 440 480 420 460 500
nm

Figure 1. Dye-laser-induced fluorescence spectra of SRC-1 in an n-heptane matrix

at 15 K. In each case, a delay was imposed between the arrival of a laser pulse at

the sample and measurement of the actual fluorescence; note the difference between

the 3-ns and 35-ns spectra at an excitation wavelength of 383.0 nm. Identified

compounds: BaP, benzola)pyrene; Pe, perylene. U denotes a compound that can-

not be identified because its spectrum is not included in our file of pure-compound
MI fluorescence spectra.
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Figure 2. Fluorescence spectrum in a nitrogen matrix at 15 K (excited by a 2.5-

kW mercury-xenon lamp) of an adsorption chromatography fraction from a coking

plant water sample. Compounds: BbF, benzo[b]fluorene; C, chrysene; BeP, ben-

zolelpyrene; P, pyrene,; BKF, benzo;ck]ﬂuoranthene; BaP, benzo[alpyrene; U, un-
nown (1).
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Figure 3. Fluorescence spectra excited by a dye laser at 389.2 nm in an n-heptane

matrix at 15 K of an adsorption chromatography fraction from a coking plant

water sample (left) and of pure benzola)pyrene (right). Note that the two spectra
are virtually superimposable (17).
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Figure 4. Upper curve: liquid chromatogram (UV detector; 254 nm) of a Synthoil

sample in isopropyl alcohol; the ticks denote fractions that were rechromatographed.

Bottom curves: chromatograms of each of the individual fractions after being passed
through the same column (15).
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fluorescence spectroscopy. For example, Figure 5 shows the
fluorescence spectrum of "Fraction 5'" obtained by this HPLC
procedure for "Synthoil", obtained in a nitrogen matrix; the
four-ring PAHs pyrene, chrysene, and benz[alanthracene are clearly
identified.

An even more efficient approach to the use of MI spectrometry
in the characterization of complex samples would be direct
coupling of a separation method to MI analysis. Gas
chromatography (GC) is an obvious candidate for such a procedure.
The fact that preparation of a sample by MI requires prior
vaporization means that any compound which can be made to pass
through a GC column without decomposing in the process can be
detected by MI spectroscopy. Accordingly, we have constructed
interfaces of both MI FTIR spectroscopy and MI fluorescence
spectroscopy to gas chromatography (18). The basic idea is not
to operate the GC column under conditions such that separation
of complex samples into individual pure-compound chromatographic
peaks occurs (which is often an unrealistic objective for very
complex samples in any case), but rather to use the GC separation
for essentially the same purpose as the HPLC procedures mentioned
in the preceding paragraph. That is, we desire that the GC
separation produce fractions which themselves are mixtures but
which contain sufficiently few constituents to be amenable to MI
spectroscopic analysis.

An instrumental system for performance of GC with MI FTIR
(or molecular fluorescence) detection has been constructed in this
laboratory. This system is similar in concept, but different in
detail, from a GC/MI FTIR interface described previously by Reedy,
Bourne, and Cunningham (26, 27). In such an experiment, the GC
carrier gas serves as the matrix gas; a vacuum system 1s included
to add additional matrix gas 1f necessary after solutes elute
from the GC (in case the vapor-phase concentrations of solutes
eluting from the column are too high to achieve satisfactory
matrix isolation). The column effluent then passes into a
cryostat head, the cold end of which is equipped with a multi-
sided, movable, deposition surface. (The present arrangement
employs a twelve-sided surface, fabricated from gold-plated
copper.) Each GC "fraction" is deposited on one facet of the
surface, following which the gold-plated copper substrate is
turned by a computer-controlled stepping motor to reveal a fresh
area for deposition of the next fraction. An auxiliary flame
ionization detector-splitter arrangement is used to provide a
"conventional" gas chromatogram of the sample and to indicate
when the MI deposition surface should be turned. The optical
interface to the FTIR spectrometer is a pair of KRS-5 rods used
in conjunction with a mirror-type beam condenser fitted inside
the cell compartment of the FTIR spectrometer. The mechanical
details of this system are described in greater detail elsewhere
(23, 28, 29).

Figure 6 shows an example of the MI FTIR spectra which can be
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Figure 5. Fluorescence spectra in a nitrogen matrix at 15 K (excited by a mer-

cury-xenon lamp) at two excitation wavelengths of the fifth fraction from the HPLC

separation of Synthoil. Compounds: BaA, benz[a)anthracene; C, chrysene; P, py-
rene; U. unknown (15).
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Figure 6. Left: MI-FTIR spectrum (in nitrogen at 15 K) of one chromatographic

peak system from the aromatic extract of SRC-I that had been subjected to a steam

distillation clean-up step. Right: MI-FTIR spectrum of pure biphenyl (B). The

comparison clearly indicates biphenyl to be one constituent of the SRC-1 sample;
the other bands (U) have not been identified (28).
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obtained in the gas chromatographic separation of a real sample.
The sample in this case was SRC 1 which, prior to GC on an SE-30
SCOT glass column, was subjected to benzene extraction followed
by steam distillation. The chromatogram of this sample contained
eleven well-defined peak systems, most of which consisted of
several overlapping chromatographic bands. Figure 6 shows the

MI FTIR spectrum of one of the chromatographic band systems,
together with a library FTIR spectrum of pure biphenyl in a
nitrogen matrix. It is obvious from the spectral comparison that
one of the components in the chromatographic zone is biphenyl;
the other constituent(s) can not now be identified because they
do not match any of the MI FTIR spectra of polycyclic compounds
in our spectral library. The GC MI FTIR analysis of this, and
other, coal-derived materials is discussed in greater detail
elsewhere (29).

The interfacing of GC with MI fluorescence spectrometry also
has been accomplished; for fluorometric examination of GC
effluents, the conventional photomultiplier tube detector is
replaced by a SIT vidicon to facilitate rapid acquisition of MI
fluorescence spectra of individual GC fractions (30).

It should be emphasized that the objective of combining
high-resolution spectroscopic detection with chromatographic
separations is to minimize the chromatographic resolution required
to achieve identification and quantitation of individual
components in complex samples. The advantage of optical over mass
spectrometry for this purpose lies in the ability of optical
spectroscopic techniques to distinguish readily between isomeric
compounds. The combination of separation with spectroscopic
analytical techniques, termed "hyphenated methods' by Hirschfeld
(31), is a field of intense activity at the present time; it is
our belief that matrix isolation sampling adds an extra analytical
dimension to the already powerful techniques achieved in this
manner.

Summary

The technique of matrix isolation has been shown to produce
highly characteristic spectra of individual components of complex
samples; combination of MI spectroscopy with separation techniques
promises to increase further the analytical capabilities of the
technique. While our research to date has emphasized FTIR and
molecular fluorescence spectrometry, MI as a sampling procedure is
not limited to these two forms of spectrometry. For example, some
interesting preliminary analytical results by MI Raman
spectrometry recently have been described (32). It should also be
stressed that the cryogenic procedures required for the vast
majority of MI spectral studies are neither difficult nor unduly
expensive; except in very special cases, closed-cycle cryostats
requiring no cryogenic liquids (and no prior experience in low-
temperature techniques) are entirely satisfactory for MI
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experiments. These devices are available commercially from
several manufacturers. We therefore believe that the use of MI
spectrometry in the characterization of coal-derived materials
and other very complex organic samples has a very intriguing
future.
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Analysis of Synfuels by MS/MS

D. ZAKETT and R. G. COOKS
Department of Chemistry, Purdue University, West Lafayette, IN 47907

The chemical and instrumental basis for mass spectrometry/
mass spectrometry is reviewed. Synfuels can be monitored for
particular constituents or for groups of functionally related com-
pounds, using this two stage technique of mass analysis. These
identifications and associated quantitative determinations are
made on the intact sample without derivatization. Amino-polynu-
clear aromatics can be distinguished from the isobaric azapoly-
nuclear aromatics. Aromatic hydrocarbons are readily identified
and quantitated by subjecting their anions to dissociative charge
inversion, a reaction with high structural specificity.

Mass spectrometry/mass spectrometry (abbreviated ms/ms) is,
in its simplest form, a technique whereby a component of a
complex mixture is separated in one stage of mass analysis, and
subsequently, identified by a second stage of analysis, after it
has undergone some type of ion/molecule interaction (1-5). This
operation is sometimes referred to as taking a mass spectrum of
an ion in a mass spectrum. From this simplified explanation,
ms/ms is seen to be analogous to gas chromatography/mass spectro-
metry (gc/ms). The ion selected in the first stage of analysis by
ms/ms, the precursor ion, is analogous to the component in a gas
chromatographic peak. The ions that result from reactions of the
precursor ion, in a reaction region, are analyzed by the second
stage of ms/ms and are analogous to the ions in the gc/ms mass
spectrum.

The ms/ms methodology derives from studies on metastable ions
and on high energy collisions occurring within the mass spectro-
meter. As an analytical tool it relys on one key concept - that
mixtures can be analyzed by separating components after ionization
according to their masses. The sequence employed in gc/ms is
separation, then ionization; the latter is reversed in ms/ms. This
approach provides the unique separatory speed of the technique
given the fact that ion transit times, as well as random mass
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access (cycle) times, are negligibly small in mass spectrometers
(order of 10-5 and 10‘2s, respectively). This reversal of the
ionization/separation sequence also places unique requirements on
the ionization methodology. In effect, one identifies ion
structures in ms/ms; if these are to have meanin